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ABSTRACT The large-scale application of wind power and photovoltaic power solves the energy crisis

and alleviates the environmental problems caused by the use of conventional energy. However, they are

at risk of being randomly tripped from the network when faced to voltage sag and severe fault events,

which will lead to a sudden reduction of active power output and also complicates fault recovery process

of the whole system. Moreover, it may also aggravate failures and lead to large-scale power outages,

which stimulates a growing interest in analyzing the low-voltage ride-through (LVRT) capabilities of the

renewable energy systems (RES) and improving the performance through developing various mathematical

models and analysis tools. In this paper, a systematical overview of cause, classification of voltage sag

phenomena and voltage sag emulating techniques is presented, and four voltage sag generators (VSGs) are

discussed and compared, which include generator based-VSG, shunt impedance based-VSG, transformer

based-VSG and full converter based-VSG. Furthermore, a closed-loop detection platform based on real-time

digital simulator (RTDS) for the converter controller of a permanent magnet synchronous generator (PWSG)

set is introduced, to investigate the LVRT performance of the WT system under grid voltage sag conditions.

Finally, the application of VSG in RES are presented and the future research directions are also discussed.

INDEX TERMS Voltage sag generator, renewable energy systems, low voltage ride through, power quality,

distributed generation (DG), PV, wind power generation system.

I. INTRODUCTION

With the globally increasing electricity demand and a desire

to bring down CO2 emissions, a transition from fossil fuels

to sustainable energy is needed [1]. In the past decades, the

distributed generations (DGs), which are dominated by the

wind power, photovoltaic (PV) power generation, fuel cell

and gas/steam power plants, are gradually integrated into

the distributed power system layers [2]–[4]. The distributed

RESs, which are more scalable than central power plants,

can be used locally or flexibly connected to the power sys-

tems [5], are gradually replacing the conventional power

generation plants and playing an important part in the future

The associate editor coordinating the review of this manuscript and

approving it for publication was Chandan Kumar .

smart grids [6], [7]. However, modern power systems and

customers are becoming more and more sensitive to the

quality of supplied power. On one hand, the electric devices

in modern industry include a variety of the power electronic

components, smart sensors and actuators, which can be very

vulnerable to power system disturbances, such as voltage sag

and swell, voltage variations, frequency deviations, harmon-

ics, unbalance and other transient interruptions. On the other

hand, the electrical customers become more susceptible to

the power losses due to the equipment failure or malfunction.

Among all types of power quality problems, the voltage sag

is the most common events happened in power systems and

it is the main problem in industry.

Generally, voltage sag is a temporary voltage magnitude

reduction, which refers to the phenomenon of grid voltage
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amplitude variation when the duration is from one-half cycle

to 1 min and the effective value of voltage drops rapidly to

the rated value of 0.1 p.u. to 0.9 p.u. [8]–[11].

As illustrated in Fig. 1, natural disasters or load transient

conditions may result in grid voltage sags, such as: climate

conditions, the equipment failure of utility companies, bird

nesting across the distribution lines, various short circuit

failures, start-up of large electric motor, and lightning stroke,

leading to shut-down or burnout of equipment, which brings

detrimental effects to industrial manufacturing process and

huge economic loss to the sensitive customers.

FIGURE 1. Overview of the cause of grid voltage sag event.

When voltage sag occurs due to remote fault conditions

in the transmission or distribution networks, the sensitive

load often trips or stops. Investigations show that more than

90% of power system disturbances are caused by voltage

sags [12], [13]. In order to understand the effects of volt-

age sags on the sensitive and critical loads, as well as in

renewable energy systems (RES), it is important to test the

immunity of sensitive equipment under various voltage sag

disturbances. Therefore, controllable voltage sag generators

would be required with the variable voltages magnitudes,

durations, and frequencies.

To understand the behavior of the sensitive load under

grid sag conditions, and investigate the voltage sag immu-

nity of the grid-connected power electronic converters, it is

necessary to briefly review the fault ride-through regulation

standards, as discussed in various grid codes and recent

publications.

