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Multi-Scale Modeling and Simulation of
DFIG-Based Wind Energy Conversion System

Yue Xia , Ying Chen , Member, IEEE, Yankan Song , and Kai Strunz

Abstract—A multi-scale transients model of a doubly fed in-
duction generator (DFIG)-based wind energy conversion system
(WECS) is developed, implemented, and validated. All ac circuit
and control quantities of the electrical part are modeled by analytic
signals rather than just real signals. In addition to the real parts,
the analytic signals also comprise orthogonal imaginary parts.
While measured Fourier spectra of real ac quantities involve posi-
tive and negative frequency components, they only involve positive
frequency components when extended and represented as analytic
signals. With the introduced shift frequency operator, the analytic
signal can now be shifted in the frequency domain to reduce its
maximum frequency contents and thus allow for a larger time-
step size in accordance with the Nyquist criterion. If the shift
frequency is set equal to the ac fundamental frequency, then the
affiliated ac voltages and currents become dynamic phasors. At
a zero shift, however, instantaneous signals can be tracked as in
an electromagnetic transients program (EMTP). This is illustrated
here for the voltage sourced converters (VSC) of the WECS. By
appropriate selection of the shift frequency, both electromagnetic
and electromechanical transients are simulated efficiently. Studies
involving wind power fluctuations, three-phase-to-ground fault and
single-phase-to-ground fault confirm these claims.

Index Terms—Doubly fed induction generator (DFIG),
electromagnetic transients, electromechanical transients,
multi-scale, interface, voltage-sourced converter (VSC), wind
energy conversion system (WECS).

I. INTRODUCTION

W IND power is widely distributed and renewable, and
thus produces no greenhouse gases during operation [1].

According to the Global Wind Energy Council’s report, the
installed wind power capacity worldwide reached 591 GW by
the end of 2018 [2]. At the same time, wind energy conversion
systems (WECS) modify power system transients over a wide

Manuscript received April 28, 2019; revised September 13, 2019; accepted
October 30, 2019. Date of publication December 12, 2019; date of current ver-
sion February 19, 2020. This work was supported in part by the National Natural
Science Foundation of China under Grants 51877115 and 51861135312 and in
part by DFG Project AMPSys (STR 1437/3-1). Paper no. TEC-00493-2019.
(Corresponding author: Ying Chen.)

Y. Xia is with the College of Information and Electrical Engineering,
China Agricultural University, Beijing 100083, China (e-mail: xiayuexiayue@
163.com).

Y. Chen and Y. Song are with the Department of Electrical Engineering and
Applied Electronic Technology, Tsinghua University, Beijing 100084, China
(e-mail: chen_ying@tsinghua.edu.cn; songyk13@mails.tsinghua.edu.cn).

K. Strunz is with the Chair of Sustainable Electric Networks and Sources
of Energy, Technische Universität Berlin, 10587 Berlin, Germany (e-mail:
kai.strunz@tu-berlin.de).

Color versions of one or more of the figures in this article are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TEC.2019.2953893

range of frequencies. This observation motivates the develop-
ment of accurate and efficient models of WECS that can be used
to predict both low-frequency transients, e.g. sub-synchronous
oscillations (SSO) [3] and high-frequency transients, e.g. be-
havior during short circuits [4]. The present paper addresses
the multi-scale modeling of doubly fed induction generator
(DFIG)-based WECS. This type is the most widely used by the
wind turbine industry [5].

Simulators of the electromagnetic transients program (EMTP)
type [6], [7] make use of nodal analysis and are widely used
for studying the behavior of fast transients of DFIG-based
WECS [8], [9]. As in all digital simulators, the accuracy of
the numerical integration methods across a certain frequency
range depends on the time-step size [10]. In the simulation of ac
power transmission and distribution systems with the EMTP, an
upper limit of the time-step size is given because the ac carrier
frequency of either 50 Hz or 60 Hz is represented.

Simulators based on phasor calculus use complex numbers in
calculations involving ac voltages and currents. The ac carrier
is not represented in phasors. Instead, only the envelopes of
ac voltages and currents are tracked. This makes phasor-based
simulation efficient for emulating low-frequency transients as
for example electromechanical transients. In those cases, time-
step sizes can be larger than in the EMTP. WECS models
based on phasor calculus were proposed in [11], [12]. If the
electromagnetic transients of the electric lines and cables are
covered through the application of differential equations in
phasor-based simulation, then the modeling is said to involve
dynamic phasors [13], [14]. In [15], the model of DFIG-based
WECS using dynamic phasors was proposed.

