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Abstract—Crowbar is the most widely used low voltage ride-
through (LVRT) solution for doubly-fed variable speed pumped
storage (VSPS) unit. However, the conventional crowbar solution
suffers from excessive crowbar activation period when applied
to large-scale VSPS unit, which leads to the disadvantages of
high reactive power absorption and huge electromagnetic torque
oscillation. To solve the issue, this article analyzes the condition
of crowbar release from the perspective of system controllability.
Based on it, a hybrid LVRT control strategy combining crowbar
and dynamic demagnetizing control is proposed. In this strategy,
the crowbar operational duration can be minimized by optimizing
the demagnetizing coefficient dynamically. Moreover, the objective
of reactive power support or electromagnetic torque oscillation
suppression can be achieved to enhance the transient performance
of VSPS unit. Finally, the proposed hybrid LVRT control method
is validated by the experiments.

Index Terms—Crowbar, doubly-fed variable-speed pumped
storage unit, low voltage ride through control.

I. INTRODUCTION

W ITH large-scale renewable energy connected to the
power grid, the unpredictable and intermittent behavior

of renewable energy can lead to fluctuations in power generation,
resulting in uncontrollable variations in power supply [1], [2].
To resolve the fluctuation issue in power and frequency, the
variable speed pumped storage (VSPS) has been a promising
solution due to its advantages of rapidity in power regulation,
strong flexibility and reliability. Different from the traditional
fixed-speed unit, the feature of VSPS is that its speed can be
regulated to match a wider range of water heads and improve
operating efficiency. Owing to this characteristic, the VSPS is
quite adapted to be employed at sites having wide water head
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variations through variable speed operation, making it gradually
gain a large number of applications worldwide [3], [4].

Currently, there are two main strategies for pumped storage
units to realize variable speed operation: the doubly-fed induc-
tion machine (DFIM) scheme and the converter-fed synchronous
machine (CFSM) scheme [5], [6]. Generally, due to the fatal
drawback of requiring a full-rated converter, the CFSM scheme
is not feasible for high-power applications (>100 MW) [7],
[8]. The doubly-fed VSPS units are preferred for large power
plants (e.g., Fengning Pumped Storage Power Station in Hebei
Province of China) [9], since the DFIM scheme only requires a
part-load excitation converter. However, the stator of the doubly-
fed VSPS unit is directly connected to the grid, it is sensitive to
grid voltage disturbance. When a grid fault occurs, the rotor-side
converter (RSC) is prone to suffering from overcurrent, which
may trip the whole system and result in the failure of the LVRT
[10], [11].

At present, there is still a paucity of research on the low voltage
ride-through (LVRT) issue in doubly-fed VSPS. In industry,
most of the operated units from manufacturers use the crowbar
circuit as the LVRT solution [12], [13]. It offers a series of
advantages such as the capability to ride through severe grid
fault, simple structure, and low-cost, which has been widely
used in doubly-fed wind turbine [14], [15], [16]. However, the
crowbar also introduces some disadvantages, which will be
significantly magnified in the doubly-fed VSPS. On the one
hand, once the crowbar is activated, VSPS will absorb reactive
power from grid. Due to the large capacity of the VSPS, the
operation of power grid will be worsened [17]. On the other
hand, the transient time constant of VSPS is typically 4-5 times
longer than that of doubly-fed wind turbine [18], resulting in
significantly prolonged crowbar activation and persistent torque
oscillation. As crowbar activation time increases, the VSPS has
the challenge in supplying rapid reactive support and suppress-
ing torque oscillation during grid fault.

To address the disadvantages of crowbar, some solutions
are proposed in DFIG-based wind turbines to fulfill the LVRT
requirement by improving control strategy for RSC. In terms of
direct rotor overcurrent suppression, Lima et al. [19] proposed
a stator current feedback control method, where the measured
stator current is directly adopted as the rotor current references.
Xiao et al. [20] proposed a flux tracking control to replace the
current control for the fault current suppression. In order to
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reduce the rotor voltage requirement and attenuate the stator
flux, Ran et al. [21], Shen et al. [22], and Hu et al. [23] proposed
a series of demagnetization controls to inject certain components
related to stator flux into the rotor current. Huang et al. [24] and
Zhu et al. [25] proposed the scaled current tracking control to
demagnetize and avoid the use of flux observation. In [26], an
inductance-emulating control is proposed to compromise the ro-
tor voltage requirement and fault current. In addition, for VSPS
units, Bidgoli et al. [27] proposed an advanced vector control to
improve LVRT capability in both generation and motor modes.
By switching the control algorithm to the synchronization one,
the method proposed in [28] can eliminate rotor and stator
overcurrent. The above control methods can assist the VSPS
unit with LVRT effectively under light grid fault. However, under
severe grid fault, limited by the converter capacity, these methods
struggle to maintain unit controllability, leading to the failure
of LVRT. Particularly, the capability of VSPS unit’s converter
(0.1–0.2 p.u.) is typically lower than wind turbine (0.3–0.4 p.u.),
which further weakens the LVRT capability of above methods.
Thus, when a severe grid fault occurs, the crowbar activation
cannot be avoided in VSPS unit.

