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Fault ride-through of renewable energy conversion systems

during voltage recovery

Ruiqi LI', Hua GENG!, Geng YANG!

Abstract Asymmetrical voltage swells during recovery
of a short-circuit fault lead to fluctuations in the dc-link
voltage of a renewable energy conversion system (RECS),
and may induce reversed power flow and even trip the
RECS. This paper studies characteristics of both typical
causes resulting in the practical asymmetrical voltage swell
and the voltage at the point of common coupling (PCC)
during the fault recovery. As analyzed, the fault recovery
process can be divided into two continuous periods in
which different control strategies have to be applied. Also
protective measures are necessary in the transient period of
the process. Additionally, the asymmetrical high-voltage
ride-through capability and the controllability criteria of
the RECS are analyzed based on eliminating the fluctua-
tions. Furthermore, an asymmetrical control scheme is
proposed to maintain the controllability of the RECS and
ride through the entire recovery process. As verified by the
simulation, the scheme can promise the RECS to deal with
the practical fault recovery period and mitigate the dc-link
voltage fluctuations, which improves the reliability of the
RECS and the power system.
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1 Introduction

In recent years, renewable energy conversion systems
(RECSs), an important part of power system, develop
rapidly all over the world. Unfortunately, RECSs present
quite different characteristics from conventional syn-
chronous generators (SGs). By employing grid connected
power inverters, RECSs can provide much faster power
response than SGs. Besides, the inverter-coupled RECS has
limited fault tolerant capability during grid disturbance,
such as voltage sags or swells [1].

To avoid the power system stability issue being influ-
enced by the integrated large-scale RECS, independent
system operators (ISOs) require the RECS to operate
abiding by strict grid codes. One of important requirements
in the grid codes is the low-voltage ride-through (LVRT)
capability which demands the RECS to stay on-grid and
supply the expected reactive current to support the utility
during grid faults. Generally, the LVRT code defines
steady and dynamic performances of the RECS in three
continuous periods after the grid fault occurred, including
fault transient, fault continuous, and fault recovery periods
[2]. The LVRT capability and strategies of the RECS
during the first two periods have been thoroughly studied in
many previous literature [3, 4]. In the fault recovery period,
the RECS is required to recover active power output in a
defined rate. This is possible, for the simple reason that the
power response of the inverter-coupled RECS can be fast
enough to satisfy the requirements. Unfortunately, voltage
swells always occur during the voltage recovery period,
which may cause shutdown of the RECS and result in
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failure of the fault ride through [5, 6]. Thus, the swells
bring challenges to the RECS in terms of control capability
and schemes. Taking wind power plant as an example, a
large number of wind turbines tripped for dozens of times
during the fault recovery period due to the voltage swells in
Northwest wind farms of China in 2011 [7].

In order to avoid the tripping of the RECS during
voltage swells, some ISOs, such as Scotland, Australia,
Spain, and Western Electricity Coordinating Council
(WECC), also released high-voltage ride-through (HVRT)
requirements in which the RECS should keep connected
with the grid when voltage swells occur, as shown in Fig. 1
[8, 9]. Taking Australia code as an example, the guideline
requires wind turbines to stay connected for 60 ms when
the PCC voltage soars to 1.3 pu.

It is noticed that the HVRT codes are defined for the
voltage swells in steady state and they only address the
symmetrical situations. Voltage swells can occur due to the
removal of large loads, shunt capacitor energization and so
on [10-12]. Unfortunately, the loads are unbalanced in
general [13], and switching operations of circuit breakers in
the transmission lines and the shunt capacitors are not
synchronous either [14]. Thus, voltage swells during the
practical fault recovery change with transients and unbal-
ances. Such phenomena largely increase the ride-through
difficulties in the RECS.

In normal situations, the grid connected inverter of the
RECS modulates its output voltage so that active and
reactive currents between the inverter and the grid can be
regulated. By doing this, dc-link voltage of the inverter is
remained and reactive power can be distributed arbitrarily
[15]. Voltage swells will induce current surge to the
inverter, resulting in dc-link overvoltage and even tripping
the inverter [16]. Moreover, since the output voltage of the
inverter is limited by the dc-link voltage, the output current
will run out of control when the voltage swell is high [17].
With consideration of transients and unbalance, the situa-
tion could be worse. Apart from the overvoltage issue,
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Fig. 1 HVRT grid codes for wind farms integrated into the
utility grid
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fluctuations in the dc-link voltage and influence of the
controller delay lead to power quality issue and even
tripping of the inverters.

Different strategies can deal with voltage swells during
the fault recovery period for the RECS. Generally, they can
be classified into two categories. One is hardware based
scheme which needs additional facilities. The other is
software based scheme which focuses on advanced control
techniques. Doubly fed induction generator (DFIG)-based
RECSs are not discussed in this paper.