Techniques where the dynamic phasors of nodal voltages are
calculated in equations involving a nodal admittance matrix are
referred to as shift frequency analysis and modeling [16]–[18]. A
further extension is multi-scale modeling that aims at combining
the virtues of dynamic phasors and EMTP-type simulation. In
frequency-adaptive simulation of transients (FAST) [19], [20],
this is achieved by introducing a variable shift frequency and
representing all ac voltages and currents through analytic sig-
nals, which are complex. Selection of a shift frequency equal
to the ac carrier frequency transforms the analytic signals into
dynamic phasors with eliminated ac carriers. As opposed to that,
a shift frequency of 0 Hz preserves the ac carrier, allowing for
the tracking of natural waveforms as in the EMTP. The flexibility
of the technique has been proven valuable in [21], [22] for
the multi-scale modeling of the transmission line and induction
machine.
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The multi-scale modeling of WECS was addressed for WECS
with synchronous machines in [23]. This paper addresses DFIG-
based WECS multi-scale modeling. Besides the well-known
differences between those different WECS types, the model-
ing technique is also further developed in general, resulting in
three contributions. Firstly, the WECS is divided into two parts
according to the types of waveforms expected. In the part where
ac waveforms are not present, the quantities are represented
through real signals. The components in this area can be modeled
in the same way as they are in EMTP. In the part with ac wave-
forms, the quantities are represented through analytic signals that
support frequency shifting of involved Fourier spectra. The com-
ponent models are modular, the multi-scale algorithm of FAST
is fully encapsulated inside the models. Secondly, to ensure the
numerical accuracy and stability of the proposed DFIG-based
WECS model, a new interface which links real and analytic
signals used in different parts is developed. Furthermore, a
method of predicting analytic signals is presented. Accurate
and efficient multi-scale simulation across diverse time scales is
so supported. Thirdly, a multi-scale voltage-sourced converter
(VSC) model with pulse width modulation (PWM) generator is
proposed. The average-value and switching-function models of
the VSC are selected depending on the types of transients of
interest. Test cases are performed to demonstrate the efficiency
and accuracy of the proposed model.

In Section II, the key characteristics of analytic signals are
reviewed. In Section III, the overall multi-scale model is intro-
duced. The development of the multi-scale model of VSC is
described in Section IV. In Section V, the control system model
is presented and the interfacing of signals between circuits and
controls is addressed. In Section VI, the multi-scale modeling is
applied and validated. Conclusions are drawn in Section VII.

II. ANALYTIC SIGNALS AND SHIFT FREQUENCY IN

MULTI-SCALE SIMULATION

A naturally generated signal s(t) is real. The analytic signal
s(t) can be obtained based on the Hilbert transform [24]:

s(t) = s(t) + jH [s(t)] . (1)

Throughout this paper, the analytic signals are denoted through
underscores. As described in [19], frequency shifting can be
applied to the analytic signal s(t):

S [s(t)] = s(t)e−j2πfst, (2)

where fs is the shift frequency. The shift frequency plays an im-
portant role in the multi-scale simulation. If the shift frequency
fs equals zero, the real part of the analytic signal is adopted
to track the natural waveform at small time-step sizes as in
EMTP. If the shift frequency fs equals the carrier frequency fc,
then the complex envelope is obtained. Because |e−j2πfst| = 1,
the magnitude is not changed through the frequency shifting.
The complex envelope is a low-pass signal whose maximum
frequency is lower than the one of the original real bandpass
signal. As a result, a larger time-step size can be selected when
tracking the complex envelope rather than the original bandpass
signal. In the multi-scale simulation, both shift frequency and

Fig. 1. Multi-scale model of grid-connected DFIG-based WECS.

time-step size are adjusted adaptively. Reader may refer to [19]
for a detailed description of the selection of shift frequency
and time-step size. The method described in [19] is particularly
suited for modeling the components in ac power systems where
ac carriers and ac waveforms are present.

III. MULTI-SCALE MODELING OF DFIG-BASED WIND

ENERGY CONVERSION SYSTEM

Fig. 1 shows the structure of a multi-scale model of DFIG-
based WECS. The wind turbine is connected to the DFIG
through a mechanical shaft system, which consists of a low-
speed shaft, a high-speed shaft and a gearbox in between. The
DFIG is a wound-rotor induction machine which is fed from
both stator and rotor sides. The stator is directly connected
to the grid, while the rotor is fed through two back to back
VSCs, which are connected by a dc-link circuit [25]. The power
conversion from mechanical to electrical power is controlled by
the rotor-side converter. The grid-side converter aims to keep
the dc-link voltage constant and assure the quality of the output
voltage and current in accordance with the standards.

From the viewpoint of the presence of the ac carrier within the
system, the DFIG-based WECS shown in Fig. 1 may be divided
into two parts:
� Part 1 consists of an ac electric power system which in-

cludes modules of two back to back VSCs, DFIG, crowbar,
filter, and transformer.

� Part 2 consists of control system, mechanical system, and
dc-link circuit.

In part 1, the ac carriers are present within the ac electric
power system. The ac quantities are represented through ana-
lytic signals. The components in this part are modeled based
on FAST. Frequency shifting may be applied. Time-steps are
adjusted accordingly to obtain an efficient simulation process.
The multi-scale models of DFIG, transformer, and inductor have
been proposed in the literature [19], [20], [22]. The focus here
is on the multi-scale modeling of VSC.

In part 2, the output variables solved by the simulation pro-
gram are mainly not modulated by ac carriers. The quantities
in part 2, such as rotor speed, change considerably slower
than ac quantities in part 1 during electromechanical transients.
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TABLE I
QUANTITIES IN MULTI-SCALE MODEL OF DFIG-BASED WECS

As a result, large time-step sizes may be selected in this part
during electromechanical transients without the application of
frequency shifting. The components in part 2 are modeled in the
same way as they are in EMTP. The dc-link model is described
in [23]. A detailed description of the mechanical system model
is given [26], [27].

The quantities shown in Fig. 1 are described in Table I.
The ac quantities in part 1 are represented through analytic
signals denoted by underscores, while the quantities in part 2
are represented through real signals. To maintain compatibility,
an interface between two parts is required, as shown by the red
and green blocks in Fig. 1. The design of the interface is also
the focus of this paper.