To discard the defects of the aforementioned two types
of technologies, Lopez et al. [29] proposed a strategy com-
bining the crowbar and the demagnetizing technique to
shorten the crowbar activation period and maintain the severe
LVRT capability, which is an effective solution. Unfortunately,
Lopez et al. [29] does not concern the effect of the demagnetizing
coefficient, which results in this combined method still suffers
from the excessive crowbar activation period when applied in
VSPS. In short, for VSPS units, the existing LVRT methods
are still insufficient to avoid prolonged crowbar activation under
severe grid fault. To cope with it, inspired by [29], this article
proposes a hybrid LVRT control combining dynamic demag-
netization and crowbar to minimize the crowbar operational
duration in doubly-fed VSPS. The proposed method dynami-
cally optimizes the demagnetization coefficient during crowbar
activation period to minimize the crowbar operational duration,
and further improves the transient performance by injecting
additional positive-sequence current after the crowbar release.
The main contributions of this article are summarized as follows.

1) The transient characteristics of VSPS unit with crowbar
are analyzed, and the crowbar release condition are pre-
sented from the perspective of system controllability.

2) A hybrid LVRT control is proposed. Implementing this
method, the crowbar is activated briefly and the converter
can resume operation rapidly.

3) The effect of positive sequence current on the transient
characteristics is analyzed. Based on it, the transient
control objectives of reactive power support and torque
oscillation suppression are realized, respectively.

The rest of this article is organized as follows. In Section II, the
transient characteristics of VSPS with crowbar and the crowbar
release condition are analyzed. In Section III, the principle and
design of the proposed LVRT control strategy are presented. Af-
terward, in Sections IV, the HIL experiment results are presented
to validate the effectiveness of the proposed method. Finally,
Section V concludes this article.

Fig. 1. Structure of doubly-fed VSPS.

II. TRANSIENT CHARACTERISTICS ANALYSIS OF VSPS WITH

CROWBAR CIRCUIT

A. VSPS Model

Fig. 1 shows the main structure of doubly-fed VSPS. It is
observable that the reversible pump-turbine (RPT) and DFIM
are connected through a gearbox, the rotor winding of DFIM
is connected with a multilevel back-to-back (BTB) converter.
The stator of DFIM is directly connected to grid through the
main transformer and grid side converter (GSC) connected to the
power grid through an excitation transformer [30]. The power
output of VSPS is indirectly controlled by the speed governor
through adjusting the opening of guide vane, while the speed is
directly controlled by the converter.

Based on the structure of doubly-fed VSPS, the VSPS system
can be divided into two main systems, namely the excitation
system (composed of DFIM and BTB converter) and hydraulic
system (composed of speed governor and RPT). Under grid fault,
the transient process is fairly fast with an electromechanical
transient time scale (milliseconds), while the response speed of
the hydraulic subsystem is relatively slow (seconds). Therefore,
within the electromechanical transient time scale, the model in
this article is established on DFIM [31].

To facilitate the analysis, the motor convention is adopted for
stator and rotor sides, and all variables are referred to the stator
side. In the stationary reference frame, the equations of DFIM’s
voltage and flux can be expressed as [32]{

U s
s = RsI

s
s +

d
dtψ

s
s

U r
r = RrI

r
r +

d
dtψ

r
r

(1)

{
ψs

s = LsI
s
s + LmI

s
r

ψr
r = LmI

r
s + LrI

r
r

(2)

where U, I, and ψ are the vectors of voltage, current, and flux,
respectively. L and R are the inductance and resistance. Lm is
the magnetizing inductance. Superscripts “s” and “r” denote the
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Fig. 2. Equivalent circuit of DFIM viewed from the rotor-side.

stator- and rotor-reference frames, respectively. Subscripts “s”
and “r” denote the stator- and rotor-side variables, respectively.