Crowbar circuit is popular and has been equipped in the
commercial RECS [18-20]. It can dissipate excessive
power during voltage swells to avoid dc-link overvoltage
of the inverters. Improved topology of the crowbar circuit
can provide more effective control performance [16]. In
order to avoid power losses, superconducting magnetic
energy storage unit (SMES) can be integrated with the
crowbar circuit [21]. Other facilities, such as static syn-
chronous compensators (STATCOM) and dynamic voltage
restorers (DVR), are also applicable. Such facilities can
actively mitigate the voltage swell at the point of common
coupling (PCC) of the RECS by injecting reactive current
or series voltage [22-24]. The hardware based
scheme leads to extra costs.

Software based scheme tries to improve the fault ride-
through capability of the RECS by redesign control
schemes of the inverters. In [25], the over-modulation
technique is applied to expand the output voltage range of
the inverter to avoid the dc-link overvoltage. However, the
effectiveness of such scheme is limited. The variable-band
hysteresis can provide quick transient response to enhance
the fault ride-through capability of the inverter [26, 27].
The performance of this controller is affected by low-order
current harmonic distortions and variable switching fre-
quency. The reactive current control can reduce the PCC
overvoltage [28-30]. However, this strategy cannot deal
with severe voltage swells because of the current rating.
Furthermore, flexible advanced algorithms are proposed to
deal with dc-link voltage fluctuation caused by severe
symmetrical voltage swells [17, 31].

The above previous studies ignore typical voltage
dynamics at the PCC during the fault recovery period.
Besides, asymmetrical HVRT capability and control strat-
egy of the RECS during the recovery period have not been
studied.

This paper analyzed the asymmetrical HVRT capability
and proposed a scheme for the RECS during fault recovery
period. As presented in this paper, typical voltage swells
during the recovery period have limited voltage unbalance,
phase angle jump and discrete transients. Based on char-
acteristics of the voltage at PCC, the fault recovery process
can be divided into two periods: transient period and
continuous period. In the continuous period, sequence
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voltages at PCC keep comparatively stable and their
maximum amplitude is less than 1.3 pu. A controllability
criteria of the RECS is analyzed from the perspective of the
asymmetrical PCC overvoltage, and its control capability is
also evaluated during the fault recovery. Further, different
control schemes are designed for different voltage periods.
In the transient period, sharp dc-link overvoltage due to
voltage transients is dealt with. In the continuous period,
the output current and the dc-link voltage are controlled
according to the height of the asymmetrical overvoltage, in
order to keep the RECS under control and satisfy the grid
codes.

2 Characteristics of PCC voltage during fault
recovery

This section aims to study characteristics of typical
causes resulting in practical asymmetrical voltage swells at
PCC and characteristics of the voltage at PCC during fault
recovery. Meanwhile, a typical power system integrated
with a RECS is modeled to study the maximum amplitude
and sequence components of PCC voltage. The diagram of
the power system is shown in Fig. 2.

2.1 Typical causes resulting in asymmetrical voltage
swells at PCC during fault recovery

Overvoltage at PCC during the fault recovery is related
to typical operations of the RECS to clean the short-circuit
fault, which are presented as follows.

2.1.1 Cutting off large loads

According to the grid codes, RECSs should not only
support long-term operations under the grid voltage of 1.1
pu but also withstand grid voltage’s unbalance no more
than 5% for minutes to adapt change of loads [8, 32]. Since
this paper is not focused on load modeling, the effect of
load shedding can be equivalent to uprush of the grid
voltage, and the worst situation can be regarded as the
upper bound in the codes.
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Fig. 2 Typical diagram of the power system integrated with a RECS
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2.1.2 Switching shunt capacitor banks (SCBs)

According to technical regulations of the ISO in China,
capacity of the SCBs can be set as 25% to 50% of the total
capacity of the RECS [33, 34]. And the SCBs always
contain 2 to 4 banks. Circuit breakers (CB) of the SCBs are
controlled to open and close at the optimum angle of cur-
rent or voltage [14]. Moreover, switching-off of a bank has
to be followed with an interval before the next switching-
off to prevent switching the SCBs frequently. To shorten
simulation time, the interval is set to 100 ms in this paper.

2.1.3 Reclosing transmission lines

Reclosing fault transmission lines is singly operated in
each phase, since the RECS is generally integrated into a
voltage network (110 kV or above) [14].

2.1.4 Changing taps of main transformers

The main transformer of the RECS is an on-load tap
changing transformer, which takes a long time to adjust the
transformation ratio slightly [34]. Therefore, this operation
is not taken into account.

2.1.5 Severest voltage swells at PCC

The severest voltage swells at PCC may result from
three-phase short-circuit faults where the typical operations
overlap. Representative order and duration of the opera-
tions after the faults occur are presented by a Gantt chart,
as shown in Fig. 3. If the grid voltage soars to 1.05 pu
positive-sequence voltage and 0.05 pu negative-sequence
voltage due to the removal of unbalanced loads, the
sequence voltages at PCC are illustrated in Fig. 4.