Fig. 2 shows a comparison of fault ride through capability

requirements for wind turbines in China, Germany, Spain,

US, and Denmark. The wind power grid-connection stan-

dards in China require wind turbines installed in wind farms

to meet the dynamic adjustment of power factor in the range

of 0.95 (leading) to 0.95 (lagging). However, the standards of

other countries, such as Spain and Germany, require a more

relaxed profile in the low voltage ride-through curve. More-

over, Germany, Britain and Canada all put forward a wider

range of power factor of wind turbines. Germany requires that

wind turbines have the ability to change at a constant speed

FIGURE 2. Comparison of fault ride-through capability requirement for
wind turbines in Denmark, Span, Germany, US and China [14]–[15].

of 1% rated power per minute in the whole range between the

minimum and the nominal power under continuous operation

conditions. Moreover, under any operating conditions, wind

turbines must be able to reduce active power output and climb

from any operating point to the prescribed maximum power

set point [14], [15].

For technical requirements of grid connected photovoltaic

power plants, the Chinese standards are slightly different

from the other standards in LVRT profile, which is discussed

in [16], as shown in Fig. 3. Photovoltaic power plants must

have the ability to withstand voltage anomalies to a certain

extent in order to prevent the loss of power output under grid

voltage abnormal conditions.

FIGURE 3. Low voltage ride-through requirements for photovoltaic power
plants in Chinese grid code specifications [16].

According to the technical regulations of connecting wind

farm and photovoltaic power station to power grid, the fault

and various disturbances of the power gridmust be effectively

simulated, especially the grid voltage sag events. Hence, it is

meaningful to effectively control the magnitude of frequency

fluctuation, the sag depth, the sag duration of power grid

voltage and the frequency fluctuations. Thus, the voltage sag

generators (VSG) or emulators are urgently needed for this

kind of applications. This paper presented a comprehensive

overview of voltage sag generators and applications, and it

can serve as technical guidelines when choosing a VSG to test

the grid adaptivity for the grid-connected inverters and DGs.

The rest of the paper is organized as follows: In the sec-

ond section, the causes, propagation, classification and haz-

ards of voltage sags are analyzed in details. In section III,

four kinds of voltage sag generators (VSGs) are presented

and discussed. In section IV, the control and structure of

the VSGs based on power electronics converters are briefly
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introduced. The VSG is classified and discussed accord-

ing to single-phase, three-phase three-wire and three-phase

four-wire systems. Their circuit topology and control dia-

grams are discussed. Section V introduces the application of

VSG in the renewable energy systems. Section VI concludes

this paper.

II. CAUSES, PROPAGATION CHARACTERISTICS AND

CLASSIFICATION OF VOLTAGE SAG

In this section, the causes, characteristics, propagation and

harm of voltage sags are analyzed, which would be described

in the following subsections.

A. CAUSES OF VOLTAGE SAG

The main forms of short circuit fault are the single-phase

grounding short-circuit, two-phase interphase short-circuit,

the two-phase grounding short-circuit and the three-phase

grounding short-circuit [17], with a probability of about 70%,

15%, 10%, 5%. In general, the closer to the point of failure,

the greater the voltage sag, and the more serious the hazard

would be generated for the sensitive electric devices.

B. CHARACTERISTICS OF VOLTAGE SAG

Voltage sag characteristics include the voltage sag ampli-

tude, duration, fault frequency and voltage phase jump.

As shown in Fig. 4, 1UA, 1UB, 1UC denotes sag depth,

and 1ta, 1tb, 1tc denotes the duration of voltage sag in each

phase [18], [19].

FIGURE 4. Voltage sag illustration in term of sag depth and duration.

The voltage phase jump is mainly caused by the differ-

ence between the power system XS /RS and the line XF /RF
ratio, or the voltage imbalance fault occurring in high voltage

system is transmitted to the low voltage distribution system

through the step-down transformers [20], [21].

As shown in Fig. 5, Zs = Rs + jXs, ZF = RF + jXF , its

phase jump angle ϕ is shown in (1), where a phase jump can

be avoided in case of a line failure when Xs/Rs = XF /RF .

ϕ = arg(U̇sag) = arctan(
XF

RF
) − arctan(

Xs + XF

Rs + RF
) (1)

where Zs is the system impedance between (PCC) and power

systems, ZF is the line resistance between PCC and power

system, RF is the system resistance between fault point and

PCC, XS is the line reactance between PCC and power sys-

tem, XF is the line reactance between fault point and PCC.