Substituting (1) into (2), yields

U r
r =

Lm

Ls

dψr
s

dt︸ ︷︷ ︸
Er

+

(
Rr + σLr

d

dt

)
Irr︸ ︷︷ ︸

URL

(3)

where s = 1− L2
m/LsLr is the leakage coefficient. σLr is the

rotor transient inductance. Er is the electromotive force (EMF).
URL is the voltage dip on rotor impedance (i.e., σLr and Rr).

Then, the equivalent circuit of DFIM can be obtained [32], as
illustrated in Fig. 2.

B. Transient Characteristic Analysis

As shown in Fig. 2, rotor current can be regarded as a result of
EMF Er and RSC’s output voltage Ur. During normal operation,
the stator flux rotates at synchronous speed, meanwhile, the
flux rotates at slip speed. Therefore, the amplitude of EMF is
proportional to the slip and can be approximated as

Er =
Lm

Ls
ψsωss ≈ Uss (4)

whereωs is the synchronous speed. Us is the rated stator voltage.
s = (ωs−ωr)/ωs is the slip, and s�[−0.1, 0.1]. ωr is rotor speed.

According to (4), it can be obtained that the EMF under normal
condition cannot exceed 10% of the rated stator voltage. Since
the maximum output voltage of RSC is generally taken as 0.1-
0.2Us, according to (4), it is apparent that the rotor current can
be completely controlled by Ur under normal condition.

When a symmetrical fault occurs at time t = 0, the stator
flux will contain certain natural component ψsn, and its initial
amplitude can be expressed as

ψsn(t = 0) =
hUs

jωs
(5)

where h is the depth of grid voltage dip.
Since the natural component of stator flux will stop rotating,

its rotate speed with respect to the rotor windings becomes ωr.
As a result, the initial amplitude of EMF becomes

Er(t = 0) =
Lm

Ls
Us · (1− h) · s︸ ︷︷ ︸
Erp(t=0)

−Lm

Ls
Us · h · (1− s)︸ ︷︷ ︸
Ern(t=0)

(6)

where Erp is the positive-sequence component, while Ern is the
natural component.

Fig. 3. Rotor current tracking error and RSC’s output voltage under fault.

Fig. 4. Electromagnetic torque and reactive power when crowbar is activated.

It can be obtained from (6) that, the natural component is
proportional to “1−s”. Thus, the postfault EMF is quite large
and will far exceed the RSC’s maximum output voltage Urmax.
As the output voltage of RSC cannot match the postfault EMF,
the converter saturates and loses control of the rotor current
temporarily, which is the source of the large postfault rotor
current.

For instance, under severe grid fault, if the control system still
adopts conventional power control mode, its corresponding rotor
voltage requirement will exceed Urmax. Therefore, the converter
will be saturated, the significant rotor current tracking error are
inevitable, as shown in Fig. 3. The huge rotor current tracking
error will result in postfault overcurrent.

C. Crowbar Characteristic and Release Condition Analysis

To protect the converter against the rotor overcurrent, the most
common technique to assist VSPS for LVRT is the crowbar
protection circuit. However, there are two major disadvantages
when activating the crowbar. On the one hand, the electromag-
netic torque of the VSPS oscillates greatly during the crowbar
activation, which will pose great press on the drive train. On
the other hand, the RSC is blocked and VSPS is out of control
when the crowbar is activated. Thereby, as shown in Fig. 4,
the positive value of reactive power indicates that the VSPS
will absorb a large amount of reactive power from grid, thus
deteriorating the operation of power “1−s”. Thus, to minimize
the disadvantages of crowbar activation and meet the reactive
power support requirements proposed in the grid codes, the
crowbar should be released as early as possible.

Nevertheless, in principle the crowbar should be activated
long enough to allow sufficient demagnetization of the rotor
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Fig. 5. Rotor current and EMF when crowbar release at 175 ms and 350 ms.

windings and avoid overcurrent [33].When the crowbar activa-
tion time is reduced, the remaining undecayed EMF may lead
to system out-of-control.

When the crowbar is released, the remaining undecayed EMF
can be expressed as follow:

Er
r=s (1−h)

Lm

Ls
Use

jsωstr︸ ︷︷ ︸
Erp

−(1−s)hLm

Ls
Use

−jωrtre−tr/τc︸ ︷︷ ︸
Ern

(7)
where τc is the transient time constant of the stator natural flux
when crowbar is activated. The crowbar is activated at time t= 0
and released at time t = tr.