As denoted in Fig. 4, the positive-sequence PCC voltage
is less than 1.3 pu, and the negative-sequence PCC voltage
is less than 0.18 pu. Practical characteristics of the PCC
voltage are studied in the subsection.
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Switching on SCBs [ ‘
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Tripping breakers of fault lines
Switching off 1% SCB
Switching off 2* SCB
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J
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Fig. 3 Representative order and duration of the operations after fault
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Fig. 4 Negative- and positive-sequence voltages at PCC after short-
circuit fault

2.2 Characteristic analysis of PCC voltage
during fault recovery

To formulate the maximum amplitude and sequence
components of PCC overvoltage during the fault recovery,
the system shown in Fig. 2 can be simplified as the voltage
divider model in Fig. 5. If the RECS cannot provide the
current to support the grid recovery, the analyzed PCC
overvoltage would be the severest. Therefore, the RECS is
neglected in the model.

In the model, Ugr,'dﬂx is the grid voltage, and Ug‘xis the
voltage at PCC. Z; is the impedance of the transmission
lines. Zgg, is the impedance between the PCC and the
ground. In these phases that are still during the short-circuit
fault, Zgg x is the short-circuit impedance defined as Z¢ .. In
these phases where the fault line is cut off, Zgg, is the
impedance of the SCBs defined as Z., - x = a,b,c.

RECS

Transmission
line
Short -curcuit

ZRE
- impedance or SCBs

Fig. 5 Voltage divider model of the power system integrated with a
RECS

Zs . can be expressed as [2]:
Zs . = 7 (1)

where / indicates the relative fault distance depending on
the fault location; « is a impedance angle containing: 0° for
transmission systems, —20° for distribution systems, and
—60° for offshore wind farms.

2.2.1 Characteristics of PCC overvoltage caused
by cutting off fault lines

Based on this model, the voltage at PCC can be defined
as follows:

. ZRE x .
U, — _“REx )
5= 7t Zepy JErida (2)

Supposed that the CB in phase B opens first. Then the
sequence PCC voltages can be expressed as:

(:Jg+ 1|1 @ a’ Uga
U | = 3 1 & a Ugp (3)
Uy 11 1] | U

where a =e''?""; U,,, U,_, and U,y are the positive-,

negative- and zero-sequence voltages at PCC. The zero-
sequence voltage is neglected, since it is isolated by the
Y /A configured transformers. The positive- and negative-
sequence voltages can be calculated from (3):

. 3-20°L,Cc 2\ Ui

U, = (Gt =) =it (4)
8 1— CL)ZLLCX 1 + /le”‘ 3

. w*L;C 1 Ugria 1500

U = x | Yeria in2o 5
¢ (1 — LG, 1—&—)@‘“) 3 ¢ ®)

where C, is the capacitance of all the SCBs; L; is the
inductance of Z;.
Suppose that the CB in phase C trips then. The sequence
PCC voltages can be shown in Fig. 6 under o = —20°.
As denoted in Fig. 6, the positive-sequence voltage
increases fast during cutting off fault lines; the magnitude
of the negative-sequence voltage is large; and the phase-

STATE GRID

STATE GRID ELECTRIC POWER RESEARCH INSTITUTE

@ Springer




32

Ruiqi LI et al.

= L57
(=8
SN 1 .0 L
—F — Cut Phase b first
s 0.5
D —— Cut Phase ¢ next
— 0 1 !

<
~

Ug-| pw

(=)

53
(=3
(=]

©)

g-

Phase angle
of U
(=)

-200
A

Fig. 6 Positive- and negative-sequence PCC voltages during cutting
off fault lines

angle jumps with breakers tripping three times in a cycle of
the grid voltage. It should be noticed that single-phase
transient overvoltage may appear at PCC, since the SCBs
are charged by the residual transmission line current if the
CBs of the transmission lines do not operate at the current
Zero-crossing.

2.2.2 Characteristics of PCC overvoltage caused by SCBs

Characteristics of the PCC overvoltage caused by the
SCBs can be discussed by means of the proposed analysis
method and the model shown in Fig. 5. After the PCC
voltage recovers, switching SCBs out of synchrony gives
rise to asymmetrical overvoltage. Besides, the overvoltage
at PCC is severest when just a single-phase capacitor of the
first SCB is cut off.

Supposed that the capacitor in phase B is turned off first.
Based on (2) and (3), the sequence voltages at PCC can be
obtained:
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Fig. 7 Proportion of sequence PCC voltages to the grid voltage under
different capacity ratios of SCBs to the total RECS
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Fig. 8 Division of fault recovery process at PCC
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The proportion of sequence PCC voltages to the grid
voltage can be illustrated in Fig. 7 under different capacity
ratios of the SCBs to the RECS. The horizontal axis is the
capacity ratio of the SCBs to the total RECS; the vertical
axis is the proportion of the sequence PCC voltages to the
grid voltage.

The sequence PCC voltages can be calculated similarly,
when the CBs of the first SCB act then in other phases. And
it can be found that there is no phase angle jump, and the
sequence voltage magnitudes keep comparatively stable.

According to Fig. 7, the positive- and negative-sequence
PCC voltages come up to 1.221 pu and 0.01 pu respec-
tively, when the capacity ratio of the SCBs to the entire
RECS is 50% and the grid voltage jumps to 1.1 pu due to
the removal of loads. Moreover, the grid codes require that
RECSs can withstand the grid voltage’s unbalance no more
than 5%. Therefore, the maximum amplitude of the nega-
tive-sequence voltage at PCC approaches 0.06 pu in this
period.

