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Abstract: The energy production future is dominated by renewable energy sources driven by global
warming problems and aiming at the reduction of fossil fuel dependence. Wind energy is becoming
competitive with fossil fuels considering its less price and less CO2 emission production. Wind
turbines consist of different types including Doubly Fed Induction Generator (DFIG) which is a
variable speed wind turbine and operates at varying speeds corresponding to the varying wind
speeds from the cut-in speed through the rated wind speed to the cut-out speed. In the case of grid
failure, the network voltage drops, consequently, the rotor current and DC link voltage increase
which leads to damage of the rotor windings and power electronics device. Some protections are
applied to the machine in order to help the Low Voltage Ride-Through (LVRT) ability of the doubly
fed induction generator. In this root, the crowbar protection circuit is used widely in wind power
plants. However, crowbar protection should be sized carefully due to its effects on both DC link
voltage and rotor currents. In this paper, a doubly fed induction generator with crowbar protection
is studied and the optimum value for the crowbar protection is derived; then, a Simulink model of
a doubly fed induction generator protected by a crowbar protection is developed and used to
analyze the effect of crowbar protection value on the DC link voltage and rotor currents. The results
show a significant improvement in the LVRT ability of the DFIG.

Keywords: Renewable Energy Sources (RESs); Doubly fed induction generator (DFIG); DC link
capacitor; Power electronics; Active crowbar protection; MATLAB/Simulink Software

1. Introduction

The energy production future is dominated by the Renewable Energy Sources (RES); less CO:
production, availability in most of the locations, and being an endless source of energy are among
the reasons to replace fossil fuel plants with RESs. Among the possible renewable energy sources,
wind power generation is one of the most attractive options due to its availability in different areas
and economical large-scale power production. The wind turbine generators are mostly doubly fed
induction generators since they are less expensive, have higher efficiency even at low wind speeds,
and have decoupled control of active and reactive power. However, because of the direct connection
of the stator to the grid, they are vulnerable to the grid voltage dips. In case of severe voltage dips, a
hardware protection system is preferred rather than control strategies; crowbar protection is the most
widely used protection system in order to ensure the low voltage ride-through ability of the DFIGs.
However, the crowbar protection should be sized carefully; if the value is low, the fault current
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through the rotor windings is higher than its safe limits which damages the windings, while, a high
value of crowbar protection may lead to the DC link capacitor over voltage and its breaking.

In this paper, a safe range for the crowbar protection is derived, and a MATLAB/Simulink model
of a grid connected DFIG is developed in order to study the effect of the crowbar protection value on
the rotor currents and DC link voltage during a grid voltage dip.

2. DFIG under the Fault with Crowbar Protection

DFIG is a variable speed wind turbine and operates at varying speeds corresponding to the
varying wind speeds from the cut-in speed (the wind speed at which the blades start to rotate)
through the rated wind speed (the wind speed at which the maximum generator power is can be
extracted from the wind) to the cut-out speed (the wind speed at which the turbine should be shut
down to prevent damages to the wind turbine).

2.1. DFIG Components

Figure 1 shows the DFIG scheme which consists of the Rotor Side Converter (RSC), the Grid Side
Converter (GSC), and the DC link capacitor as the power electronic device components. Since the
rotor circuit power is about 30% of the stator circuit, the cost of the power electronics is much less if
they are being used in the rotor circuit rather than the stator circuit (direct-in-line adjustable speed
generators).
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Figure 1. DFIG configuration.

2.1.1. RSC Controller

Figure 2 shows the overall RSC controller scheme. The rotor side converter has to apply the
voltage to the DFIG rotor windings; The rotor-side converter utilizes a torque controller for the
regulation of the wind turbine output power and stator terminal voltages. The power control is done
according to the turbine power-speed characteristics in order to track the maximum power point. The
wind turbine characteristics is used to provide the reference power which is the reference for the sum
of the total power losses and generator electrical output power. A Proportional-Integral (PI) regulator
is used for the reduction of the power error down to zero. The PI regulator’s output is the reference
rotor current that must be injected to the rotor windings by the rotor-side converter. The
electromagnetic torque is controlled by the g-axis component, therefore, the actual g-axis component
of the rotor current, Lgrs should be compared to the reference g-axis component of the rotor current,
izr, and the difference should be kept down to zero by a current PI regulator.

