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Virtual Inductance and DC Boosting Control Based
Low Voltage Ride-Through Method for Doubly-Fed
Variable-Speed Pumped Hydro Storage Units

Xin Li
and Wu Chen

Abstract—This article proposes a novel low-voltage ride-through
(LVRT) control strategy for doubly-fed variable-speed pumped hy-
dro storage (VS-PHS) units. Unlike conventional LVRT approaches
for doubly-fed induction generators (DFIGs) that mainly rely on
crowbar circuits or virtual inductance control, the proposed strat-
egy combines rotor-side virtual inductance with dc-link voltage
boosting, fully leveraging the tolerance of pumped hydro units to
elevated dc-link voltages during pumping-mode self-startup. In
this way, it overcomes the inherent limitations of single virtual
inductance control and extends the applicable range of virtual
inductance control. A real-time digital simulation platform of a
300 MW VS-PHS unit is established to validate the method. Sim-
ulation results demonstrate that the proposed strategy not only
suppresses rotor overcurrent more effectively than conventional
demagnetization control but also provides reactive power support
during faults, offering clear advantages over existing DFIG LVRT
strategies. It can still operate safely and stably under severe voltage
drops of up to 80% . This ensures secure and stable operation in
both generating and pumping modes, across a wide speed range
and under varying fault severities.

Index Terms—DC-link voltage, doubly-fed induction generator
(DFIG), low voltage ride through (LVRT), real-time digital
simulation (RTDS), virtual inductance control.

1. INTRODUCTION

UE to the randomness, volatility, and intermittency of
D new energy power generation, energy storage systems
are emerging as critical infrastructure for integrating renewable
energy sources and optimizing grid stability by managing energy
supply-demand imbalances [1].
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The increasing penetration of renewable energy sources, such
as wind and solar, is accelerating this trend, while also imposing
more stringent requirements on fault-ride-through capability [2].
In particular, low-voltage ride-through (LVRT) has become a
critical requirement for large-capacity grid-connected equip-
ment in modern power systems [3].

Compared to energy storage methods such as batteries, fly-
wheels, superconductors, and supercapacitors, pumped hydro
storage is an effective large-capacity energy storage method,
offering advantages such as large storage capacity, fast response
speed, and high conversion efficiency [4]. The existing pumped
hydro storage facilities predominantly employ conventional
synchronous-speed units. However, the fixed-frequency opera-
tion restricts the accuracy and efficiency of the power regulation.

Compared with conventional fixed-speed systems, variable-
speed pumped hydro storage (VS-PHS) units utilizing doubly-
fed induction generator (DFIG) technology can achieve variable-
speed constant-frequency with agile and wide-range power reg-
ulation capability [5], [6]. The use of a small-capacity rotor-side
converter (RSC) with DFIG offers a cost-effective solution
suitable for high-power applications, reducing converter size
while enabling high efficiency and flexibility [7]. Currently,
two 300 MW units in Fengning Power Station in China that
adopts doubly-fed VS-PHS units have been put into operation
for the first time, providing technical assurance and engineering
demonstration for the large-scale development and construction
in the future.

However, as stator of the DFIG is directly connected to the
grid, the doubly-fed VS-PHS units is very sensitive to grid
voltage fluctuations. When a grid voltage drop occurs, the stator
terminal voltage drops abruptly. However, due to the inductive
nature of the stator, the stator flux cannot change instantaneously,
resulting in a transient dc component. This transient flux induces
a significant electromotive force (EMF) in the rotor circuit [8].
The EMF is then transmitted through the rotor windings to
the input of the RSC, potentially endangering the safety of the
converter’s IGBT modules. Therefore, a certain level of LVRT
capability is necessary.

The existing LVRT strategies for DFIG-based systems
can generally be classified into hardware-based protection
methods and software-based control strategies. Among hard-
ware approaches [9], [10], the most widely adopted and cost-
effective solution is the deployment of a Crowbar circuit on the
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rotor side. When a grid voltage fault is detected, the Crowbar
circuit is triggered, and the RSC is disabled from pulse emis-
sion, thereby diverting the fault current through the Crowbar
resistor to protect the RSC from overcurrent damage. Extensive
studies have been conducted on optimizing the switching logic
[11], resistor design [12], and topological configurations [13] of
Crowbar circuits to improve their fault response characteristics.

However, the main limitation of hardware Crowbar solutions
lies in the fact that once the RSC is deactivated, the unit be-
comes entirely uncontrollable, thereby losing its key advan-
tage of flexible power regulation and dynamic grid support.
Moreover, although alternative hardware approaches such as dc
bus chopper circuits have been proposed to suppress dc-link
voltage overshoots during faults, these methods do not address
the issue of rotor-side fault currents. As a result, many practical
implementations still rely on hybrid configurations that combine
Crowbar circuits with chopper circuits, which adds system com-
plexity while still failing to fully exploit the control potential of
the RSC during LVRT events.