It is obvious from (7) that, the shorter crowbar activation
period, the larger remaining EMF, i.e., the unit is more tends to be
uncontrolled. To illustrate it, two examples with crowbar release
time of tr = 175 ms and tr = 350 ms are presented in Fig. 5,
respectively. It can be seen that after crowbar release, the larger
undecayed EMF results in more inaccurate current tracking
(i.e., the uncontrollable behavior), which makes the overcurrent
indecipherable and transient control objectives unachievable.

Consequently, in order to decrease the activation duration of
the crowbar, it is necessary to maintain the unit controllable
under a higher remaining EMF.

III. PROPOSED HYBRID LVRT CONTROL

A. Basic Principle

As mentioned in Section II, the key to decrease crowbar acti-
vation duration is to keep the unit controllable under remaining
EMF, i.e., the required RSC output voltage URSC when the rotor
current tracks current reference I∗r should be less than the RSC’s
maximum output voltage. From Fig. 2, it can be derived that
URSC is expressed as

URSC =
Lm

Ls

dψr
s

dt︸ ︷︷ ︸
Er

+

(
Rr + σLr

d

dt

)
I∗r (8)

It is obvious from (8), when the crowbar is released, the
amplitude of URSC not only depends on the remaining EMF, but
also influenced by current reference. Thus, through the design
of I∗r, it is able to keep the system controllable under remaining
EMF and reduce the activation time of crowbar.

Fig. 6. Vector relationship between URSC, I∗
r2, and Ern.

Fig. 7. Vector relationship between URSC, I∗
r1, and Ern.

On this basis, the effects of different forms of I∗r on URSC

need to be evaluated. Since the dominant part of EMF is Ern,
while the frequency of Ern andψsn are fixed as ωr, the form of
the current reference I∗r can be divided as

I∗r = I∗r2 + k1ψsn + jk2ψsn︸ ︷︷ ︸
I∗
r1

(9)

where I∗r1 is the natural component of the current reference
with the same frequency as ψsn (i.e., its frequency is ωr).
k1 and k2 are defined as the parallel coefficient and vertical
coefficient, respectively. I∗r2 is the non-natural component with
the frequency of ωx (ωx�ωr).

According to (8), the vector relationship between URSC, I∗r2
and Ern can be illustrated as Fig. 6. From Fig. 6(a) and (b), it can
be deduced that due to the different frequencies of I∗r2 and Ern,
the amplitude of URSC will oscillate at (ωr−ωx) frequency, i.e.,
the rotor voltage requirement will increase. Meanwhile, Fig. 7
shows the vector relationship between URSC, I∗r1 and Ern. From
Fig. 7(a) and (b), It can be illustrated that the vertical component
of I∗r1 will increase the rotor voltage requirement, while the
parallel component will reduce the rotor voltage requirement.

Furthermore, the amplitude of URSC can be expressed as
follow:

URSC = |ωσLrI
∗
r2|

+

√(
Lm

Ls
+ k1σLr

)2

+ (k2σLr)
2 |ωrψsn| (10)

It can be concluded from (10) that to minimize URSC, bothI∗r2
and k2 should be set as 0. The current reference can be obtained
in the form of (11) (i.e., the form of demagnetizing current)

I∗r = kψsn(k < 0) (11)

Consequently, the above analysis illustrates that by designing
the current reference in the form of demagnetizing current after
crowbar release, the unit can adapt to higher remaining EMF,
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the operational period of crowbar can be decreased. However,
in (11), the demagnetizing coefficient k is not determined. From
(10) and (11), it is obvious that the amplitude of I∗r and URSC are
simultaneously determined by k and the remaining stator natural
flux, which will also affect the crowbar activation duration. Since
the stator natural flux will continuously decay with time, to
achieve the optimization of I∗r and URSC, the demagnetizing
coefficient k needs to be designed dynamically with the decay
of the remaining stator natural flux.

B. Hybrid LVRT Control to Shorten Crowbar Operational
Duration and Accelerate Reactive Response

In basic principle, only the dominant part of the EMF Ern

is considered. In this section, for accurate design, the positive-
sequence component Erp also needs to be considered. According
to (8), when both Erp and Ern are in account, the required RSC
output voltage URSC to accurately track the current reference
(11) can be expressed as⎧⎨

⎩
URSC = U rn +U rp

U rn = (Lm

Ls
+ kσLr)

d
dtψ

r
sn

U rp = Erp = Lm

Ls
sU r

sp

(12)

where Urp is the positive-sequence component of URSC, while
Urn is the natural component of URSC. Usp is the positive-
sequence component of the stator voltage.