FIGURE 5. Simplified line fault model used for sag analysis [20].

C. PROPAGATION OF VOLTAGE SAG

The voltage sag phenomenon is mainly caused by the short-

circuit at nearby or remote electric networks, which includes

the symmetrical faults and asymmetrical faults, which can be

transformed into different types through transformers.

In Table 1, A∼G denotes the type of different kinds of

voltage sags, which can be changed into other types when

TABLE 1. Characteristic waveforms and phasor diagram of voltage sag.

1924 VOLUME 8, 2020
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FIGURE 6. Four popular voltage sag generator (VSG) schemes in recent literatures [28], [31], [36], [37].

passing through the coupling transformers. The waveforms

and phasor diagram are also illustrated in Table 1. Combined

with the transfer matrix of transformers and the classification

of the sag voltage, the change of the type of voltage sag

passing through the coupling transformer can also be easily

obtained [19].

D. HARM OF VOLTAGE SAG

Transient power quality problems, such as voltage sags

will directly affect or even interrupt the normal power sup-

ply of users and cause serious economic losses. This is

the most concerned problem for the sensitive customers.

Owing to the impact of voltage sags, economic and indus-

trial processes would be damaged, and electrical failures

could be generated [22]. Usually, the harm of voltage sag is

mainly reflected in the information industry, the large sen-

sitive users and high-tech users, as well as power electronic

devices [23]–[25]. At present, research activities in this area

can be divided into two aspects: the stability and reliability

of the system [26], [27] and the performance improvement

of the equipment under various grid voltage sag disturbance

conditions.

The voltage sag caused by motor start as mentioned above

may have an impact on the adjacent motors and generators.

In industry, the occurrence of voltage sag will have a greater

impact on the manufacturing process, which is reflected in

an increase of product disqualification rate and the economic

loss. Any production loss and the subsequent cost caused by

voltage sag will lead to great reduction to the product income

of the customers. For instance, it will have a huge impact on

the semiconductor and integrated chip (IC) manufacturing.

And voltage sag also has a great impact on the information

industry. It is estimated that more than 45% of data loss and

errors on the client side, and more than 80% of server faults

appear to be related to voltage sag [21]–[25].

III. REVIEW ON VOLTAGE SAG GENERATOR SCHEMES

As described in IEC 61400-4-11 [18], VSG is a device that

can be utilized to simulate voltage sag conditions of power

grid in laboratory or field test environment.

In addition, the VSG should be capable of simulating

balance and imbalance voltage sag in power grid, and control

the depth and duration of voltage sag when simulating power

grid. And the controllable voltage recovery curve should also

be provided by VSG. According to topologies, there are

four types of VSGs [28]–[44], generator-based VSGs [28],

shunt impedance-based VSG [29]–[31], transformer-based

VSG [32]–[36], and full converter-based VSG [37]–[42].

These popular VSG schemes are briefly summarized in the

following subsections, and the advantages and disadvantages

of these VSG schemes are also compared and discussed.

A. GENERATOR BASED VSG

This kind of voltage sag generator is a diesel generator with

a computer-controlled field excitation circuitry and the data

acquisition system, as shown in Fig. 6 (a). The synchronous

generator can be controlled to generate the symmetrical volt-

age sags by changing the field excitation voltage [28].

Field tests show a symmetrical voltage sag can be

generated with a rather slow decrease rate of voltage in
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several periods. Although this method can achieve voltage

sag, the response speed is slow and it often takes several

cycles to reach the specified depth of the voltage sag.

B. SHUNT IMPEDANCE BASED VSG

In this scheme, the series impedance in the circuit is mainly

used to suppress the impact of short-circuit current, and the

parallel impedance in the circuit is used to generate voltage

sag as shown in Fig. 6 (b). Note that, the ratings of series

and shunt impedance can be properly adjusted for high power

applications as well [29]–[31]. Since the switching actionwill

introduce harmonic pollution to the system when the voltage

drop is realized, the filter circuit needs to be added [31].

Meanwhile, the scheme has the advantages of low cost, easy

to realize, but it also has the disadvantages of large energy

loss, and the voltage sag cannot be set arbitrarily.