I
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Fig. 9 Typical model of RECSs
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2.3 Division of fault recovery period at PCC

The fault recovery process can be divided into two
periods based on the analyzed characteristics of the PCC
voltage, as shown in Fig. 8.

2.3.1 Transient period (t;—t5)

In this period, protective measures are necessary to help
the RECS regain the controllability. The positive- and
negative-sequence PCC voltages change rapidly. The dc-
link overvoltage may result from the limited detection
speed of the PLL and the single-phase transient overvolt-
age. However, the requirement of this period has not been
stipulated.

2.3.2 Continuous period (t,—t3)

The relatively stable asymmetrical overvoltage appears
at PCC. The positive- and negative-sequence voltages are
less than 1.3 pu and 0.07 pu respectively. Thus, the max-
imum operated PCC voltage of 1.3 pu is reasonable
required by the codes. According to the grid codes, the
RECS must be under control and provide expected reactive
current. The asymmetrical HVRT capacity of the RECS
has to be analyzed in this period.

3 Analysis of RECS’s control objective
in continuous period of fault recovery

The control objective of the RECS in the continuous
period is discussed in the following when the PCC voltage
soars asymmetrically. The RECS has been aggregated as a
single unit shown in Fig. 9, since the voltage swell just
continues a short period. Other parts of the RECS except
the inverter are replaced by an equivalent power source.

In this model, L, is the grid-connected inductance, and
i, is the input current of the inverter. v, is the output
voltage of the inverter, V. is the dc-link voltage. P, is the
input power. Pgsco is the fundamental output active power.
Pgscsinz and Pgsceos2 are the double- frequency output
active power. The load current is defined as i;. The voltage
relationship of the inverter can be expressed as:

Ledif, .
Usggr =J0Lel oy + Vi + —d’;’ ! )
U = —joLel v, Ledlesy
gdg— — 1@ gdq* T Vedg— T dr

where the superscripts “+” and “—” indicate the positive-
and negative-sequence components; the subscript “dg+”

STATE GRID

and “dg—" indicate the reference frames rotating at « and

—w; U , and I , denote the space vector of the PCC voltage

and the input current respectively; Vg is the needed output
voltage of the RECS.

Fluctuations on the dc-link voltage are existed due to
double-frequency ripples of the active power on the gird-
tied inductor and the power outputted by the inverter,
which is discussed by [35] in detail. The fluctuations may
cause harmonics in the output current, the over- or under-
voltage protection, and even tripping of the RECS. Nev-
ertheless, the negative-sequence PCC voltage is small in
the continuous period. Therefore, the control objective can
be set to eliminate the fluctuations.

To achieve the elimination, the negative-sequence out-
put current can be presented with the following space
vectors:

Iy +Ji, = Lo+ L (8)
20L +2 + i+ Ug_d‘I* 9

Lo = —j|2w (zd+—|—1q+)—ugd+lq+ . 9)

. . d —

Ll = *M;d_"_l;_'_ gkq (10)

where k = ( T 20Lgi; ) + 4w2L21d+, L, is parallel to

Ugdqf, and L() is perpendicular to U- edg—+ Further, the

voltage space vector relationship of the inverter shown in
Fig. 10 can be deduced from (7)—(10):

Ugt,ﬁ + Ugdq el! —joLy(Ly + Ly)e"

(11)

g'dq +joLl,, gdq+

. * +
where 0 is the angle between U,yyy and Ugdq

Derived from Fig. 10, ‘ reaches the maximum

defined as ‘ngq|mX
inverter’s characteristics, ’ngq‘max has to be less than
Va/m, if the RECS maintains its controllability and the
control objective can be achieved. m is the modulation
index, for SVPWM, m = /3.

, when @ is around 0°. According to the

4 Control capability of RECS in continuous period
of fault recovery

This section aims to study control capability of the
RECS under the asymmetrical PCC overvoltage in the
continuous period. The analysis can be employed as the
guideline of new grid codes and control strategy design.

The inverter of the RECS is limited by output voltage
and current ratings. Besides, the RECS has to support the
positive-sequence inductive current, which is less than zero
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Fig. 10 Voltage space vector diagram of the inverter
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Fig. 11 Asymmetrical HVRT capability of RECS when V,. = 1.1 pu

Table 1 Parameter of a single unit in the RECS

Parameter Value
Nominal power 1.5 MW
Nominal line voltage 575V
DC-link rated voltage 900 V
Grid-connected inductance 0.1 mH

in the model shown in Fig. 9. The ratings can be expressed

as:

‘I.;dﬁ’ + ’I.g_dq*’ < Tgmax (12)
{ngq|max < Vdc/m (13)
iy <0 (14)

where Iomay 1S the maximum output current. It is generally
1.1 times of the rated inverter current.