Since the frequency ofψsn with respect to the rotor windings
is ωr, the amplitude of URSC can be simplified and expressed as

URSC ≈
∣∣∣∣ωr

(
Lm

Ls
+ kσLr

)∣∣∣∣ψsn +

∣∣∣∣Lm

Ls
sUsp

∣∣∣∣ (13)

From (11) and (13), the amplitudes of I∗r and URSC can be
expressed by the demagnetizing coefficient k and the remaining
stator natural flux. Based on the constraints of rotor current and
voltage, the optimal value of demagnetizing coefficient k and
the release condition of the crowbar can be obtained.

First, to protect the RSC, the amplitude of I∗r (i.e., I∗r ) should
not exceed the allowed maximum rotor current Irmax. Thus, the
demagnetizing coefficient should satisfy that

I∗r = −kψsn ≤ Irmax(k < 0) (14)

where Irmax is the allowed maximum rotor current, and is
generally stated maximum of IGBT pulse current of 2 p.u.

From (14), It can be concluded that I∗r is inversely proportional
to the coefficient k. Thus, the minimum value of k can be
expressed as

kmin = −Irmax

ψsn
(15)

Then, to release the crowbar, it is required to keep the system
controllable, i.e., URSC should not exceed the RSC’s maximum
output voltage. It can be seen from (13), if k�(ke,0), URSC is
proportional to k and always less than Er; if k = ke, URSC is
minimum; if k< ke, URSC is inversely proportional to k. Where,
ke can be expressed as

ke = − Lm

LsLr − L2
m

(16)

Obviously, when k�(ke,0), both URSC and I∗r can be minimal,
hence, it is the proper range for k. Moreover, in this range,
I∗r is inversely proportional to URSC. Therefore, URSC can be
minimized when I∗r = Irmax. The coefficient kmin corresponding
to the minimum URSC, which allows for the best system con-
trollability while satisfying the current constraint, thus, it is the
optimal value of k. Meanwhile, it can be seen from (15) that the
value of kmin will be dynamically varied with ψsn decay during
crowbar activation, which ensures that the system is always most
conducive to release crowbar.

Substituting (15) into (13), the minimum URSC under current
constraint can be expressed as URmin

URmin ≈ ωr
Lm

Ls
ψsn − ωrσLrIrmax +

∣∣∣∣Lm

Ls
sUsp

∣∣∣∣ (17)

When URmin is less than the RSC’s maximum output volt-
age, i.e., when (18) is satisfied, which means that the system
could maintain controllability with remaining EMF at this time.
Consequently, the crowbar release condition can be obtained as

URmin ≈ ωr
Lm

Ls
ψsn − ωrσLrIrmax +

∣∣∣∣Lm

Ls
sUsp

∣∣∣∣ < Urmax

(18)
where Urmax is the RSC’s maximum output voltage, which can
be approximated to the value of dc-bus voltage Udc.

As the crowbar is released, the demagnetizing coefficient k
should be fixed as the calculated optimum value kmin at the
moment of crowbar release. In other words, the rotor current
reference after crowbar release should be designed as

I∗r = kmincψsn =
−Irmax

ψsnc

ψsn (19)

where kminc and ψsnc are fixed as the value of kmin and ψsn at
the moment of crowbar release, respectively.

From (18) and (19), it can be concluded that through the
dynamic demagnetizing coefficient design, I∗r and URSC exactly
satisfy the current constraint and voltage constraint of RSC at the
moment of crowbar release, i.e., the RSC capacity is maximally
utilized to resist the remaining EMF, thus, the crowbar activation
time can be minimized.

In addition, after crowbar release, since the injection of de-
magnetizing current, the flux decay will be continuously acceler-
ated. The demagnetizing current requirement will decrease and
the RSC’s current margin can be progressively utilized to inject
additional positive-sequence current for reactive support. The
RSC’s current margin after crowbar release can be expressed as

Im ≈ Irmax + kmincψsn (20)

According to the German grid code [34], the reactive current
required for output during the grid fault is shown in (21). Note
that the reactive current is deduced based on the power invariant
abc/dq transformation

IQ =
2K (0.9− Usp)Ls

3UspLm
− Usp

3ωsLm
(K ≥ 2) (21)

Combining (20) and (21), in order to provide as much reac-
tive current as possible under current constraint, the additional
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Fig. 8. System flowchart and control block diagram. (a) System flowchart. (b) Control block diagram.

positive sequence component added to the q-axis rotor current
reference is commanded as

Irp1 = max{−Im,−IQ} (22)

Consequently, the corresponding flowchart and the overall
control diagram of the proposed control is shown in Fig. 8. The
operational sequence of the system would be as follows.