C. TRANSFORMER BASED VSG

Fig. 6 (c) shows the transformer based VSG scheme [36],

where the autotransformer is used as the interface for the

power electronic switches, in order to achieve instantaneous

switching of different turns ratio of the output circuit, so as to

simulate the actual voltage rise / fall of the power grid. The

switching devices can be relays, three terminal bidirectional

silicon controlled devices, IGBTs or contactors. This scheme

has the advantages of the fast response, high efficiency and

bidirectional energy flow, but the voltage cannot be adjusted

automatically.

D. FULL CONVERTER BASED VSG

The most popular solution to build a voltage sag generator is

a full converter setup, as shown in Fig. 6 (d). Since the power

electronic converters are used to replace the impedances,

autotransformers, synchronous generators, thus the volume

and weight can be greatly reduced. A systematic overview on

this full converter based VSG scheme would be discussed in

the following section [37]–[44].

IV. OVERVIEW ON FULL INVERTER BASED VSG

In this part, the full inverter-based VSG is discussed for the

application in the single-phase, three-phase three-wire and

three-phase four-wire electric power systems. Advantages

and disadvantages of these schemes are also presented in the

following [45]–[60].

A. SINGLE-PHASE INVERTER BASED VSG

In this scheme, single-phase H-bridge inverters are used as

independent control units to realize complete decoupling of

VSG three-phase outputs, and then to simulate the arbitrary

waveforms of power network faults.

In [45], a voltage sag control strategy for the balanced and

unbalanced three-phase voltage sag generator (VSG) and the

electrical equipment test is presented. The three single-phase

inverters and unipolar PWM scheme with simple structure

was applied. Based on the unipolar modulation method,

the pulse width modulation (PWM) technique is used to

control each inverter, as shown in Fig. 7.

FIGURE 7. Circuit diagram of the balanced and unbalanced voltage sag
generator [45].

The three single-phase H-bridge inverters are connected to

the common DC link to convert DC voltage to AC voltage.

Two kinds of voltage sags, i.e., Type-A and Type-B, can be

generated by using this scheme, which has an advantages of

a simple control strategy, complete decoupling of the three-

phase output signals, and simple circuit topology. However,

since this topology adopts three single-phase H-bridge invert-

ers, the independent LC low-pass filters and Y-type trans-

formers are needed for each phase, and its volume and the

number of power electronic devices are relatively large and

expensive.

B. BACK-TO-BACK INVERTER BASED VSG

This scheme is the most popular application scheme at

present. The main circuit topology of the VSG system is

constructed by two three-phase voltage source converters

through a fully symmetrical ‘‘back-to-back’’ (BTB) connec-

tion, which is used to simulate the power output charac-

teristics of the infinite grid under normal and various fault

conditions.

The scheme is characterized by dividing VSG into two

parts to control, namely, the front circuit and the fault gen-

eration side circuit, as shown in Fig. 8 (a) [46]. The front-end

circuit is mainly controlled by improved voltage and current

double closed-loop SPWM to control DC bus voltage and

keep it stable as shown in Fig.8(b). By effectively controlling

the magnitude and frequency of the output voltage of each

phase, various symmetrical and asymmetrical voltage sag,

over-voltage, flicker and other grid disturbances can be sim-

ulated. The three-phase voltage phasor relationship among

various power grid faults is illustrated in Fig.9.

As shown in Fig. 9, the phase voltages can be expressed

as U̇a, U̇b, U̇c and U̇ab, U̇bc, U̇ca denote line voltages, dot-

ted lines are expressed as symmetrical phasor relations of

three-phase voltages, and solid lines expressed as asymmet-

rical phasor relations of the three-phase voltages. When a

three-phase symmetrical voltage sag occurs, the voltage of

each phase decreases to the original p (0-1.2) times, and the

1926 VOLUME 8, 2020
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FIGURE 8. (a). Structure diagram of back-to-back VSG system (b). Control
block diagram of grid-side converter [46].

FIGURE 9. Three-phase voltage phase diagram [46]. ∗where θ is the angle
of line voltage; γ and χ are the angle and amplitude of phase a and b
voltage to neutral point respectively; U ′ is the effective value of line
voltage. p and q are the multiples of voltage sag in amplitude.

phase angles remain unchanged, as shown by the dotted line.