These limitations underscore the need for more advanced ac-
tive control-based LVRT strategies, particularly for DFIG-based
VS-PHS units, where maintaining control flexibility across both
operating modes is essential.

In terms of software-based protection, existing LVRT strate-
gies for DFIG systems can generally be categorized into the
following three main approaches [14]:

1) feedforward control with induced EMF compensation;

2) enhanced disturbance rejection through advanced current

loop design;

3) demagnetizing current injection techniques.

In study [15], a feedforward compensation strategy was pro-
posed based on grid voltage, stator flux, and stator excita-
tion current variations. Both stator voltage-oriented control and
stator flux-oriented control methods were analyzed, offering
broad applicability across different grid scenarios. However,
this approach suffers from inherent limitations such as exces-
sive demagnetizing currents, pronounced torque pulsations, and
the added complexity of requiring stator flux observation and
phase-sequence decoupling. To improve current loop perfor-
mance, various advanced control structures have been proposed
in studies [16], [17], [18], and [19], including sliding mode
control, hysteresis control, internal model control, and fuzzy
logic control, which aim to enhance the current loop’s distur-
bance rejection and reduce current tracking errors. While these
approaches improve rotor current dynamics, they do not fully ad-
dress key challenges such as flux decay time constants and large
rotor-induced EMF during deep voltage sags. Demagnetization
control [20] is considered a classical LVRT technique, wherein
the transient component of the stator flux is extracted using a
flux observer, and the rotor current is actively controlled to track
both free and negative-sequence components of the stator flux,
thereby achieving a demagnetizing effect. However, this method
is sensitive to flux observer accuracy and introduces greater sys-
tem complexity due to the required real-time flux estimation. In
study [21], a scaled stator current tracking control approach was
proposed, wherein the rotor current is constrained to track the
stator current within a certain range using an optimized tracking
coefficient, thus ensuring that rotor current remains within the
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RSC’s safe operating range. However, this method overlooks
the requirement to accelerate stator flux decay, resulting in a
prolonged transient recovery process during fault clearing. In
studies [22] and [23], a virtual damping control strategy was
developed to accelerate stator flux transient decay by effectively
increasing the equivalent damping of the flux dynamics, thereby
suppressing rotor current oscillations. Nevertheless, this method
demands an excessively high rotor voltage, which introduces
the risk of converter saturation or even loss of control under
severe grid fault conditions. In studies [24] and [25], a cascade
converter-based solution that can effectively enhance both LVRT
and HVRT performance of the DFIG system was proposed.
The cascade converter can operate under both voltage sags and
swells, improving system damping and maintaining fault ride-
through capability with much lower converter ratings compared
to other hardware-based solutions.

Although significant progress has been made in software-
based LVRT control for DFIG systems, most existing studies
have focused primarily on doubly-fed wind turbines, while
research on doubly-fed VS-PHS units remains relatively limited.
Although both systems utilize DFIG technology and therefore
share certain similarities in LVRT control, VS-PHS units exhibit
distinct operational characteristics compared to wind turbines. In
particular, they must alternate between generating and pumping
modes, with the direction of power flow in the rotor-side con-
verter dynamically reversing according to the operating mode.
This introduces unique control challenges that are rarely en-
countered in wind turbine applications [26].

Moreover, during grid voltage faults, the LVRT controller of
a VS-PHS unit must not only ensure effective fault ride-through
capability in both operating modes but also enable smooth
transitions and recovery between them. However, most existing
LVRT solutions for pumped storage systems still rely heavily
on hardware-based Crowbar circuits, which suffer from limited
control flexibility and cannot deliver optimal dynamic perfor-
mance across the entire dual-mode operating range [27]. It is
worth noting that VS-PHS units possess certain unique features
in pumping mode—such as self-start capability—that can be
leveraged to develop more effective LVRT strategies. There-
fore, exploring targeted LVRT control methods that account for
the fundamental differences between VS-PHS units and wind
turbines is of great research significance.

This article addresses the LVRT control problem of VS-PHS
units. The main contributions are as follows.

1) A systematic analysis of the interaction between the pro-
posed virtual inductance control and rotor-side dynamics,
clarifying the influence of rotor current and flux linkage
during grid faults.

2) An investigation of stability margins under different dc-
link voltage limits.

3) An analytical derivation of the safe range of virtual induc-
tance, considering both rotor-side dynamics and converter
capability constraints.

Compared with other control strategies, the proposed method

in this article has the following advantages.

1) Compared with conventional crowbar methods, the pro-
posed method protects the converter by limiting rotor
overcurrents while maintaining flexible controllability of
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Fig. 1.  Diagram of the structure of doubly-fed VS-PHS units.

the unit. In addition, it can provide reactive power support
to the grid, which facilitates voltage recovery.

2) Compared to demagnetization control, the proposed
method limits rotor-side overcurrents more effectively
with better use of the power characteristics during faults.