IV. MULTI-SCALE MODELING OF

VOLTAGE-SOURCED CONVERTER

Among various VSC configurations, the two-level three-
phase VSC is the most widely used configuration for WECS
applications [5], [28]. A detailed description of the implementa-
tion of a VSC model which is suitable for multi-scale transients
was, however, not provided before. This section addresses this
gap and concentrates on multi-scale modeling of the two-level
three-phase VSC.

A. Multi-Scale Voltage-Sourced Converter Model
With PWM Generator

The switching function model of the VSC described in [28] is
suitable to emulate high-frequency switching transients. How-
ever, small time-step sizes are required, resulting in an accord-
ingly large increase in computational cost. An average-value
VSC model is an effective alternative to the switching function
VSC model when low-frequency phenomena are of main inter-
est [29]. By using the average-value model, a relatively large
time-step size can be used, and the computational efficiency is
significantly improved.

Fig. 2. Multi-scale VSC model including low-level control.

In order to represent multi-scale transients accurately and
efficiently, a multi-scale VSC model with PWM generator
is proposed. It is modeled by using a combination of both
switching function model and an average-complex-value model.
Compared with the average-value model used to represent
the averages of naturally oscillating ac voltages and currents,
the average-complex-value model can, optionally, also track the
envelopes of those voltages and currents. The proposed VSC
model is presented in Fig. 2. The ac-side and dc-side represen-
tation of this model is shown in the gray block. The proposed
VSC model appears as a three-phase controlled voltage source
at the ac-side and a single-phase controlled current source at the
dc-side, consistent with the widely used VSC models in [28].
The controlled voltage source vabc,vsc and controlled current
source idc,vsc are generated from the VSC low-level control, as
shown by the orange block. The ac-side terminal voltages of the
VSC are calculated as follows:

vabc,vsc(t) =
vdc(t)

2
sv,abc(t) (3)

where sv,abc(t) are the voltage control signals. The dc-side
terminal current of the VSC is given by:

idc,vsc(t) = sTi,abc(t) · Re
[
iconv,abc(t)

]
(4)

with

si,abc(t) = [si,a(t), si,b(t), si,c(t)]
T , (5)

iconv,abc(t) =
[
iconv,a(t), iconv,b(t), iconv,c(t)

]T
, (6)

where si,abc(t) are the current control signals, iconv,abc are the
VSC ac-side currents, superscript T denotes the transpose of a
vector.

As shown in Fig. 2, there are two operation modes for the
VSC low-level control: natural waveform tracking and enve-
lope waveform tracking. In natural waveform tracking mode,
instantaneous voltages are considered. This mode is suitable
for tracking high-frequency electromagnetic transients related
to switching. The natural waveform is tracked at small time-step
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sizes. The analytic modulating signals mabc are delivered to the
PWM generator to generate the switching pulses q

sw
. Here, the

switching pulses q
sw

are modeled as complex signals, consistent
with the signals used in the ac electric power system. The
used PWM modulation scheme is illustrated in Appendix A.
According to the selector shown in Fig. 2, the signals msw =
2q

sw
− 1− j then determine the voltage control signals sv,abc,

which are to hold the VSC ac-side voltages within the range of
− vdc

2 to vdc

2 . The current control signals si,abc are obtained by
taking the real parts of switching pulses q

sw
. This calculation

of control signals corresponding to natural waveform tracking
is suitable for the switching function VSC model.

The envelope waveform tracking mode is suitable when low-
frequency electromechanical transients are in the focus. The
envelope waveforms are tracked with large time-step sizes. The
voltage control signals sv,abc are set equal to the modulating
signals mabc, while the current control signals si,abc are set
equal to the duty ratios d, which are averages of the switching
pulses. This mode gives the average-complex-value VSC model.
The average-complex-value and switching-function models of
the VSC are selected depending on the types of operation modes
of interest. Accordingly, the capability to efficiently simulate
both electromagnetic and electromechanical transients is made
possible.

The most important feature of the multi-scale VSC model
is the utilization of full multi-scale representation including all
power electronic stages, and low-level power electronic control.
Furthermore, the proposed VSC model is modular. This offers
considerable programming flexibility. The model can be con-
nected to all available multi-scale models.

The main steps of the implementation of the multi-scale VSC
model are detailed in the algorithm of Fig. 3. In step 1, the
multi-scale VSC model receives ac-side currents of VSC, dc-link
voltage and modulating signals as inputs from the system model
solver. In step 2, the operation mode for the VSC low-level
control is determined according to the prevailing transients ob-
served. If low-frequency transients are of interest, the envelope
waveform tracking mode is selected; otherwise the natural wave-
form tracking model is selected. In step 3 and step 4, the voltage
control signals sv,abc and the current control signals si,abc are
calculated. Step 5 is performed to calculate the ac-side voltages
and dc-side current of VSC. Step 6 is performed to provide
information on the voltage sources vabc,vsc and currents source
idc,vsc to the system model solver. The solution of entire system
is then obtained. Upon completion, the algorithm of Fig. 3 starts
with step 1 again.