3L

oF

): STATE GRID

Positive-sequence PCC voltage (pu)
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Fig. 12 Maximum HVRT capability of RECS when input power is
zero
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Fig. 13 Positive-sequence inductive current range supplied by RECS

In practice, only i;+can be regulated to assist the RECS
to ride through the asymmetrical overvoltage. 'L
determined by the dc-link voltage through a PI controller.

iy and iq:have to satisfy (8)—(10) in order to eliminate the

is

dc-link voltage fluctuations.

In terms of symmetrical voltage swells, the needed
output voltage of the RECS decreases clearly, when the
voltage on the inductor increases which is generated by
more inductive output current [9]. However, under the
asymmetrical conditions, the relationship between

5 .+ . .
|ngq|max and i, becomes vague, since the inductor volt-

age is influenced by not only iL but also the negative-
sequence output current. The subsection aims to study the
relationship and find a critical factor determining the
RECS’s controllability.
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Fig. 14 Control diagram of the RECS with asymmetrical voltage swell
4.1 Relationship between maximum needed output conclusion under the symmetrical voltage swells.

voltage and positive-sequence output reactive
current

In the practical RECS, P can be regarded as a constant
value during the fault recovery. Then, |ngq‘max is just

related to it

.+ When the sequence PCC voltages are given.

Therefore,

V8d4|max can be further expressed as

|ngq‘max(i;;+)'
Under the asymmetrical PCC overvoltage, Py should
satisfy the following expression [8]:

3 . - -
PGSCO - E (M;d+l;d+ + ugdflgdf + ugqflgqf) (15)

Therefore, iL is coupled to iq++ in this situation, and the
coupling effect can be expressed as:

2
. |-
iy, 4oLl Ui |
dl';q+ (+ +2 L.+ )2_ U_ 2
Uggy WLglyt gdq—
1
>0 (16)

(gq +200Lgig.)

According to Fig. 10, |ng‘/|max(i:]r+) is mainly
determined by its component on d-axle which can be
defined as v,q. Further, the partial derivatives of vy with
iy, and i}, are greater than zero calculated from Fig. 10.
The correlation between |Veqy| . (if) and if, can be

deduced:

Vg | () dvgs  Ovga didyy | Bvea

- ~ R - e p .
dig,. dig,+ azngr dig,y  Oigyy

>0 (17)

Derived from (17), iqﬂ_ is positively correlated to
|ngq‘max(i;+) under the constant input power and PCC

voltage. That means: {ngq|max decreases, when more

positive-sequence inductive current is outputted under
asymmetrical overvoltage. This is similar to the

STATE GRID

Therefore, the controllability of the RECS would be
determined by the inductor voltage, which is generated
by the maximum positive-sequence inductive current
within the current ratings.

4.2 Asymmetrical HVRT capability of RECS

According to the above analysis, the controllability
criteria of the RECS in the continuous period can be
expressed as:

) o
|ng(1‘max(lq+Amin) <Vie/m (18)
where i;r min corresponds to the maximum positive-

sequence inductive output current. Substituting (10)—(12)
into (14), iLAmin can be simply solved with an iterative
solution by a computer.

Further, the asymmetrical HVRT capability of the
RECS can be analyzed under the different input power and
sequence PCC voltages based on the criteria. As a result,
the capability can be described as a nonlinear optimization
problem. The equality and inequality constraints include
(8)—(11), (12), and (18). The objective function can be
expressed as:

P = max{P,} (19)

0_max

Taking the sequence PCC voltages as variables, the
maximum input power are illustrated in Fig. 11. The
parameters in this study are given in Table 1.

The capability reaches the maximum scope, when the
input power is zero. It is illustrated in Fig. 10 under the
constant dc-link voltage of 1.1 pu. Besides, Fig. 11 shows
the positive-sequence reactive current range supplied by
the RECS with no input power.

As denoted in Fig. 13, the current range varies widely
under different sequence PCC voltages. The minimum
positive-sequence inductive output current to maintain the

RECS’s controllability corresponds to the maximum i(;_
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Fig. 15 Simulation results of the RECS in Scenario 1

defined as i,, .., and can also be solved based on the

relationship between ‘ngq|max and i(;r as follows.

If |ngq|max(i;q L=0)<Vy/ V3, i‘p’maxcan be obtained:

i;q+_max =0 (20)
I | Vedg| e (i =0) > Vae/V3, ify na can be

deduced from the following expression:

‘ng‘I‘max(i;]-q—_max) = Vdc‘/\/§ (21)

Derived from Fig. 11, the power inputted to the RECS’s
inverter would influence the controllability of the RECS
during the fault recovery. However, the input power is
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Fig. 16 Simulation results of the RECS in Scenario 2

practically required to increase fast by the codes. Thus,
recovery speed of the power should not be set to a too high
value. Additionally denoted in Fig. 12, the RECS can justride
through the negative- and positive-sequence PCC voltage of
0.7 puand 1.2 pu at the same time, even when the input power
remains zero. According to the maximum sequence PCC
voltages of the practical fault recovery analyzed in Section 2,
the RECS cannot always both counteract the overvoltage and
eliminate the dc-link voltage fluctuations during the
continuous period. Therefore, rising in the dc-link voltage is
necessary to enhance the asymmetrical HVRT capability of
the RECS based on Fig. 13.
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5 Asymmetrical control strategy of RECSs
during fault recovery

According to the analysis in Section 2, different control
schemes have to be employed in the two periods of the
fault recovery. Thus, the proposed control strategy contains
two parts. In the transient period, a dc-link chopper circuit
is applied to avoid tripping the RECS in this strategy. This
paper will not discuss it in detail, for the fact that the
control scheme of the circuit has been studied widely. In
the continuous period, an asymmetrical HVRT scheme is
proposed to accomplish the HVRT objective.