The output of the controller is the voltage, V,,, generated by the rotor-side converter. Therefore,
in a similar way, with the regulation of the d-axis component of the rotor current, iy, and  Vy,, the
required three-phase voltages applied to the rotor windings are obtained.
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Figure 1. RSC controller scheme [1].

2.1.2. GSC Controller

The grid side converter has to keep the DC link voltage constant and regulate the reactive power
exchange for the voltage support requirements. The DC link voltage control, Vs, and the reactive
power exchange between the GSC and the grid is shown in Figure 3 which show the overall vector
control scheme of the GSC. The control scheme consists of two control loops. The outer control loop
is responsible for the DC link voltage regulation whose output is the d-component reference
current, iz, for the inner loop current regulator; the Qg is responsible for the g-component
reference current, iz, for the inner loop current regulator. The d-axis component of the current is
used to regulate the DC link voltage, and the g-axis component of the current is used to regulate the
reactive power. The outputs are compensated by their corresponding terms, eq;r and ey, in order
to form the voltage signals. Further, the modulator generates the GSC gate control signals [2].
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Figure 3. GSC controller scheme [3].

2.2. Fault Current

In the case of severe voltage dip, a hardware protection system is preferred rather than control
strategies due to its quick response. Crowbar is most widely used to protect DFIGs and ensure their
LVRT ability. In case of fault, the crowbar protection connects to the rotor and the model of the DFIG
will be as Figure 4.
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Figure 4. Equivalent circuit of DFIG with crowbar protection [4].

Where, p is the differential operator; Rs, L;5, R, Ly are the stator and rotor resistance and
leakage inductances; L, is the magnetizing inductance; I; and I, are the stator and rotor currents,
respectively; ¥ and i, are the stator and rotor flux linkages, respectively; R, is the crowbar
resistance.

The stator voltage and flux can be written as:
dys
dt
Usually, the value of the crowbar resistance is much more than R; and R,, and leakage

inductances of the stator and rotor side are negligible compared to the magnetizing inductance.
Therefore, the stator and rotor equivalent total resistance of the DFIG are:

Zs = jwsLis + (gL ||(Rep + jwsLi))

—

Vi = Ry, +

o, 0

()
= [_wsleLm + jwsLsRep]/JwsLy + Rep)

And:

Zy = Rep + jwsly + (gl || josLy)
3)
= Rep +jwgly

Where:

Ls=1L, + L ;
Ly =Ly + Ly;
Ly =Lig + Ly

According to (2) and (3), it is possible to derive stator and rotor transient time constants:
T = [Rgb + szlLs]/[wg(Ls — L)Re] 4)
T7 = Li/Rep ®)

R, has a relatively large value and has the most effect on the value of the transient time
constants; it is obvious that R., has a greater influence on the rotor transient time constant, thus, it
is much less than the stator transient time constant.

The faulty stator current of three-phase short circuit is obtained in the synchronously rotating
reference frame as the follow [4]:

—— t _t
(O =12 [e T — eJ@st=Pe T (6)
l

Where, [ is the angle between W and d-axis; ﬁ is the initial stator flux after dip occurs.
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Under the assumption that the voltage dip to zero at t, = 0, the transient stator flux can be
written as [4,5]:
- t
T~ _ Vs(to) T Vs(to) it
t) =—=—e Ts+=——"el% 7
1'[}5( ) Jjws ° Jjws ( )

When the voltage dip occurs, according to the flux linkage conservation principle, the stator and
rotor flux linkages cannot suddenly change; therefore, the initial value of the stator flux, |ﬁ |, is the
same as the steady state value.