B. Network Interfacing of the VSC Model

The interfacing of the rotor-side VSC model and grid-side
VSC model with the network model is illustrated in Fig. 4. The
controlled current source idc,rvsc of the rotor-side VSC model
and the controlled current source idc,gvsc of the grid-side VSC
model are connected to the dc-link circuit. The controlled volt-
age source vabc,rvsc of the rotor-side VSC model is connected
in series with the rotor circuit of the DFIG, while the controlled
voltage sourcevabc,gvsc of the grid-side VSC model is connected

Fig. 3. Algorithm of the multi-scale VSC model.

to the filter. The values of idc,rvsc and vabc,rvsc are computed
as in Section IV-A based on dc-link voltage vdc, modulating
signals mabcr and VSC ac-side currents iconv,abcr. Similarly,
the controlled current source and controlled voltage source of
the grid-side VSC model are computed with vdc, mabcg and
VSC ac-side currents iabcg.

C. Modeling of Rotor-Side VSC During Activation of Crowbar

To avoid the disconnection of the DFIG during grid faults,
crowbar protection is widely used [4]. The crowbar consists of a
set of thyristors connected in series with a resistor, as shown in
Fig. 1. The resistor is used to bypass the excessive rotor current
of the DFIG. The crowbar is activated if the dc-link voltage or
the rotor current exceed threshold values. When the crowbar is
activated, the rotor-side VSC is blocked, the controllers of the
rotor-side converter are inactive, and the modulating signals are
disabled. The converter ac-side voltage is kept unchanged. The
crowbar resistor is connected to the rotor side of the DFIG. The
currents flowing through the rotor-side converter are zero when
the rotor-side converter is blocked:

iconv,abcr = 0 A, (7)

idc,rvsc = 0 A. (8)

At the same time, the DFIG operates as an induction machine.
The DFIG model [22] has then to be solved with

vabcr = 0 V, (9)

R
′
r = Rr +Rcrow, (10)
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Fig. 4. Network interfacing of rotor-side VSC model and grid-side VSC model.

Fig. 5. Model of rotor-side control system with interface between real and
analytic signals.

where Rcrow is the per-phase resistance of the crowbar, R
′
r is

the per-phase rotor resistance of the DFIG when the crowbar is
activated, Rr is the per-phase rotor resistance of the DFIG.

V. MODELING AND INTERFACING OF CONTROL SYSTEM

Operating a DFIG by using vector control is a well-known
and widely-employed technique [5]. As illustrated in Fig. 1,
the control system model of DFIG-based WECS requires infor-
mation of ac quantities such as rotor currents, stator currents,
and stator voltages. These ac quantities are represented through
analytic signals in the ac circuit model. To integrate the analytic
signals in the ac circuit model with the real signals in the control
system model, an interface is necessary. In the following section,
the control system model as well as the interface between the
control system model and the ac circuit model are proposed.

A. Modeling and Interfacing of Rotor-Side Control System

The control of the rotor-side converter is based on current
vector control with dq decoupling [25]. The control consists of
a cascade structure with a fast inner current control loop and
a slower outer speed control loop. The model of the rotor-side
control system is shown in Fig. 5. The block diagram of flux
angle calculation is illustrated in Fig. 18 in Appendix B. The
quantities ims and λs in Fig. 5 are defined as the equivalent stator
magnetizing current and the generator leakage factor, respec-
tively [25]. Those are given in Appendix C for completeness.

As illustrated in Fig. 5, the ac quantities, i.e., iabcr, iabcs, and
vabcs obtained from the ac circuit are used as input signals to

the control system model. Because these signals are complex, an
interface is required to link the analytic signals in the ac circuit
model and real signals in the control system model. The interface
is shown by the red and green blocks in Fig. 5. The analytic input
signals are converted into real signals by discarding their imag-
inary parts. To ensure compatibility with the multi-scale VSC
model that processes analytic signals, the analytic modulating
signals mdr and mqr are constructed by using real modulating
signals mdr and mqr as orthogonal imaginary parts as follows:

mdr = mdr − jmqr, (11)

mqr = mqr + jmdr. (12)

The method for constructing analytic signals in (11) and (12)
has shown to be effective in the multi-scale modeling of the
synchronous machine in [30].

The calculations of the control system model and the ac
system model are performed by separate solvers. A one time-step
delay is introduced inside the control system model. The delay
will affect the stability and accuracy of the simulation [31].
Therefore, the input signals to the control system model are
predicted to reduce the error of simulation caused by a one
time-step delay. The predictions are performed at the interface.
The stator currents iabcs(k) at time-step k are predicted as
follows:

iabcs(k) = Ai,abcs(k)e
jωeτ(k)

iabcs (k − 1)

|iabcs(k − 1)| , (13)

with

Ai,abcs(k) = |iabcs(k − 1)|
+ ζ (|iabcs(k − 1)| − |iabcs(k − 2)|) , (14)

ζ =
τ(k)

τ(k − 1)
(15)

where k is the time-step counter; τ is the time-step size; ζ is
the ratio of the present to previous time-step sizes; ωe is the ac
carrier angular speed; Ai,abcs are the predicted magnitudes of
analytic signals iabcs(k) at time-step k. When electromagnetic
transients are studied, a very small time-step size is used, the term
ejωeτ(k) is nearly equal to 1, and the magnitudes of iabcs(k −
1) and iabcs(k − 2) between two consecutive steps are nearly
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equal. Then, the term Ai,abcs(k)
|iabcs(k−1)| is nearly equal to 1. The stator

currents iabcs(k) are predicted by the currents iabcs(k − 1) at
the previous step.