1) Under normal operating condition, the system operates in
mode 0 (i.e., the classical PQ control is used).

2) Immediately upon detection of a grid fault activate the
crowbar (i.e., the system operates in mode 1).

3) While the crowbar is active (i.e., under mode 1), observe
the stator natural flux amplitude. Release the crowbar
when the release condition given in (18) is satisfied, oth-
erwise continue to activate the crowbar.

4) When the crowbar is released (i.e., the system operates in
mode 2), activating the converter and starting to inject
current according to (19), which can keep the system
controllable and continue to accelerate the decay of the
natural flux.

5) As the amplitude of natural flux decreases, the converter
progressively introduces additional positive sequence cur-
rent to supply reactive power according to (22). In this
case, the unit operates in RPS mode, the current reference
can be expressed as{

I∗rd = kmin cψsnd

I∗rq = kmin cψsnq + Irp1
(23)

C. Torque Characteristic and Reactive Support

To reduce the mechanical stress on unit during grid fault,
the other important LVRT control objective is to eliminate the
electromagnetic torque oscillation. Under symmetrical fault, the

electromagnetic torque can be expressed as [35]

Te=−3

2
np
Lm

Ls
|ψs × Ir|=−3

2
np
Lm

Ls

∣∣(ψsn+ψsp

)× Ir∣∣
(24)

where np is the number of pole pairs. ψsp is the positive-
sequence component of stator flux.

According to (24), it is obvious that in order to suppress
the torque oscillation to zero, the rotor current vector must be
parallel to the stator flux vector. Therefore, to eliminate torque
oscillation, the rotor current should include both the positive
sequence component Irp and the natural component Irn.

According to the method proposed in Section III–B, after
crowbar release, the natural component in the current reference
can be expressed as (19), i.e., Irn = kmin cψsn; and when
the reactive power support is provided, the positive sequence
component in the current reference can be represented by (22).
Obviously, Irp1� kmin cψsp. Thus, the rotor current vector is
not parallel to the stator flux, the RPS mode in Section III-B will
induce torque oscillation. To suppress the torque oscillation, the
additional positive sequence component needs to be modified.

Since the additional positive sequence component needs to be
parallel toψsp, it can be expressed as Irp2=kpψsp. Substituting
it into (24), the electromagnetic torque can be derived as

Te = −3

2
np
Lm

Ls

∣∣ψsn × (kp − kminc)ψsp

∣∣ (25)

According to (25), Obviously, as kp approach kminc, the
torque oscillation is reduced. Therefore, to suppress torque
oscillation, Irp2 should be designed in the form of

Irp2 = min {Im, kmincψsp} = min

{
Im,−kminc

Usp

ωs

}
(26)

Obviously, the value of additional positive sequence compo-
nent in (26) is positive, which results in the absorption of reactive
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Fig. 9. Photograph of the HIL experimental setup.

power but effectively suppresses the torque oscillation. While,
the additional positive sequence component in (22) is negative,
which supports the grid but generates electromagnetic torque
oscillation. It indicates that the control targets of reactive power
support and torque oscillation suppression are conflicted, and
should be designed according to practical needs.

Based on it, the modified method for suppressing torque
oscillations can be obtained by replacing (23) in Fig. 8 with (27).
In this case, the unit operates in torque oscillation suppression
(TOS) mode {

I∗rd = kmincψsnd

I∗rq = kmincψsnq + Irp2
(27)

IV. EXPERIMENTAL VERIFICATION

To validate the effectiveness of the proposed method, a
hardware-in-the-loop (HIL) experiment is performed. The ex-
perimental platform is shown in Fig. 9. The main circuits of
VSPS and network are developed in a high-speed real-time
simulator (SpaceR). There are two DSP controller executing
the control algorithms, which exchange digital signals with the
real-time simulator via the I/O box. Since the flux observation,
calculation, data transmission and control are processed by the
DSP in the HIL experiment, it provides more realism than
simulation in verifying the system performance [36], [37].

The system parameters are listed in Table II in the Appendix.
According to the rated dc-bus voltage, the RSC’s maximum out-
put voltage Urmax is 0.2 p.u. The allowed maximum rotor current
Irmax is stated maximum of IGBT pulse current of 2.0 p.u. [39].
Note that GSC is the only responsible to maintain the dc-bus
voltage, which plays a fundamental role for RSC controller. To
reduce the complexity of the validation, the GSC’s controller is
omitted, and the dc-link voltage is assumed as constant.

