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Abstract—The electromagnetic transient characteristics (ETC) 
of doubly-fed induction generator (DFIG) under grid voltage dip 
have been extensively studied theoretically, and various control 
strategies have been proposed. However, the ETC of DFIG under 
grid voltage swell are less studied. In order to study the influence 
on the ETC of DFIG under grid voltage swell and the correspond-
ing control strategy, this paper compares and analyzes the steady-
state and transient components of the stator flux linkage, rotor 
induced voltage and rotor current of DFIG under grid voltage 
swell and dip. It is deduced that DFIG is less prone to rotor over-
current under grid voltage swell so the crowbar protection circuit 
is not needed, and the grid voltage amplitude changes little, the 
rotor side inverter is less prone to overmodulation. An experimen-
tal setup and simulation model is implemented with high-voltage 
ride-through of 1.5 MW doubly-fed wind Turbine. Simulation in 
addition to experimental results verifies the correctness and effec-
tiveness of the theoretical analysis.

Index Terms—Doubly-fed induction generator (DFIG), electro-
magnetic transient characteristics (ETC), grid voltage failure, wind 
power generation.

I. Introduction

IN recent years, wind power generation has developed rapidly, 
and the amount of electricity delivered to the grid from wind 

power generation is also increasing. The high proportion of 
wind power grid-connected operation has brought great chal-
lenges to the safety and stability of power systems, and the im-
pact of wind power accidents cannot be ignored [1]. The major 
wind power developed countries and regions in the world have 
adopted the grid-connected rules to regulate the grid-connected 
behavior of wind power, especially the fault-pass capability of 
wind power, including low voltage ride through (LVRT) and 
high voltage ride through (HVRT). Doubly-fed induction gen-
erator (DFIG) is the most widely used type of wind turbine gen-
erator because of its advantages of small capacity, low cost, and 
variable speed constant frequency operation. However, due to 

its stator windings directly connected to the grid, the excitation 
converter capacity is limited, causing it to be sensitive to grid 
disturbances, and in the event of a power grid failure, problems 
such as over-current, over-voltage, torque shock and pulsating 
output, and active and reactive power fluctuations are likely to 
occur, which seriously endanger the unit’s operation safety and 
affect the output power quality.

For the low-voltage ride-through problem of the grid-con-
nected operation of doubly-fed wind turbines, there has been 
a lot of theoretical research and engineering practice. These 
LVRT schemes can be summarized as hardware-based and 
control-based algorithms. Based on the hardware scheme, the 
topological structure of the doubly-fed wind power converter is 
implemented through additional hardware devices to improve 
the LVRT capability of the wind turbine [2], [3]. Based on the 
control algorithm, the control strategy is optimized based on the 
operating characteristics of the DFIG unit. Documents [4] and 
[5] comprehensively discuss several commonly used and im-
proved control strategies for solving the problem of low-voltage 
ride-through of doubly-fed wind turbines. Aiming at the char-
acteristics of DFIG, a large number of literatures have done in-
depth research on the transient characteristics of DFIG during 
low-breakage faults, and given a variety of solutions. The litera-
ture [6]-[8] studied the electromagnetic transient characteristics 
of DFIG and the short-circuit current under LVRT control when 
the voltage of the power grid falls, and provided the theoretical 
basis for the relevant LVRT strategy. According to the transient 
characteristics of DFIG when voltage drops, the literature [9] 
is based on the idea of “demagnetization”, by timely and accu-
rately injecting the transient compensation amount on the rotor 
side, the controllability in the LVRT process of the unit is effec-
tively improved, and the LVRT performance of the double-fed 
unit is improved. Literature [10] and literature [11] proceeded 
from the direction of speeding up the decay of the stator flux 
transients and proposed the virtual inductance demagnetization 
control and virtual resistance control respectively. Correspond-
ing to the voltage drop, the voltage swell occurs when the grid 
voltage recovers or the grid reactive power excess time. If the 
unit does not consider the over-voltage protection design at this 
time and does not have the HVRT control capability, it must 
be disconnected from the power grid to generate a large-scale 
off-grid phenomenon of the wind turbine. At present, there are 
few researches on transient characteristics and related counter-
measures of DFIG when the voltage of power grid is suddenly 
increased. Literature [12], [13] proposed an improved control 
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strategy based on variable damping and virtual impedance to 
improve the high-voltage ride-through performance of the unit, 
but the article proposes a control strategy only from the theo-
retical analysis point of view. It does not do a detailed analysis 
of the changes in the electromagnetic quantities of the DFIG 
when the grid voltage swells, and does not consider the effect of 
the actual surge amplitude of the grid voltage. Considering the 
voltage drop and swell of the power grid, the transient processes 
of the stator flux linkage, rotor induced electromotive force and 
rotor current of the DFIG are similar. Based on the theoretical 
calculation, experiment and simulation verification, this paper 
analyzes the change process and influencing factors of DFIG 
electromagnetic flux when the power grid falls and swells sep-
arately, and compares the similarities and differences between 
the two faults. It provides theoretical support for the study of the 
HVRT control strategy of the double-fed unit and defines the 
key to the HVRT control of the DFIG unit.