The voltage sag of phase A and B is shown in (2) and (3).
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When the amplitude and phase of U̇c remain unchanged,

and U̇ab falls to the original p-fold. In order to maintain the

neutral point balance, U̇bc and U̇ca get a fall to the original

q-fold. As shown in Fig. 9, formula (2) can be obtained

according to voltage vector relation and Kirchhoff’s law.

According to (2), three-phase fault voltage can be obtained

as (3). In the normal state, p = q = 1, θ = 2pi/3. Various

voltage sags can be simulated by (3) in case of voltage sags.

In [47], a three-phase voltage transient simulation system

is proposed and discussed. And a non-external power supply

topology is adopted and the control loop in each phase is fed

in the system. As shown in Fig. 10, voltage transients can be

generated by adding an AC signal in series in each phase.

In the aspect of control, a time-varying three-phase system is

converted into two non-variable systems [48] by using Park

and Clark transformation.

FIGURE 10. Single-loop topology with converters and transformers [47].

C. THREE-PHASE FOUR-WIRE INVERTER BASED VSG

A dc bus split capacitor inverting circuit is proposed in [20].

The neutral point of the DC bus split capacitor is taken as the

output neutral line, so that the original three-phase three-wire

system is transformed into three-phase four-wire system to

realize a complete decoupling of output voltages [50], [51].

The structure diagram of the split-capacitor inverter-based

voltage sag generator is shown in Fig. 11 (a), and the pertinent

control strategy is given in Fig. 11 (b). The reference values

of the output voltages of each phase can be obtained by

vector transformation through given fault type, amplitude

of rise/fall, duration of fault and other parameters, which

can be used as reference value of the external voltage loop.

FIGURE 11. (a). Control diagram of split-capacitor inverter-based VSG.
(b). Topology of split-capacitor inverter-based VSG [20].
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TABLE 2. Comparison of several VSG schemes in recent literatures [28]–[42].

The PI controller is used to the outer voltage loop. The sum of

output value and voltage deviation value of the split capacitor

of the DC bus is taken as the input reference value of the

current inner loop.

Since the three-phase voltages are controlled indepen-

dently, after the three single-phase modulation signals

are combined, all the control signals are generated by

SPWM modulation module, and then the output volt-

age of each phase of VSG can be controlled. In [52],

the simulation and experiment of three-phase four-wire

VSG based on three-dimensional space vector modulation

(SVPWM) [52], [53] in abc algorithm is introduced and the

experimental results have been provided for validation.

On the other hand, in recent works, the matrix con-

verter (MC) has been extensively studied [54]–[57].

A 3-phase 4-leg matrix converter with 12 switches is

shown in Fig. 12. By controlling the turn-on or turn-off

sequences of switches in the matrix converter, the conver-

sion of an arbitrary phase, amplitude and frequency can be

realized [55], [58], [59].

FIGURE 12. VSG diagram based on matrix converter topology [55].

The same disadvantage exists in the synthesized unbal-

anced voltage sag of the matrix converters [55], [56], [57].

For matrix converters or back-to-back (BTB) converter,

owing to the requirement for three-dimensional space-vector

modulation (3V-SVPWM) algorithm, the control would

be more complex when three-phase four-wire system is

tested [55].

The four kinds of VSG when used in RES systems are

compared in Table 2. At present, the generator based VSG is

out of use for its poor performance. Impedance based VSG

can be applied in low cost applications. Power electronic

converter based VSG is widely concerned due to the powerful

functions. Transformer based VSG is simple in structure, and

has high reliability and low cost. With the development of

high-power rating power electronic devices and the reduction

of their cost, the power electronic converter based VSG will

be widely applied due to its small size, portability and pow-

erful functions.

V. APPLICATION OF VOLTAGE SAG GENERATOR IN

RENEWABLE ENERGY SYSTEM

In this part, several application schemes of VSG in RES are

briefly presented, which can bewidely utilized in the practical

applications.