The control diagram of the RECS is illustrated in
Fig. 14. When the RECS can remain controllable with
adjusting the inductive output current, the calculated
i;q + _min 18 used as the reactive current reference in order to
keep the dc-link voltage stable. If there is no solution, the
dc-link voltage reference would increase to the minimum
value which can guarantee the RECS controllability.
Moreover, the reactive output current required by the codes
(il coq.) should be taken into account.

It should be noticed that the positive-sequence active
current reference (i;d +_ror) keeps comparatively stable,
since it is given by the outer voltage regulating loop of the
controller which is slower than the inner current loop.
Therefore, this strategy is performed based on i;d S ref

instead of Py in order to decrease the control complexity.

6 Simulation verification

The simulations are designed to verify the analysis and
effectiveness of the proposed control strategy during the
fault recovery. The typical diagram of the RECS integra-
tion and the fault recovery process presented in Fig. 2 and
Fig. 3 are implemented in the simulation. A RECS rated at
8 x 1.5 MW is simulated and the parameters are given in
Table 1. Vi is the DC-link rated voltage.

During the fault recovery, the RECS recovers the active
power output in a defined rate. Additionally, the RECS
with the normal control strategy is regulated to output
constant positive-sequence inductive current of 0.3 pu
satisfying E.ON code, when the PCC voltage is greater
than 1.1 pu. The conclusions can be drawn from the per-
formance of the RECS shown in Fig. 15 and Fig. 16:

1) In the transient period, the dc-link chopper circuit is
triggered, and two control strategies have no effects.
These demonstrate the necessity of these protective
measures during the fault recovery.

2) With the normal control, the RECS cannot maintain
the stability of the dc-link voltage for the over-
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modulation. Besides, oscillations appear on the dc-link
voltage due to the negative-sequence PCC voltage in
the continuous period.

3) The proposed control strategy sharply deduces the
frequency of triggering the chopper. And the dc-link
voltage oscillations can be mitigated because the control
effects of the negative-sequence current are identical.

4)  When the positive-sequence PCC voltage decreases to
the normal range, the RECS cannot regain controlla-
bility under the condition that the positive-sequence
reactive current reference is zero. That means the
RECS cannot be regulated directly based on the grid
code requirement.

6.1 Scenario 1

The grid voltage soars to 1.1 pu symmetrically due to
the removal of loads. See Fig. 15.

6.2 Scenario 2

The grid voltage soars to positive- and negative-se-
quence components of 1.05 pu and 0.05 pu due to the
removal of unbalanced loads. See Fig. 16.

7 Conclusions

Asymmetrical voltage swells with transients can occur
during the fault recovery period. The swells result in
fluctuations in the dc-link voltage of RECSs, and may
cause reversed power flow and even trip of the RECS.

By studying the characteristics of the typical causes
resulting in asymmetrical voltage swells, the PCC voltage
during the fault recovery have limited voltage unbalance,
phase angle jump and discrete transients. Furthermore, the
fault recovery process can be divided into two periods,
and different control strategies should be applied in the
periods. The asymmetrical HVRT capability of the RECS
is analyzed quantitatively by considering the elimination
of the dc-link voltage fluctuations. As analyzed in the
paper, the RECS cannot always ride through the contin-
uous period during the practical fault recovery without
increasing the dc-link voltage, even when the input active
power is zero. Additionally, the RECS should not restore
the active power output in a too large rate. The results can
be used as the guideline of new HVRT grid codes. Based
on the analysis, an asymmetrical HVRT control strategy
with a chopper circuit is proposed for the RECS to ride
through the entire fault recovery process and mitigate the
fluctuations. Simulation verified the effectiveness of the
strategy.

@ Springer

STATE GRID ELECTRIC POWER RESEARCH INSTITUTE



38

Ruiqi LI et al.

Acknowledgments This work was supported by National Natural
Science Foundation of China (NSFC) (No. U1510208, No. 61273045,
No. 51361135705), National High Technology Research and Devel-
opment Program of China (No. 2012AA050217), and Grants from
Beijing Higher Education Young Elite Teacher Project.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http:/
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

[1] Blaabjerg F, Liserre M, Ma K (2012) Power electronics con-
verters for wind turbine systems. IEEE Trans Ind Appl
48(2):708-719

[2] Geng H, Liu C, Yang G (2013) LVRT capability of DFIG-based
WECS under asymmetrical grid fault condition. IEEE Trans Ind
Electron 60(6):2495-2509