II. The Mathematical Model of DFIG
In the stator stationary frame, the vector form of the doubly-fed 

motor voltage equation and the flux linkage equation are 

(1)

(2)

(1) is the voltage equation, and (2) is the flux linkage equa-
tion. Where us and ur are stator and rotor voltages, Rs and Rr 
are stator and rotor resistances, is and ir are stator and rotor 
currents, respectively; ψs and ψr are fixed and rotor flux 
chains, ωr is the rotor angular velocity, and Ls , Lr and Lm are 
stator inductance, rotor inductance and mutual inductance, 
respectively.

According to the voltage equation of (1), the equivalent 
circuit of DFIG shown in Fig. 1 can be obtained. Lls and Llr 
in Fig. 1 are stator leakage inductance and rotor leakage in-
ductance, respectively.

III. Stator Flux Transient Analysis of Grid Voltage 
Swell and Drop Fault

Assume that the system is operating stably before t0, the 
stator voltage at this time can be expressed as

(3)

where U is the stator voltage amplitude and ω1 is the stator 
synchronous angular velocity.

If the grid voltage occurs symmetrical fault at t0, set the 
grid voltage amplitude change degree p, and when p < 0 sys-
tem voltage drop fault occurs, the drop depth is | p |; when 
p > 0, a voltage surge fault occurs and the magnitude of the 

swell is | p | . In this process, the stator voltage can be ex-
pressed as

(4)

The corresponding stator steady state flux chain expres-
sion is

(5)

In the course of grid voltage faults, the stator flux linkage 
gradually transitions from one steady state to another be-
cause the flux cannot mutate. In order to facilitate the analy-
sis of the transient process of the stator flux linkage when the 
grid voltage amplitude changes, it is assumed that the rotor 
is open, i.e. the rotor current is zero. Then substituting the 
stator flux equation in (2) into the stator voltage equation in 
(1) gives the stator flux differential equation

(6)

Solving this differential equation yields

(7)

where, Ψn0 is a constant related to the fault condition, .
It is analyzed that the solution of the flux differential equa-

tion is composed of homogeneous solution and nonhomoge-
neous solution. Where, the non-homogeneous solution is the 
steady-state component of the flux linkage Ψsn, its amplitude 
is related to the stator voltage, and its frequency is the syn-
chronous angular frequency; the homogeneous solution is 
the transient decay component of the flux linkage Ψsn, which 
reflects the continuity of the flux linkage change and is an 
exponentially decaying DC value.

Since the instantaneous value of the flux linkage is the  
same before and after the grid voltage fault, there are

(8)

Assuming that the grid voltage fault occurs at time t0 = 0, 
the corresponding expressions in (5) and (6) are substituted 
into (8). After the fault occurs, the complete expression of 

Fig. 1.  Equivalent circuit of DFIG.
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the stator flux linkage is

(9)

From (9), the change process of the stator flux linkage in 
the αβ coordinate system is shown in Fig. 2 after the grid 
voltage has dropped and swelled. The steady state of the sta-
tor flux is a circle with a constant amplitude, a fixed center and 
a rotation at the synchronous angular frequency. When a three-
phase grid voltage drop or swell failure occurs, the amplitude 
of the flux linkage cannot be abrupt, and under the action of 
the DC transient component, it gradually shifts to a new steady 
state in a way that the center is shifted, and steady-state pre-fault 
constitute concentric circles.