The rotor transient time constant is much less than the stator transient time constant; therefore,
the rotor transient component decays faster and the amplitude of the current is determined by the
stator transient time constant. Thus, the maximum fault current can be written as:
= & e~ t/Ts

] wsLl + Rcb

I ACH) ®)
J@:L) + Ry )?

is = —1i,

= lrmax

2.3. Calculation on the Crowbar Resistance

Equation 8 shows the relation between the crowbar resistance and the fault current. Lower
crowbar resistance will not limit the current and will weaken the LVRT of the DFIG; additionally, the
fault current should be limited by increasing the crowbar resistance in order to protect the rotor
windings from over current. With bigger crowbar resistance, the DC link over voltage may occur
which should be avoided in order to protect it from breaking. Therefore, the crowbar resistance
should be sized carefully to ensure the LVRT behavior of the DFIG.

The maximum value of the fault current should retain less than the rotor safe current to protect

the windings from the damage, consequently:
Vs (to)l

V(wsL)?+(Rep)? < Irsare

9)
— 2
Rcb,min = \/(lvs(to)l) - ((J‘)sLlIr,soLfe)2 / Ir,safe

Where, I, 547, is the rotor safe current.

On the other hand, with increasing value of the crowbar resistance, the voltage at the rotor side
of the back to back converter will increase, the diode bridge will turn on, and the DC link overvoltage
will occur; thus, the maximum value of the crowbar resistance should be limited by the voltage
bearing capability of the DC link in order to improve the LVRT capability.

\/§ Rcp Ifault < VDC,max

— 2 (10)
Rcb,max = (wsLlVDC,max)/\[3(|Vs(t0)|)2 - (VDC,max)

Where, Vpemax is the maximum allowable voltage at the DC link.
Therefore, the value of the crowbar resistance is determined by equations 9 and 10.

3. Results

A single machine model of a DFIG system has been developed in MATLAB/Simulink with
abovementioned control strategies and a crowbar protection in order to study the impact of the
crowbar protection on LVRT behavior of the DFIG. The parameters are shown in Table Al in the
appendix. The values of the crowbar protection with respect to the rotor are chosen to be 100, 400,
and 1700 times of the rotor resistance. Figure 5 shows the characteristics of the fault. The voltage dips
to the value of 10% of the nominal voltage at second 3 and starts to linearly recover from second 3.5
to 4.
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Figure 5. Fault characteristics.

3.1. DFIG without Crowbar Protection

At second 3, the fault occurs and the voltage dips to 0.1 of the steady state value; meanwhile, the
rotor currents rise to a higher value and the DC link voltage start to rise as is expected. Since the rotor
currents have no other root to go through, they go through the RSC.

The stored energy in the DC capacitor can be defined as:

1 1
Wae = f EPdCdt = ECVch (11)

Where, C is the capacitance, V. is the voltage of the DC link, wy, is the stored energy, and
P, is the input power to the DC link. The voltage and energy derivatives are:

aVgc _ Pgc

dt € Vge (12)
dwgc
d_td = Py (13)
The Py, is calculated as:
Pge = P — B¢ (14)

Where, Py, is the input power from the rotor-side converter and P, is the grid-side converter
output power. The DC link voltage varies with P;. and is constant when P, = 0.
Figure 6 represents the overall waveforms of the studied parameters.

V dc link Icrowbar

Figure 2. DFIG’s response to the fault without protection.
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The maximum rotor current at the instant of fault rises to about 6.2 times the steady state
operation. Such high current can damage both the rotor windings and the power electronic device.
So, this value should be damped by adoption of an optimal crowbar resistance. As is expected, the
current waveforms of the rotor-side converter current and rotor currents are the same.