In the simulation of electromechanical transients, much larger
time-step sizes are used. Since the envelope waveforms of an-
alytic electrical quantities change much slower than the natural
waveforms during the period of electromechanical transients, a
linear extrapolation may be applied to predict the magnitudes
of the analytic electrical quantities. The term ejωeτ(k) gives
the phase advance of the carrier oscillation over the interval
τ(k). An example is given in Appendix D to show the quality
of prediction in (13). Similarly, the rotor currents and stator
voltages are predicted as follows:

iabcr(k) = Ai,abcr(k)e
jωslip(k)τ(k)

iabcr (k − 1)

|iabcr(k − 1)| , (16)

vabcs(k) = Av,abcs(k)e
jωeτ(k)

vabcs (k − 1)

|vabcs(k − 1)| , (17)

with

Ai,abcr(k) = |iabcr(k − 1)|
+ ζ (|iabcr(k − 1)| − |iabcr(k − 2)|) , (18)

Av,abcs(k) = |vabcs(k − 1)|
+ ζ (|vabcs(k − 1)| − |vabcs(k − 2)|) , (19)

where ωslip is the slip angular speed; Ai,abcr are the predicted
magnitudes of rotor currents iabcr(k) at time-step k; Av,abcs

are the predicted magnitudes of stator voltages vabcs(k) at
time-step k.

The response of the rotor speed is slower than that of ac quan-
tities due to the inertia of the turbine. Therefore, the rotor speed
ωr can be predicted with the linear extrapolation as follows:

ωr(k) = ωr (k − 1) + ζ (ωr (k − 1)− ωr (k − 2)) . (20)

B. Modeling and Interfacing of Grid-Side Control System

The objective of the grid-side converter is to keep the dc-link
voltage at the desired value and ensure operation at a large power
factor [5]. A vector control approach is used [25], with a refer-
ence frame oriented along the stator voltage vector, resulting in
independent control of the active and reactive power flowing
between the grid and the grid-side converter. The grid-side
converter is current-regulated. The q-axis current iqg is used
to control the dc-link voltage, while the d-axis current idg is
used to control the reactive power. Fig. 6 shows the model of the
grid-side control system with interface between real and analytic
signals. The block diagram of the phase-locked loop (PLL) is
illustrated in Fig. 20 in Appendix E.

An interface, which is similar to that of the rotor-side control
system model, is designed for the grid-side control system
model. The interface is shown by red and green blocks in Fig. 6.
The predictions of input signals are essential for enhancement
of simulation accuracy. The DFIG stator voltages are predicted
using (17). The currents iabcg(k) flowing through the grid-side

Fig. 6. Model of grid-side control system with interface between real and
analytic signals.

converter are predicted with analytic signals:

iabcg(k) = Ai,abcg(k)e
jωeτ(k)

iabcg (k − 1)

|iabcg(k − 1)| , (21)

with

Ai,abcg(k) = |iabcg(k − 1)|
+ ζ

(|iabcg(k − 1)| − |iabcg(k − 2)|) , (22)

where Ai,abcg are the predicted magnitudes of analytic signals
iabcg(k) at time-step k.

The dc-link voltage vdc(k) is predicted using linear extrapo-
lation:

vdc(k) = vdc (k − 1) + ζ (vdc (k − 1)− vdc (k − 2)) . (23)

VI. VALIDATION AND TEST SIMULATION

In order to validate the proposed multi-scale model of DFIG-
based WECS, three tests are performed. In Section VI-A, the
system behavior is simulated with a wind sequence having an
average speed of about 9 m/s. It is validated that a large time-step
size can be selected for the proposed multi-scale model only
when envelope waveforms are of interest. In Section VI-B, a
case study involving a three-phase-to-ground fault and cover-
ing diverse transients is carried out. It is demonstrated how
the proposed model supports accurate and efficient multi-scale
simulation within one and the same study. In Section VI-C,
it is shown that the proposed model is effective in simulating
unbalanced fault.

A. Efficient Simulation of DFIG-Based WECS Under
Wind Fluctuation

A wind model as defined in [5] is applied to a 1.5 MW DFIG-
based WECS. The test system is shown in Fig. 1. The system
parameters are given in Appendix F. The system operates under
a wind speed varying around an average of 9 m/s. In this case,
only electromechanical transients are observed. To allow for
efficient simulation of electromechanical transients, the average-
value VSC model is adopted, and a large time-step of 8 ms
and a shift frequency of 60 Hz are chosen for the proposed
multi-scale model. For the purpose of comparison, the system is
also modeled using PSCAD/EMTDC. The average-value VSC
model is used in EMTDC. In order to obtain an accurate solution,
the model of EMTDC is solved at a small time-step size of 10μs.

The wind speed series is depicted in Fig. 7. The active power
fed into the grid and the generator angular speed are shown
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Fig. 7. Time series of wind speed over 150 s.

Fig. 8. Simulation results; (a) active power; solid: reference solutions
obtained from the model of EMTDC, dashed: solutions for the proposed model;
(b) generator angular speed; solid: reference solutions obtained from the model
of EMTDC, dashed: solutions for the proposed model.