IV. Rotor Induced Voltage of Grid Voltage Swell 
and Drop Fault

After the grid voltage fails, the two components of the sta-
tor flux will each generate an induced electromotive force in 

the rotor, and thus a transient process will also occur in the 
rotor induced electromotive force. And because the output 
voltage controllable range of voltage source type inverter is 
limited, so need to consider the rotor end voltage when the  
voltage fault of the power grid.

According to the DFIG mathematical model, from (2) can 
get

(10)

where: 
Substituting (10) into (1), the expression of the rotor volt-

age can be obtained as

(11)

The first term in (11) is the induced electromotive force gen-
erated by the stator flux on the rotor loop, denoted by ur0, which 
is the open circuit voltage of the rotor; and the second term is 
the impedance drop of the rotor loop.

The induced electromotive force generated on the rotor loop 
by the steady-state and transient components of the stator flux is 
denoted by erf and ern, respectively, and its relationship with the 
open-circuit voltage of the rotor can be expressed as

(12)

Calculated by (9) and (11) are available

(13)

where, s = (ω1 − ωr) ⁄ ω1 is the slip ratio.
Ignoring the smaller 1 / τs terms, there are

(14)

Therefore, the open circuit voltage of the rotor is

(15)

The conversion of (15) to the rotor coordinate system can 
be expressed as

(16)

From (16), it can be seen that after the grid fault, the steady-
state amplitude of the open-circuit voltage of the rotor is 1 + p 
times that before the grid fault. 

The transient amplitudes of the open-circuit voltage of the ro-
tor are the same when the voltage drop fault and the swell fault 
of the power grid occur, and the phases are 180 degrees apart.

Simulation of the same doubly-fed generator in the open 
rotor case, the running slip is -0.2, when the stator voltage drop 

(a) grid voltage dip

(b) grid voltage swell

Fig. 2.  Stator flux waveforms in αβ frames during grid voltage fault.
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or swell 30%, the rotor of the motor induced transient changes 
in the electromotive force. As shown in Fig. 3, the three-phase 
open circuit voltage of the rotor when the stator voltage drops 
and swells. It can be seen that the steady-state amplitude of the 
open-circuit voltage of the  rotor is 1 + p times before the fault, 

and the steady-state frequency is 10 Hz. In Fig. 4, taking the 
a-phase of the opencircuit voltage of the rotor as an example, 
the transient change of the open-circuit voltage of the rotor 
when the stator voltage is dropped or swelled separately at 3 s is 
compared. As can be seen from the figure, the transient ampli-
tudes of the open-circuit voltages of the rotors are  equal in both 
cases and the phases are 180 degrees out of phase. In the case 
where the slip is -0.2, the frequency of transient components in 
the rotor coordinate system is 60 Hz.

V.  Rotor Current of Grid Voltage Swell and Drop 
Fault

When the double-fed unit is operating normally, the influ-
ence of rotor current should be considered. The expression 
of the rotor voltage in (11) in the stator coordinate system is 
transformed into a synchronous rotating coordinate system, 
finally get 

(17)

where, the subscript dq in ir,dq, ur,dq, ur0,dq represents the value 
of this vector in dq synchronous rotating coordinate system, 
ur0,dq = Lm / LsU [(1 + p)s + (1 − s) pe−jω1te−t / τs]. ur,dq is the AC 
output voltage of the rotor side converter, which reflects 
the influence of the control performance of the rotor side 
converter on the rotor current. From (17), it can be seen 
that when the grid fault occurs, the rotor current change is 
determined by both the stator flux linkage and the rotor-side 
converter, and the interaction relationship is related to the 
generator electromagnetic parameters and the rotation speed. 
The rotor-side converter changes the AC-side output voltage 
according to the active and reactive control strategy to track 
the set rotor current, and the rotor current can be approxi-
mated as a reference value. After the grid fails, it is assumed 
that the capacity of the converter is sufficiently large and the 
rotor crowbar protection does not act. The size of the rotor 
voltage is affected by the rotor-side converter control system. 
The rotor-side converter control of DFIG often adopts vector 
control mode of stator flux orientation, and the decoupled 
control of active and reactive power is achieved by means of 
feedforward compensation of coupling terms. Fig. 5 shows the 
control block diagram of the rotor-side converter. i*

rd and i*
rq 

are the reference values of the d, q-axis current components 
of the rotor, respectively, and are determined by the refer-
ence values of the active and reactive power. u*

rd  and u*
rq are 

the rotor voltage reference values needed to track the rotor 
current.