In the experiment, the VSPS operates at the super synchronous
speed (i.e., the slip s=−0.1). Under normal operating condition,
the classical PQ control is used, and the control references of
Ps and Qs are set to 0.5 p.u. and 0, respectively. Under fault
condition, an 80% three-phase grid voltage dip (i.e., h = 0.8) is
selected for study. It is worth noting that the positive value of
Qs represents the provided reactive power to the grid.

Furthermore, a comparison among the three methods (i.e.,
the conventional crowbar control method [40], the improved
crowbar control method in [29], and the proposed crowbar
control method) is carried out. In the conventional crowbar
control method, the crowbar is activated when the amplitude
of rotor current Ir is greater than 2 p.u, and when Ir decreases to

be less than 1.5 p.u, the crowbar will be released. In the crowbar
control method proposed in [29], the crowbar is released when
the amplitude of demagnetizing current Irn = −ψsn/(Lls+Llr)
decreases to less than 2 p.u, and then starting to inject the de-
magnetizing current and reactive current. The proposed strategy
for comparison operates in RPS mode.

Figs. 10–17 show the experiment results of three crowbar
control methods. The crowbar activation time corresponds to
the time elapsed while the converter current was null. It can
be observed that, all of methods can effectively suppress the
rotor current within±2 p.u. However, there are some differences
among these three crowbar control methods.

A. Crowbar Activation Time and Reactive Current Response

Fig. 10 shows the experimental results of the crowbar release
condition and the crowbar activation time. It can be seen that,
the crowbar activation time is the longest under the conventional
crowbar control method, with an activation time of 191 ms.
The method proposed in [29] effectively reduces the activation
time of crowbar to 97 ms, but it is still not feasible to achieve
the requirements of the grid codes for reactive power response
speed. Under the method proposed in this article, the crowbar
activation time is the shortest, which is only 33 ms. Compared
with the conventional crowbar method and the method in [29],
the proposed method reduces the crowbar activation time by 82%
and 66%, respectively, which is able to achieve the requirements
of most national grid codes.

Fig. 11 shows the experimental results of the dq-axis ro-
tor current and reactive current reference. Fig. 12 shows the
experimental results of the q-axis stator current injected into
the grid, i.e., the reactive current injected into the grid from
unit (reflecting the reactive power characteristics of the unit).
From Fig. 11, it clearly shows that the reduction of the crowbar
activation time allows a faster reactive current support control as
well as a reduction of reactive power absorption. From Fig. 12,
it can be seen that there are discrepancies in the reactive current
characteristics (i.e., the value of reactive current) of the three
methods during grid faults. The proposed method allows a
positive average value of stator current during grid fault, which
implies that reactive power can be generated during the entire
LVRT period with the proposed method (RPS mode). With the
other two control methods, the average value of stator current is
negative, which means that the reactive current is absorbed for
the first 200 ms after the grid fault occurs.

B. Rotor Voltage and Current Characteristics

Fig. 13 shows the experimental results of rotor voltage and
current after crowbar release. Fig. 14 shows the experimental
results of the dq-axis tracking error. It is obviously that after the
release of the crowbar, the rotor current of all three methods
is close to the maximum rotor current and contain natural
components. However, the causes of the current characteristic
are not the same.

Under the conventional crowbar control method, the rotor
voltage is always maintained at 0.2 p.u. and saturated after
the crowbar is released, while the current tracking error is the
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Fig. 10. Experimental results of crowbar signal. (a) Conventional crowbar control. (b) Crowbar control strategy proposed in [29]. (c) Crowbar control strategy
proposed in this article (RPS mode).

Fig. 11. Experimental results of the dq-axis rotor current and the injected reactive current. (a) Conventional crowbar control. (b) Crowbar control strategy
proposed in [29]. (c) Crowbar control strategy proposed in this article (RPS mode). Note: If denotes the amplitude of the reactive current reference.

Fig. 12. Experimental results of the q-axis stator current. (a) Conventional
crowbar control. (b) Crowbar control strategy proposed in [29]. (c) Crowbar
control strategy proposed in this article (RPS mode).

largest and near 2 p.u. It indicates that the system cannot track
the current reference, i.e., the system is out of control. In such
situation, the rotor current is actually dominated by the current
tracking error (i.e., the natural component of the rotor current).
Since the amplitude of the current tracking error cannot be
controlled, the uncontrolled rotor current is pernicious and tends
to exceed the current limit, causing repeated activation of the
crowbar.