Fig. 9. Phase a stator current ias; (a) natural waveforms of the reference
solution in EMTDC; (b) envelope waveforms processed by the multi-scale
model; (c) zoomed-in view of ias, solid light: natural waveforms of the reference
solution; solid bold: envelope waveforms processed by the multi-scale model;
circle: natural waveforms processed by the multi-scale model.

in Fig. 8. The results obtained with the proposed multi-scale
model closely match the reference solutions. Fig. 9 shows the
stator current ias of the DFIG. The model of EMTDC processes
instantaneous signals to track natural waveforms, as depicted in
Fig. 9(a), while the proposed model processes phasor signals to
track envelope waveforms, as depicted in Fig. 9(b). To examine
the accuracy of envelope waveforms processed by the multi-
scale model, the instantaneous values of the stator current ias are
obtained using the real parts of the analytic signals according
to (1). The natural waveforms processed by the multi-scale

TABLE II
SIMULATION ACCURACIES OF THE PROPOSED MODEL

TABLE III
SETTING OF SHIFT FREQUENCY fs, TIME-STEP SIZE τ , AND VSC

MODEL IN MULTI-SCALE SIMULATION

model are represented using circles in Fig. 9(c). It can be seen
that there is no visible difference between the results obtained
with the multi-scale model and the model of EMTDC.

In order to further investigate the accuracy of the proposed
model, the 2-norm cumulative relative errors are used [32]:

ε(x) =
‖xref − x‖2
‖xref‖2 × 100%, (24)

where x represents the result obtained with the proposed model,
xref represents the reference solution obtained with the model of
EMTDC, and ‖ x ‖2 represents 2-norm of x. The 2-norm errors
of active power Pg, rotor angular speed ωr and stator current ias
are given in Table II. Even with a very large time-step size of
8 ms, the error of the proposed model in the stator current ias is
less than 1%. A high degree of accuracy of the proposed model
is confirmed.

The computational efficiency is compared with that of an
EMTP-type implementation of equal structure. Analytic signals
are used in the proposed multi-scale model, while real signals
are used for the EMTP-type implementation. The processing
of analytic rather than real signals increases the computational
cost by a factor of 1.4 per time-step. For the electromechanical
transients in above example, the proposed model may use a
large time-step size of 8 ms. To achieve similar accuracy, a
small time-step size of 10 μs is required for the EMTP-type
implementation. Taking into account that analytic signals are
processed, the speed-up of computation is at a factor of about
(8 ms)/(10 μs)/1.4 = 571.

B. Multi-Scale Simulation of DFIG-Based WECS During a
Balanced Fault

To further validate the proposed model, a simulation covering
diverse transients as shown in Table III is performed in the test
system of Fig. 1. Initially, the system operates in the steady
state. The wind speed is maintained at rated speed of 12 m/s. A
three-phase-to-ground fault occurs at the point of common cou-
pling (PCC) at t = 0.25 s. Such a fault triggers electromagnetic
transients. The fault is cleared at t = 0.4 s. After further 0.45 s,
the test case is dominated by electromechanical transients. For
the purpose of comparison, the system is also modeled using
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Fig. 10. Phase a current iconv,a of rotor-side converter; (a) natural waveform
of the reference solution in EMTDC; (b) natural and envelope waveforms in
the multi-scale simulation; solid light: natural waveform; solid bold: envelope;
(c) zoomed-in view of iconv,a during electromagnetic transients, dashed: natural
waveform of the reference solution in EMTDC; solid: natural waveforms in the
multi-scale simulation; (d) zoomed-in view of iconv,a during electromechanical
transients, solid light: natural waveform of the reference solution; solid bold:
envelope waveforms in the multi-scale simulation; circle: natural waveforms in
the multi-scale simulation.

EMTDC. Due to the presence of the high-frequency transients,
the switching function VSC model is used in EMTDC through-
out the simulation. To obtain accurate simulation results, the
time-step size is set to 10 μs in EMTDC. The current flowing
through the rotor-side converter is depicted in Fig. 10. The stator
voltage of DFIG in phase a is depicted in Fig. 11. The rotor
electrical angular speed is depicted in Fig. 12. The active power
and reactive power fed into the grid are depicted in Fig. 13. It
is clear that the results obtained with the multi-scale model and
EMTDC match closely.

At the beginning of the simulation, the system is running in
the steady state. The generated active power is about 1.5 MW.
As shown in Table III, the proposed multi-scale model offers a
large time-step simulation to show the behavior of the system
in steady state, and the average-complex-value model of the
VSC is chosen. Envelope waveforms are tracked as shown in
Fig. 10(b) and Fig. 11(b). At t = 0.25 s, a three-phase-to-ground
fault occurs at the terminals of the transformer. To avoid over-
current flowing through the rotor-side converter, the rotor-side
converter is blocked and the crowbar circuit is activated. The
DFIG rotor currents flow through the crowbar instead of the
rotor-side converter. The generator operates as an induction
machine. The fault triggers electromagnetic transients to appear.
Then, it is interesting to give a detailed simulation. The switching
function model of the VSC is chosen. The time-step size is set
to 10 μs, and the shift frequency is set to zero. The natural

Fig. 11. Phase a stator voltage vas of DFIG; (a) natural waveform of the
reference solution in EMTDC; (b) natural and envelope waveforms in the multi-
scale simulation; solid light: natural waveform; solid bold: envelope; (c) zoomed-
in view of vas during electromagnetic transients, dashed: natural waveform
of the reference solution in EMTDC; solid: natural waveforms in the multi-
scale simulation; (d) zoomed-in view of vas during electromechanical transients,
solid light: natural waveform of the reference solution; solid bold: envelope
waveforms in the multi-scale simulation; circle: natural waveforms in the multi-
scale simulation.