From Fig. 5, the control equation is

(18)

where, Δird = i*
rd − ird, Δirq = i*

rq − irq, kp and ki are the ratios and 

Fig. 4.  A phase voltage of rotor in power grid failure.
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integral coefficients of the current loop controller, respectively.
Assuming that the closed-loop bandwidth of the current 

control loop is large enough, the voltage on the AC side of 
the converter can track the reference value without any er-
ror, and the switching transients are ignored, then the rotor 
voltage space vector in the synchronous rotating coordinate 
system when the power grid fails can be written as

(19)

Combining (17) and (19), considering the influence of 
stator flux and converter control system on rotor current, the 
rotor current dynamic equation after grid short circuit can be 
obtained

(20)

where, μ = (Rr + kp)/σLr ; v = ki/σLr ; λ = (jω1+1/τs)/σLr ; ern,dq = 
Lm/LsU(1‒s)pe-jω1te-t/τs.

According to the principle of solving the second-order 
constant-coefficient differential equation and solving the 
differential equation in (12), the rotor current under the com-
bined action of the rotor induced electromotive force and the 
rotor-side converter control can be obtained:

(21)

irn1,dq is the special solution of the differential equation 
at the input vi*

r,dq, that is the forced component of the rotor 
current and is the response of the rotor current to the control 
quantity of the rotor-side converter. According to the previ-
ous assumption that the closed-loop bandwidth of the current 
control loop is large enough, there are

(22)

irn2,dq is the special solution of the differential equation at 

the input −λern,dq and is the response of the rotor current to 
the transient dc back-EMF component ern,dq

(23)

where, τ′s= jω1 + 1/τs .
irf,dq is the general solution of the second-order differential 

equation, which is the natural component of the rotor current 
and is related to the current ir0,dq when the rotor is operating 
normally

(24)

where, r1 and r2 are the characteristic roots of differential equa-
tions.

(25)

From the above derivation we can see that under the con-
trollable conditions of the rotor-side converter, the rotor current 
contains the periodic component and the transient dc compo-
nent. Among them: The steady-state component irn1,dq is the 
periodic component of the rotor current, the value of which is 
determined by the output control strategy of the rotor-side con-
verter; the transient component irf,dq is the natural component 
of the rotor current and is only related to the parameters of the 
generator and the converter; the transient dc component irn2,dq is 
generated by the rotor’s transient dc back-EMF, and its mag-
nitude is related to the voltage drop and speed of the machine 
terminal, which reflects the influence of the voltage amplitude 
change on the rotor current when the grid voltage fails. Of the 
three components of the rotor current, only irn2,dq is related to 
the magnitude p of the grid voltage change. It can be seen from 
the expression of irn2,dq that if other control conditions are not 
changed, when the grid voltage drops or swells by the same 

Fig. 5.  Stator flux oriented VC control diagram of DFIG.
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magnitude, the amplitude of the rotor current changes caused 
by the transient dc component of the stator flux is the same, but 
the phase difference is 180 degrees. In addition, (23) shows that, 
considering the influence of the rotor-side converter, the magnitude 
of the transient DC component of the rotor current is also closely 
related to the control parameters of the rotor-side converter.

The 1.5 MW double-fed converter experiment and sim-
ulation system is shown in Fig. 6. The parameters of the 
generator used are: stator rated voltage is 690 V; rotor open 
circuit voltage is 1900 V; stator resistance is 0.015 4 Ω; rotor 
resistance is 0.003 3 Ω; the stator leakage inductance is 0.034 Ω; 
the rotor leakage inductance is 0.029 7 Ω; the magnetizing 
inductance is 1.2 Ω; the rotor speed is 1800 rpm; the pro-
portional constant of the rotor side current transformer PI 
current controller is 5, and the integral constant is 0.05.