The excess current in the rotor side will charge the DC link capacitor through the rotor-side
converter proportional to the fault time interval length; the maximum DC link voltage during fault
to the steady state operation DC link voltage is about 1.9; if the voltage goes high enough, it may
breakdown the capacitor which also can be suppressed by the selection of an optimal crowbar
resistance.

The RSC current waveform is the same as the rotor current waveforms and the crowbar
protection current remains zero in case of no crowbar protection.

3.2. DFIG with Crowbar Protection

Figure 7 shows the LVRT behavior of the DFIG with crowbar protection; the value of the
protection is in ascending order from left to right.

(c)Crowbar current

Figure 7. DFIG’s response to the fault with crowbar protection. (a) DC link voltage; (b)Rotor current;
(c)Crowbar current.

Figure 7a shows a slight change in the value of the DC link voltage with low crowbar protection,
about 5% of the steady state value according to measurements and was expected. The DC link voltage
waveform during fault with optimal crowbar protection shows the maximum DC link voltage to the
steady state operation DC link voltage of 1.38; 38% of overvoltage, compared to the 92% of
overvoltage in case of having no crowbar protection shows the reduction of 54%, which keeps the
DC link voltage within an allowable range. In case of higher crowbar protection, the DC link voltage
peak is 1.65 times of the steady state operation. In addition, the system recovery time takes longer
with high crowbar protection value.
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Figure 7b shows the impact of the crowbar resistance to rotor fault currents which limits it to a
safe range acceptable by the machine. Low crowbar protection results in a high overcurrent in the
rotor currents which has a maximum value of 8 times the maximum value of the steady state rotor
current. This will damage the rotor windings during fault. The rotor-side converter is protected due
to the activation of the crowbar; However, since the protection is only limited to the rotor-side
converter and the rotor currents are not damped, it is not effective and other values of the crowbar
resistance should be implemented. With increasing the crowbar protection, a slight overcurrent in
the rotor currents is seen.

Finally, Figure 7c shows the crowbar current waveform during its activation time; the value of
the crowbar peak current is directly related to the value of the crowbar.

In the crowbar activation time interval, the back-to-back converter is disactivated which means
the machine is not working as a doubly fed induction generator, therefore, it will be absorbing
reactive power from the grid. Therefore, the activation time of the crowbar is another critical
parameter of the crowbar protection. The machine is not fully controlled during the crowbar
activation, and it is not possible to generate reactive power which is needed by the grid codes. On the
other hand, less crowbar connection time interval, when the stator flux is still too high, might cause
overcurrent in the rotor or DC link capacitor overvoltage. The connection time interval must
compromise between the two. It should be noticed that the waveforms return back to the normal
operation profile slower with increasing the crowbar protection.

4. Conclusion

In this paper, vector control strategy of the doubly fed induction generator is presented
alongside with crowbar protection analysis and three-phase fault condition analysis. The results
show the increase in rotor current and peak currents occur at the fault occurrence, rotor-side
converter connection, and fault clearance instants. Additionally, the overvoltage in the DC link
capacitor is observed. The rotor current peaks have been damped after including the crowbar
resistance and is damped further by increasing the value of the crowbar protection; however, by
increasing the value of the crowbar protection, the overvoltage at the DC link is increased which
should be avoided. Therefore, smaller crowbar resistance will weaken limitation of the short circuit
current which is harmful for the rotor windings, while, with bigger crowbar resistance, DFIG will
face an overvoltage in the DC link which also should be avoided. Thus, choosing the protection is
critical and should be chosen crucially.

Appendix A

Table Al shows the DFIG important parameters.

Table A1. DFIG parameters.

Parameter Value Parameter Value
Rated power 2 MW Rotor leakage inductance  0.00038 p.u.
Rated voltage 690V Rotor resistance 0.113 p.u.
Stator leakage inductance 0.00038 p.u. Pole pairs 2
Stator resistance 0.0105 p.u. DC link capacitance 0.075 p.u.
Stator and rotor mutual inductance  0.0105 p.u. Frequency 50 Hz
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