Fig. 12. Rotor electrical angular speed ωr; (a) reference solution in EMTDC;
(b) results obtained with the proposed model.

TABLE IV
2-NORM ERRORS OF THE ROTOR ELECTRICAL ANGULAR SPEED

waveforms are tracked. At t = 0.4 s, the fault is cleared. The
restart procedure of the rotor-side converter is delayed after the
fault clearance to avoid over-current in the rotor circuit [33]. At
t = 0.43 s, the rotor currents decay to a safe value, the crowbar
is removed. The rotor-side converter resumes its operation. The
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Fig. 13. Active power Pg and reactive power Qg; (a) reference solution in
EMTDC, solid: active power, dashed: reactive power; (b) results obtained with
the proposed model, solid: active power, dashed: reactive power.

active power and reactive power can be controlled. In this period,
electromagnetic transients still exist in the system. The tracking
of natural waveforms continues. At about t = 0.85 s, the electro-
magnetic transients due to the clearance of the fault have suffi-
ciently damped out. Remaining electromechanical transients are
emulated with envelope tracking at τ = 8 ms and fs = 60 Hz.
The shift frequency and the time-step size are being set according
to the rules discussed in Section II or in greater detail in [19].

The 2-norm errors of rotor electrical angular speed ωr are
given in Table II. During electromagnetic transients stage, the
proposed multi-scale model uses a time-step size of 10 μs,
the 2-norm error is 0.1%. During electromechanical transients
stage, a much larger time-step size of 8 ms is used for the
multi-scale model, the 2-norm error is 0.09%. Of interest is also
a comparison of the computational efficiency. In the multi-scale
simulation, the analytic signals are used, the real signals are
used for the EMTP-type implementation. During the stage of
electromagnetic transients, a very small time-step size of 10 μs
is required by both implementations. The processing of analytic
rather than real signals leads to a factor of about 1.41 in increased
computational cost. During the stage of electromechanical tran-
sients, the multi-scale model uses a much larger time-step size
of 8 ms. The computational speed with the multi-scale represen-
tation is (8 ms)/(10 μs)/1.41 = 567 times faster than that with
the EMTP-type implementation.

C. Multi-Scale Simulation of DFIG-Based WECS During an
Unbalanced Fault

In this section, an unbalanced fault is considered. The DFIG-
based WECS initially operate in the steady state. Phase a is
shorted to ground at PCC at t = 0.25 s. After five cycles, the
fault is cleared. As in Section VI-B, multi-scale simulation is
also applied in this case. For the purpose of comparison, the fault
is also simulated in EMTDC. In EMTDC, the switching function
VSC model is adopted and the time-step size is set to 10 μs. The
stator currents of DFIG in phase a and phase c are shown in
Fig. 14 and Fig. 15, respectively. The electromagnetic torque of
DFIG is shown in Fig. 16. From Fig. 14, Fig. 15 and Fig. 16, it can

Fig. 14. Phase a stator current ias of DFIG; (a) natural waveform of the
reference solution in EMTDC; (b) natural and envelope waveforms in the
multi-scale simulation; solid light: natural waveform; solid bold: envelope;
(c) zoomed-in view of ias during electromagnetic transients, dashed: natural
waveform of the reference solution in EMTDC; solid: natural waveforms in
the multi-scale simulation; (d) zoomed-in view of ias during electromechanical
transients, solid light: natural waveform of the reference solution; solid bold:
envelope waveforms in the multi-scale simulation; circle: natural waveforms in
the multi-scale simulation.

Fig. 15. Phase c stator current ics of DFIG; (a) natural waveform of the
reference solution in EMTDC; (b) natural and envelope waveforms in the
multi-scale simulation; solid light: natural waveform; solid bold: envelope;
(c) zoomed-in view of ics during electromagnetic transients, dashed: natural
waveform of the reference solution in EMTDC; solid: natural waveforms in
the multi-scale simulation; (d) zoomed-in view of ics during electromechanical
transients, solid light: natural waveform of the reference solution; solid bold:
envelope waveforms in the multi-scale simulation; circle: natural waveforms in
the multi-scale simulation.
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Fig. 16. Electromagnetic torque Te; (a) reference solution in EMTDC; (b) re-
sults obtained with the proposed model.

be seen that no differences between the multi-scale simulation
and the corresponding EMTDC simulation are visible.

Initially, the WECS is in the steady-state. The time-step size is
set to 8 ms, the shift frequency is set to 60 Hz, and the average-
complex-value model of VSC is adopted at the beginning of
the simulation. At t = 0.25 s, electromagnetic transients are
triggered as a consequence of the single-phase-to-ground fault.
To get more details, the switching function model of the VSC is
chosen. Natural waveforms are tracked at τ = 10 μs and fs =
0 Hz. At about t = 0.77 s, the electromagnetic transients have
largely damped out. The envelope tracking resumes at τ = 8 ms
and fs = 60 Hz, and the average-complex-value model of VSC
is adopted.

VII. CONCLUSION

A multi-scale model for simulation of a DFIG-based WECS
was developed, implemented, and validated. The proposed
model serves as a general model capable of simulating both
electromagnetic and electromechanical transients by tracking
natural and envelope waveforms within one and the same simu-
lation run.