A. LVRT TESTING OF GRID-CONNECTED PV SYSTEM

In order to test the LVRT capabilities of wind turbines and

photovoltaic power generation equipment [49], [61]–[64],

it is necessary to simulate various fault phenomena of

power grid, especially, the voltage sag phenomenon. In [62],

an entire design of PV system built on real time digital sim-

ulator (RTDS) including the PV array with maximum power

point tracking (MPPT) capability is presented. The voltage

sag of power grid from 90% to 0% can be simulated and good

performance has been obtained by this method.

Only sag of one degree can be realized by the traditional

impedance type VSG if the value of the resistance group or

reactor group is fixed. In [62], a novel topology is presented,

which consists of reactors of fixed value but its equivalent

impedance value can be changed by breakers parallel or shunt

connected in circuit as shown in Fig. 13.

B. LVRT TESTING OF WIND POWER GENERATION SYSTEM

The development and utilization of wind energy has received

increasing attention throughout the world. The LVRT test of

wind power generators is of vital significance. Two existing
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FIGURE 13. Topology of LVRT device for grid-connected PV system [62].

FIGURE 14. Topology of VSG proposed in [37].

voltage sag generators: variable transformer based and back-

to-back VSG are discussed and compared in [26].

As shown in Fig. 14, there are two switches groups for the

three-phase system,where each switch group consists of three

bidirectional switches for each phase. Then, a step-down

transformer is inserted into the branch of the switch group 1.

By switching the switch group, the conversion between fail-

ure mode and normal mode can be realized.

C. WIND GENERATOR GRID ADAPTABILITY TESTING

DEVICE

The wind turbine grid adaptability testing device consists of

two back-to-back (BTB) modular multilevel converters [65],

FIGURE 15. Wind power generation system grid adaptability testing
device and its control block diagram [65].

the DC charging startup module, and disturbance generation

module, which is directly connected to 35 kV bus of the wind

power system, is shown in Fig. 15. By using this scheme,

various grid disturbances can be flexibly simulated to test the

grid adaptivity of the wind power generation system.

Furthermore, the real-time digital simulation platform,

a closed-loop detection platform for converter controller of

the permanent magnet synchronous generator (PMSG) set is

built based on the actual controller of a wind turbine and

BTB converters, as shown in Fig. 16. RTDS outputs the

required wind turbine speed, position, rotor/stator current,

grid voltage, DC voltage and other signals to the controller

through the A/O ports and amplifiers. The main controller

of the converter of the wind power generation system forms

a real-time control strategy based on the collected electrical

parameters, and then receives the dual PWM pulse signal and

FIGURE 16. Electrical and mechanical system equivalent modeling of wind power generation system based on RTDS and DSP based controllers.
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FIGURE 17. Dynamic waveforms of electrical parameters on WT side when voltage drop to 20% Un. (a) Three-phase voltage sag
occurs at grid-connection points. (b) Two-phase voltage sag occurs at grid-connection points(c) Single-phase voltage sag occurs
at grid-connection points.
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pitch angle from the controller through the DI port of RTDS.

Noteworthy, only wind turbine and dual PWM converters use

the DSP controller, and the rest of the main circuit, VSG

system, etc., are realized by using RTDS simulation models.

Notably, the VSG model can be realized by any back-to-back

converter topology, such as the three-level converter, or mod-

ular multilevel converter based circuit architecture, using the

RSCAD based real-time simulation algorithms in the RTDS

platform. Besides, the wind power generator parameters are

shown in Table 3.

TABLE 3. Generator parameters of the studied wind power generator.

The processor allocation of real-time simulation system is

optimized by combining the large step size model with the

small step size model. The simulation step of the small step

model is about 2-5 µs, the simulation step of the large step

model is about 50 µs. The small step model mainly includes

the wind turbinemodel and themain circuit model of the BTB

converter. The large step model mainly includes the power

part model (wind speed, wind turbine, transmission system,

pitch angle actuator), the power network model and the signal

feedback module needed for the closed-loop detection. The

small step model is connected to the main network system by

the interface transformer.

During the LVRT testing, symmetrical and asymmetrical

voltages in different sag depth and duration can be generated.

In this experiment, three different voltage sags, A, B and E,

were produced by controlling VSG to achieve the effect of

voltage faults at the grid-connected points. The depth and

duration of the voltage sags were 20% and 0.6s. The dynamic

changes of electrical parameters are shown in Fig. 17.