Under the method in [29], it is obviously that the rotor voltage
and the current tracking error are relatively small after the
release of the crowbar. It indicates that the system has regained
controllability. In such case, the rotor current reference can
be designed to control the amplitude of the rotor current and
the injection of reactive power, and there is no longer a risk
of overcurrent. However, the utilization of the rotor voltage is
poor with this method, leading to the crowbar activation time is
relatively long.

Compared to the method in [29], the proposed method
improves the utilization of the rotor voltage by dynamically

designing the current reference. As a result, it reduces the time
required for the system to regain controllability, shortening the
activation time of the crowbar even further.

C. Flux Decay Characteristics

Fig. 15 shows the experimental results of the stator flux under
the three methods. In general, the stator flux can be decayed in all
three methods, but the process of decay are not the same. In the
conventional method, the rapid decay of the stator natural flux
is mainly during the crowbar activation time. Under the latter
two methods, although the crowbar activation time is greatly
reduced, the stator natural flux can still be decayed rapidly
and controllably through RSC control after the crowbar release.
Therefore, the latter two methods are more conducive to the
continuous decay of the stator natural flux.

D. Electromagnetic Torque Characteristics

Fig. 15 shows the experimental results of the electromagnetic
torque under the three methods. It can be seen that electromag-
netic torque oscillations are still generated continuously after
crowbar release in all methods, due to the injection of reactive
current after crowbar release, as analyzed in Section II.

To validate the effectiveness of the proposed TOS mode
control. The electromagnetic torque comparison among the three
methods (i.e., the proposed TOS mode control, conventional
crowbar control without additional reactive current, and control
method in [29] without injecting additional reactive current) is
carried out in Fig. 16.

Fig. 16 shows the experimental results of the electromagnetic
torque under the above three methods. It can be seen that,
under the proposed TOS mode control, the torque oscillation is
significantly reduced at 33 ms due to the crowbar release. After
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Fig. 13. Experimental results of rotor voltage and current. (a) Conventional crowbar control. (b) Crowbar control strategy proposed in [29]. (c) Crowbar control
strategy proposed in this article (RPS mode).

Fig. 14. Experimental results of dq-axis tracking error. (a) Conventional crowbar control. (b) Crowbar control strategy proposed in [29]. (c) Crowbar control
strategy proposed in this article (RPS mode). Note: Ird_err and Irq_err denote the d-q axis current tracking error, respectively.

Fig. 15. Experimental results of stator flux. (a) Conventional crowbar control. (b) Crowbar control strategy proposed in [29]. (c) Crowbar control strategy proposed
in this article (RPS mode).

Fig. 16. Experimental results of electromagnetic torque. (a) Conventional crowbar control. (b) Crowbar control strategy proposed in [29]. (c) Crowbar control
strategy proposed in this article (RPS mode).
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Fig. 17. Experimental results of the electromagnetic torque. (a) Conventional crowbar control. (b) Crowbar control strategy proposed in [29] without injecting
additional reactive current. (c) Crowbar control strategy proposed in this article (TOS mode).

TABLE I
PERFORMANCE COMPARISON UNDER THREE CONTROL METHODS

crowbar release, the torque oscillation is gradually suppressed
to 0 as the injected positive-sequence component increases.
In the other two cases, the torque oscillations are consistently
existed due to the rotor current not being parallel to the stator
flux. Obviously, the proposed TOS mode control can effectively
suppress the torque oscillation. It will extend the lifespan of
drive trains.

Finally, to visually illustrate the system performance differ-
ences of the three methods, their performances are summarized
in Table I. Therein, four key metrics are used: the crowbar
activation time, the system controllability (reflected on the cur-
rent tracking error), the reactive current support, and the torque
oscillation suppression.

V. CONCLUSION

In this article, the crowbar release condition is analyzed from
the perspective of system controllability, and a hybrid LVRT
control of VSPS unit to shorten crowbar operational duration is
proposed. The main conclusions can be summarized as follows.

1) The essential condition for releasing the crowbar is main-
taining the controllability of VSPS unit under the unde-
cayed EMF after crowbar release.

2) The controllability of the unit can be improved through
injecting the demagnetizing current after crowbar release,
thus shortening the operational period of the crowbar.

3) The crowbar operational duration can be minimized
through optimizing the demagnetization coefficient dy-
namically, which fully utilize the RSC capacity to improve
the unit controllability.

4) The transient control objectives of reactive power support
and torque oscillation suppression can be achieved by

modifying the additional positive-sequence component in
the rotor current.

APPENDIX

TABLE II
SYSTEM PARAMETERS OF 300-MW VSPS
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