The proposed model is distinguished by three contributions.
First, the WECS is divided into two parts in which different
modeling techniques are used. In the part where ac waveforms
are present, the quantities are represented with analytic signals
and the components are modeled using a modular approach,
thus the multi-scale simulation algorithm of FAST is fully en-
capsulated inside the model. In the part where ac waveforms are
not present, the quantities are represented through real signals
and the components are modeled in the same way as they are
modeled in EMTP. Second, an interface is designed to link
the real and analytic signals between the two parts. A new
mathematical prediction of analytic signals is proposed at the
interface. Third, a multi-scale VSC model with PWM generator
is proposed. When slow transients are of interest, an average-
complex-value VSC model is used, and a large time-step size
is chosen to ensure a high computational efficiency. Since
the average-complex-value model processes analytic signals,
it can be used to track envelope waveforms or instantaneous
values of natural waveforms. In the simulation of fast transients,

Fig. 17. Relations of modulation, switching, and duty ratio.

a switching-function VSC model is selected, and a small time-
step size is used to provide a detailed representation. Accurate
and efficient simulation is made possible by choosing between
these two types of VSC models. Test studies demonstrated that
the proposed model provides accurate and efficient multi-scale
simulation.

APPENDIX

A. Generation of Switching Pulses in Multi-Scale Simulation

The ac-side model of the VSC is directly connected to an
ac network model. Therefore, the ac-side terminal voltages of
the VSC are represented using analytic signals. Accordingly,
a PWM modulation scheme is modeled to provide complex
switching pulses as illustrated in Fig. 17. The switching pulses
are used to calculate the ac-side terminal voltages of the VSC.
The real parts and imaginary parts of the modulating signals
ma(t) are compared with a PWM triangular carrier signal. The
latter is assumed to have peaks of −1 and +1, and real parts
and imaginary parts of ma(t) also lie within that range. The real
parts and imaginary parts of the complex switching pulses q

a
(t)

are obtained from the comparison. The duty ratio da(t) is the
average of the switching pulses qa(t). The duty ratio da(t) and
modulating signal ma(t) are related by

da(t) =
Re [ma(t)] + 1

2
. (25)

B. Stator Flux Angle Calculation

The stator flux angle may be calculated as follows [25]:

θs(t) = tan−1 λβs(t)

λαs(t)
, (26)
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Fig. 18. Block diagram of stator flux angle calculation.

with

λαs(t) =

∫
(vαs(t)−Rsiαs(t)) dt, (27)

λβs(t) =

∫
(vβs(t)−Rsiβs(t)) dt, (28)

where θs(t) is the stator flux vector position, Rs is the DFIG
stator resistance, iαs(t) and iβs(t) are the DFIG stator currents
in αβ reference frame, vαs(t) and vβs(t) are the DFIG stator
voltages in αβ reference frame. Fig. 18 illustrates the block
diagram of flux angle calculation. To eliminate DC offsets,
passband filters are used to solve the integral in (27) and (28).

C. Coefficients in Control System Model

The quantity ims in Fig. 5 is defined as the equivalent stator
magnetizing current. Under stator flux orientation, ims is given
by [25]:

ims =
λs

Lm
, (29)

where λs denotes the stator flux, Lm denotes the DFIG magne-
tizing inductance. The quantity σ denotes the generator leakage
factor, and it is defined as:

σ = 1− L2
m

LsLr
, (30)

where Ls andLr denote the stator and rotor inductances, respec-
tively.

D. Prediction of Analytic Signals

Let an ac source voltage be described by the following exci-
tation function:

ve(t) = V̂e(t)sin (2πfct) , (31)

with

V̂e(t) = sin (2πfmt) ,

fc = 60 Hz fm = 1 Hz, (32)

where V̂e(t) represents the amplitude of the source voltage.
Through the Hilbert transform, an analytic signal is created

based on (1):

ve(t) = V̂e(t)e
(j2πfct−jπ2 ). (33)

It is assumed that the voltage ve and V̂e at t− τ are known and
that the voltage ve at t is to be found.

Fig. 19. Predictions of voltage ve(t) using a time-step size of 8 ms.

Fig. 20. Block diagram of PLL.

TABLE V
WIND TURBINE AND DRIVE TRAIN PARAMETERS

Prediction of ve based on (13) gives:

ṽe(t) = Ave(t)e
j2πfcτ

ve(t− τ)

V̂e(t− τ)
(34)

with

Ave(t) = V̂e(t− τ) + ζ
(
V̂e(t− τ)− V̂e(t− 2τ)

)
. (35)

The results of the predictions are shown in Fig. 19 for τ = 8 ms.
For comparison, the voltage source ve is also predicted using the
method in [22], [23]:

ṽe(t) = ej2πfcτve(t− τ). (36)

As shown in Fig. 19, the results obtained with (34) are more
accurate than that obtained with (36).

E. Phase-Locked Loop (PLL)

Fig. 20 illustrates the PLL block diagram. The PLL [34]
consists of a phase detector (PD), a loop filter (LF) and a voltage
controlled oscillator (VCO).
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TABLE VI
DFIG PARAMETERS

TABLE VII
CONVERTER, CROWBAR, FILTER, AND TRANSFORMER PARAMETERS

TABLE VIII
GRID PARAMETERS

F. Parameters of Test Systems

Table V, Table VI, and Table VII summarize the parameters
of the reference WECS. The grid parameters are given in Ta-
ble VIII. The parameters are obtained from [23], [35], [36].
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