As shown in Fig. 7, when the grid voltage drops by 30% 

and swells by 30%, respectively, the rotor dq axis current is 
given and actual value based on the synchronous rotation co-
ordinate system of the stator flux linkage orientation. When 
the power grid fails, the rotor dq-axis current superimposes a 
transient current component whose main frequency is 60 Hz 
and whose amplitude gradually decays. 

Fig. 8 shows the comparison of the transient current com-
ponent of the dq axis of the rotor after the same amplitude 
(30%) of drop and swell failure occurred at the same time, 
confirming the theoretical analysis results, that is, the grid 
voltage fault affects the transient decay component of the ro-
tor current irn2,dq.The rotor transient current amplitude caused 
by the two faults is equal and the phase difference is 180 de-
grees. However, since the rotor current is also superimposed 
with the natural component irf,dq, which is the amount related 
to the current ir0,dq when the rotor is in normal operation, 
thus, the amplitude of the rotor transient current under the 
two grid faults is not exactly equal, and the phase is not ex-
actly 180 degrees out of phase.

VI. Experiment Verification

Fig.9 shows high and low voltage ride through fault re-
sults of 1.5 MW doubly-fed converter. Fig.9(a) shows the 
experimental waveforms for DFIG current and voltage when 

(a) grid voltage dip

(b) grid voltage swell

Fig. 7.  Rotor current in dq frame with 30% change in grid voltage amplitude.

Fig. 6.  Experiment and simulation structure diagram of DFIG.
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the grid voltage drop to 70%, and (b) shows the experimen-
tal waveforms for DFIG current and voltage when the grid 
voltage swelling to 130%. Where Ua is A phase grid voltage, 
Isa is A phase stator current, Ira is A phase rotor current, t1 is 
the grid fault start time, t2 is the grid voltage recovery mo-
ment. Fig.9 show that the experimental results are consistent 
with the theoretical analysis when the grid voltage is reduced 
by 30% or increased by 30%.

VII. Conclusion

By comparing the generator’s electromagnetic transients 
during grid voltage dips and swell faults, it can be concluded 
that:

1)	After two kinds of faults, the steady-state amplitude of 
the stator flux linkage、rotor open circuit voltage and 
rotor current is related to the magnitude of the voltage 
after the fault. Among them, the steady-state amplitude 
after the stator flux linkage and the open circuit voltage 
fault is (1+p) times before the fault.

2)	The amplitudes of the transient attenuation components 
of the stator flux linkage, rotor open circuit voltage, 
and rotor current under the two faults are equal, and the 

attenuation speeds are the same and the phases are 180 
degrees out of phase.

3)	The most severe situation of the grid voltage drop is that 
the voltage drops to 0, that is, p = −100%. And the most 
severe situation of the grid voltage swell is p = 30%, 
so the grid voltage swell without causing a particularly 
strong electromagnetic transient state process. From the 
conclusion in 2), it can be seen that when high-voltage 
ride through is performed on a unit that already has 
low-voltage ride through capability, only the influence 
of the phase of the transient component needs to be con-
sidered in the low voltage ride-through electromagnetic 
transient suppression strategy.

4)	Since the steady-state amplitude of the open-circuit 
voltage of the rotor is approximately s (slip rate) times 
the magnitude of the stator voltage, the s of a dou-
bly-fed machine is generally between −0.25 and 0.25, 
and the amplitude of the sudden rise p is up to 30%. 
From (16), ur

ro,max = 0.55 Lm / Ls U is known, so the rotor 
side converter is less prone to overmodulation.

This paper only compares the changes of the electromag-
netic quantity of the generator when the grid voltage drops 
and swells, and does not consider the control of the grid-side 
converter. Since the grid-side converter is directly connected 
to the grid, when the grid voltage suddenly rises to 1.3 times 
the high voltage, it is necessary to consider withstand volt-
age capability of the components of the grid-side converter, 
especially the power unit. Moreover, it can be known from 
the vector control theory that the high voltage on the AC side 
causes overmodulation of the converter, resulting in uncon-
trollable current. In view of the possible over-modulation of 
the grid-side converter, the method of dynamically adjusting 
the DC bus voltage reference and controlling the network 
side to absorb reactive power to reduce the voltage of the AC 
side terminal can be improved.
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