[3] Yaramasu V, Wu B, Alepuz S et al (2014) Predictive control for

low-voltage ride-through enhancement of three-level-boost and

NPC-converter-based PMSG wind turbine. IEEE Trans Ind

Electron 61(12):6832-6843

Chou SF, Lee CT, Ko HC et al (2014) A low-voltage ride-

through method with transformer flux compensation capability

of renewable power grid-side converters. IEEE Trans Power

Electron 29(4):1710-1719

The technical basis for the New WECC voltage ride-through

(VRT). Western Electricity Coordinating Council, Salt Lake

City, UT, USA, 2007

Xie Z, Zhang XG, Zhang X et al (2015) Improved ride-through

control of DFIG during grid voltage swell. IEEE Trans Ind

Electron 62(6):3584-3594

[7]1 He SE, Dong XZ (2012) Cause analysis on large-scale wind
turbine tripping and its countermeasures. Power Syst Protect
Contr 40(1):131-137 (in Chinese)

[8] National electricity rules. Australian Energy Market Commis-
sion, Australia

[9] High and extra high voltage. E.ON Netz GmbH, Bayreuth,
Germany, 2003

[10] Hong YY, Wang CW (2005) Switching detection/classification

using discrete wavelet transform and self-organizing mapping
network. IEEE Trans Power Deliver 20(2):1662—1668

[11] Huang N, Xu D, Liu D et al (2012) Detection and classification

of power quality disturbances using S-transform and proba-

bilistic neural network. Neurocomputing 98(3):12-23

Das JC (2005) Analysis and control of large-shunt-capacitor-bank

switching transients. IEEE Trans Ind Appl 41(6):1444-1451

Fitton DS, Dunn RW, Aggarwal RK et al (1996) Design and

implementation of an adapative single pole autoreclosure tech-

nique fortransmission lines using artificial neural networks.

IEEE Trans Power Deliver 11(2):748-756

Suonan JL, Shao WQ, Song GB et al (2009) A novel single-

phase adaptive reclosure scheme for transmission lines with

shunt reactors. IEEE Trans Power Deliver 24(2):545-551

Kazmierkowski MP, Malesani L (1998) Current control tech-

niques for three-phase voltage-source PWM converters: a sur-

vey. IEEE Trans Ind Electron 45(5):691-703

Wang Y, Wu QW, Xu HH et al (2014) Fast coordinated control

of DFIG wind turbine generators for low and high voltage ride-

through. Energies 7:4140-4156

[4

—

[5

—

[6

—_

[12

—

[13

—

[14

—

[15

—_—

[16

—_

@ Springer

STATE GRID

[17] Zheng Z, Yang G, Geng H (2013) High voltage ride-through
control strategy of grid-side converter for DFIG-based WECS.
In: Proceedings of the 39th annual conference of the IEEE
Industrial Electronics Society (IECON’13), Vienna, Austria,
10-13 Nov 2013, pp 5282-5287

Feltes C, Engelhardt S, Kretschmann J, et al (2008) High voltage

ride-through of DFIG-based wind turbines. In: Proceedings of

the Power and Energy Society general meeting—Conversion and
delivery of electrical energy in the 21st century, Pittsburgh, PA,

USA, 20-24 July, 2008, 8 pp

[19] Song F, Wang T, Tang K et al (2013) Feasibility analysis on
high voltage ride-through of wind turbines. Appl Mech Mater
278(279/280):134-138

[20] Yang HT, Liao CC (2001) A de-noising scheme for enhancing
wavelet-based power quality monitoring system. IEEE Trans
Power Deliver 16(3):353-360

[21] Yunus AMS, Masoum MAS, Abu-Siada A (2012) Application of
SMES to enhance the dynamic performance of DFIG during
voltage sag and swell. IEEE Trans Appl Supercon 22(4):5702009

[22] Wessels C, Fuchs FW (2009) High voltage ride through with
FACTS for DFIG based wind turbines. In: Proceedings of the
13th European conference on power electronics and applications
(EPE’09), Barcelona, Spain, 8-10 Sept 2009, 10 pp

[23] Eskander MN, Amer SI (2011) Mitigation of voltage dips and
swells in grid-connected wind energy conversion systems. IETE
J Res 57(6):515-524

[24] Lam CS, Wong MC, Han YD (2008) Voltage swell and overvoltage
compensation with unidirectional power flow controlled dynamic
voltage restorer. IEEE Trans Power Deliv 23(4):2513-2521

[25] Lin ZX, Xu H, Jian W (2013) Control strategy of full power
converter for wind turbine under grid voltage swell. Appl Mech
Mater 448/449/450/451/452/453:1815-1818

[26] Mohseni M, Islam SM (2012) Transient control of DFIG-based
wind power plants in compliance with the Australian grid code.
IEEE Trans Power Electron 27(6):2813-2824

[27] Mohseni M, Masoum MAS, Islam SM (2011) Low and high
voltage ride-through of DFIG wind turbines using hybrid current
controlled converters. Electr Power Syst Res 81(7):1456-1465

[28] Ma XP, Dong KS, Zhao Y et al (2014) Simulation research on
fault ride through for permanent magnet synchronous generator
wind power system. In: Proceedings of the IEEE 9th conference
on industrial electronics and applications (ICIEA’14), Hang-
zhou, China, 9-11 Jun 2014, pp 1387-1391