Fig. 17 (a) presents the dynamic waveforms of electrical

parameters on the WT side when a three-phase symmetrical

voltage sag occurs at grid-connection points. The voltage sag

of 20% depth occurs at t = 0.6 seconds, and the voltage

is restored to the rated voltage at t = 1.2 seconds. During

this period, the current of each phase increases, the voltage

of DC bus increase to 1.18kV peak value and reactive power

increases to 0.4MVar, active power decreases to 0.2MW, and

the current through rcrowbar increases to 1.5kA.

Fig.17 (b) shows the dynamic waveforms of electrical

parameters on wind power generator when the two-phase

voltage sag occurs at the grid-connection points. A temporary

voltage sag of phase A and phase B in 20% depth occurs at

t = 0.6 seconds, and the voltage is restored to the rated volt-

age at t = 1.2 seconds. During this period, the current of each

phase increases while phase C increases more, the voltage of

DC bus increases to 1.18kV, and the reactive power increases

to 0.5MW, active power decreases to 0.18 MVar, and current

through rcrowbar increases to 1.5kA eventually.

The dynamic waveforms of the electrical parameters

on WT side when single-phase voltage sag occurs at

grid-connection points are presented in Fig.17 (c). A tem-

porary voltage sag of phase A in 20% depth occurs at t =
0.6 seconds, and the voltage is restored to the rated voltage at

t = 1.2 seconds. During this period, the current of each phase

increases while phase B and C increases more, the voltage

of DC bus increases to 1.17kV peak value, reactive power

increases to 0.2 MVar, active power decreases to 0.1 MW,

and icrowbar increase to 1.5kA.

In retrospect, a comparative study of dynamic responses

of three and four wind turbines to voltage sags and swells

was given in [66], taking into account both the symmetrical

and asymmetrical voltage sags and voltage surges. And the

effects of symmetrical and asymmetrical voltage sags on the

doubly fed induction generator (DFIG)-based wind turbines

was studied in [67]. The influence of voltage sag on DFIG

wind power system by combining theoretical analysis with

simulation was discussed in [68]. Then, the transient process

of crowbar-based wind power system [69], [70] during fault

was simulated and analyzed. The transient overcurrent of the

rotor during the voltage sag period could be suppressed to

maintain the uninterrupted operation of the system, and some

reactive power support could be provided to the grid during

the fault recovery period to assist the grid voltage recovery.

VI. CONCLUSION

This paper presents an overview of voltage sag generator

and its application in RES. Firstly, the harm, characteristics,

causes and propagation of voltage sag are presented. The four

kinds of VSG are compared, which include generator-based

VSG, shunt impedance-based VSG, transformer-based VSG,

and full converter-based VSG.

The single-phase scheme has the advantages of relatively

simple control strategy, complete decoupling of three-phase

output, simple topology and enhanced stability properties.

However, the hardware volume and the number of various

power electronic devices are large, and the cost of equipment

is high. As the three-phase output voltages of the three-phase

scheme is coupled with each other, it is impossible to real-

ize independent control of arbitrary phase voltage, and then

it is impossible to fully simulate all kinds of fault wave-

forms in power system. Therefore, when simulating the pure

single-phase voltage sag/swell faults, the voltage waveforms

of the non-fault phases will inevitably change in the ampli-

tude and phase. On the other hand, the three-phase four-wire

topology can realize a complete decoupling among the three-

phase variables, but it also has complex control strategies.
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In addition, the matrix converter has become one of the

research mainstreams of the power electronics area, and

has a wide range of application prospect. In actual system

testing, the choice of VSG can be considered comprehen-

sively according to the requirements of power grid rules,

such as fault types that need to be simulated, and system

volume, weight, and cost. The full converter-based VSG are

the mainstream recently, however, in LVRT test of renewable

energy systems, the group reactance and transformer based

approaches can still be widely used owing to the low cost and

control simplicity.

Finally, a case study of LVRT testing facility is discussed,

based on our recent research project, where a closed-loop

detection platform is built based on the actual controller of

wind turbine on RTDS platform for grid adaptability test.

The VSG devices can be widely applied for LVRT and grid

adaptability studies for various types of RESs.
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