[29] Wang LL, Hu SJ, Li FL et al (2012) High voltage ride through of
PMSG-based wind turbines. Adv Mater Res 608(609):633-637

[30] JanBen M, Janning J (2011) grid fault ride through of a fully fed
wind turbine with permanent magnet generator. In: Proceedings
of the 2011 IEEE Power and Energy Society general meeting,
San Diego, CA, USA, 24-29 July, 2011, 5 pp

[31] Liu CJ, Huang XB, Chen M, et al (2010) Flexible control of DC-
link voltage for doubly fed induction generator during grid
voltage swell. In: Proceedings of the 2010 IEEE energy con-
version congress and exposition (ECCE’10), Atlanta, GA, USA,
12-16 Sept, 2010, pp 3091-3095

[32] NEMA standard publication ANSI/NEMA MG1-2003, Revision
1-2004: Motors and generators. National Electrical Manufac-
turers Association (2004)

[33] Technical regulation for configuring reactive power compensa-
tion equipment of power system. State Grid Corporation of
China, Beijing, China (2008)

[34] Technical rule for connecting wind farm to power system. State
Grid Corporation of China, Beijing, China (2009)

[35] Li RQ, Geng H, Yang G (2014) Asymmetrical high voltage
ride through control strategy of grid-side converter for grid-
connected renewable energy equipment. In: Proceedings of the
2014 international electronics and application conference and

[18

—_

STATE GRID ELECTRIC POWER RESEARCH INSTITUTE


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Fault ride-through of renewable energy conversion systems during voltage recovery 39

exposition (PEAC’14), Shanghai, China, 5-8 Nov, 2014,
pp 496-501

Ruiqi LI received the B.E. and M.E. from Beijing Institute of
Technology, Beijing, China and University of Chinese Academy of
Sciences, China in 2010 and 2013 respectively. Currently, he is
pursuing the Ph.D. degree in Tsinghua University, Beijing, China. His
research interests are the grid integration problems of renewable
energy conversion systems.

Hua GENG received the B.S. degree in electrical engineering from
Huazhong University of Science and Technology, Wuhan, China, in
2003 and the Ph.D. degree in control theory and application from
Tsinghua University, Beijing, China, in 2008. From 2008 to 2010, he
was a Postdoctoral Research Fellow with the Department of Electrical
and Computer Engineering, Ryerson University, Toronto, ON,
Canada. Since May 2010, he joined Department of Automation,
Tsinghua University and now served as an Associate Professor. His
current research interests include distribution generation systems,
renewable energy conversion systems, and digital control systems. He

STATE GRID

is an Associate Editor of the IEEE Transactions on Industry
Applications.

Geng YANG received the B.S. and M.S. degrees in electrical
engineering from Xi’an University of Science and Technology, Xi’an,
China, in 1982 and 1984, respectively, and the Ph.D. degree in
electrical engineering from Sophia University, Chiyoda, Japan, in
1992. From 1985 to 1987, he was an Assistant with Xi’an University
of Science and Technology. He was a Visiting Scientist with Fukui
State University, Fukui, Japan, in 1987 and with Sophia University in
1988. From 1992 to 1994, he was a Senior Researcher with Kasuga
Electrical Works Ltd., Mitaka, Japan. From 1995 to 1999, he was a
Lecturer, Associate Professor, and Professor with Xi’an University of
Science and Technology. Since 2000, he has been a Professor with the
Department of Automation, Tsinghua University, Beijing, China. His
current research interests include electrical drive and system, power
electronic equipment, and control technology of wind and photo-
voltaic energy conversion systems. Dr. Yang is a member of the
Institute of Electrical Engineers of Japan and the Board Director of
China Power Electric Institute. He is a member of China Electrotech-
nical Society (CES) and serves as the Vice-Director of the Education
Committee of the Electrical Automation Branch in CES.

@ Springer

STATE GRID ELECTRIC POWER RESEARCH INSTITUTE



	Fault ride-through of renewable energy conversion systems during voltage recovery
	Abstract
	Introduction
	Characteristics of PCC voltage during fault recovery
	Typical causes resulting in asymmetrical voltage swells at PCC during fault recovery
	Cutting off large loads
	Switching shunt capacitor banks (SCBs)
	Reclosing transmission lines
	Changing taps of main transformers
	Severest voltage swells at PCC

	Characteristic analysis of PCC voltage during fault recovery
	Characteristics of PCC overvoltage caused by cutting off fault lines
	Characteristics of PCC overvoltage caused by SCBs

	Division of fault recovery period at PCC
	Transient period (t1--t2)
	Continuous period (t2--t3)


	Analysis of RECS’s control objective in continuous period of fault recovery
	Control capability of RECS in continuous period of fault recovery
	Relationship between maximum needed output voltage and positive-sequence output reactive current
	Asymmetrical HVRT capability of RECS

	Asymmetrical control strategy of RECSs during fault recovery
	Simulation verification
	Scenario 1
	Scenario 2

	Conclusions
	Acknowledgments
	References