3) Compared with approaches using only virtual impedance
or virtual inductance, the proposed strategy incorporates
dc-link voltage boosting and fully exploits the inherent
power imbalance during faults. This enables a wider slip
range and a higher voltage ride-through capability.

The remainder of this article is organized as follows: Section II
discusses the operating characteristics of VS-PHS units, with
emphasis on the differences between pumping and generating
modes. Section III analyzes the variations of rotor EMF and cur-
rent during voltage sags. Section IV introduces the principle of
virtual inductance control, outlines its challenges, and proposes
an improved dc-link voltage control strategy tailored to the wide
speed range of VS-PHS units. Section V presents the simulation
results, and Section VI concludes this article.

II. OPERATION MODE OF DOUBLY-FED VARIABLE-SPEED
PUMPED HYDRO STORAGE UNIT

The structure of the doubly-fed VS-PHS unit is shown in
Fig. 1. It mainly consists of a doubly-fed motor, an ac excitation
circuit, an excitation transformer, and a reversible pump-turbine.
The rotor side is connected to the grid through the ac excitation
circuit composed of back-to-back inverters and the excitation
transformer, while the stator side is directly connected to the
grid. Therefore, energy is exchanged between the stator, rotor,
and the grid.

In generating mode, the stator winding is initially discon-
nected from the grid, placing the DFIG in a no-load state. The
hydraulic turbine and its governor system then drive the rotor
to accelerate. Once the rotor speed reaches a predetermined
synchronization threshold and the excitation converter is ready,
the excitation system is activated. The grid side converter (GSC)
regulates the dc-link voltage, while the RSC injects excitation
current into the rotor, gradually building up the stator voltage.

When the stator output voltage of the generator matches the
grid voltage in magnitude, phase, and frequency, the synchro-
nization conditions are satisfied, and the grid-connected breaker
is closed to complete the grid connection. After connected with
grid, the system enters generating control mode, where the RSC
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Fig. 2.  Simulation waveforms of the self-startup process. (a) DC-link voltage
is 6400 V. (b) DC-link voltage is 9000 V.

regulates both active and reactive power exchange between the
DFIG and the grid, and the GSC continuously maintains dc-link
voltage stability.

In pumping mode, there is no external mechanical drive, so
the rotor must be started via electromagnetic torque. The stator is
initially short-circuited to provide electrical damping, while the
ac excitation system applies an excitation voltage of increasing
amplitude and frequency to the rotor windings. To accelerate the
heavy rotating mass of the machine more efficiently, the GSC
is controlled to increase the dc-link voltage, thereby expanding
the voltage margin of the RSC and enabling it to deliver stronger
excitation current to the rotor. For example, in the studied VSPS
unit, the dc-link voltage is normally maintained at 6400 V, but
during self-startup, it is boosted to 9000 V—approximately 1.4
times the nominal level. As the rotor begins to accelerate under
the effect of electromagnetic torque, it smoothly builds up speed.
When it reaches the reference value near synchronous speed,
the RSC pulse output is temporarily blocked, and the stator
short-circuit switch is opened, placing the stator in open-circuit
condition. The RSC then adjusts the rotor excitation to further
increase the stator terminal voltage. Once the stator voltage
matches the grid in magnitude, phase, and frequency, synchro-
nization is performed by closing the grid connection switch.

After synchronization, the system enters pumping operation
mode, where the RSC regulates the active and reactive power
exchange with the grid, and the GSC continues to stabilize the
dc-link voltage.

Fig. 2 illustrates the self-startup waveforms of the variable-
speed pumped storage unit under different conditions. Since the
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Fig. 3.
synchronous operation. (b) Pumping mode, supersynchronous operation.

Grid-connected operation mode. (a) Generating mode, super-

(c) generating mode, subsynchronous operation.
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(d) Pumping mode,

dc-link voltage is divided across upper and lower capacitors, the
voltage is Uq./2, and the speed reference is set to —0.9 p.u. (as the
machine rotates in reverse during pumping mode, the speed is
negative). Fig. 2(a) shows the case with a 6400 V dc-link voltage,
while Fig. 2(b) corresponds to a 9000 V dc-link voltage. It can be
observed that the self-startup time is approximately 220 s at 6400
V, whereas it is reduced to around 100 s at 9000 V. This indicates
that increasing the dc-link voltage significantly shortens the self-
startup time. Therefore, in practical design, a certain voltage
margin is typically reserved in the dc-link to enhance the RSC’s
ability to supply excitation current, and hardware parameters are
usually specified based on this higher voltage level. This design
feature distinguishes variable-speed pumped storage units from
wind turbines and also provides an important inspiration for the
LVRT control strategy proposed in this study.

After grid synchronization, the system operates in four states
as shown in Fig. 3, where s denotes the slip of the machine, Pg
and Qg represent the stator-side active and reactive power, and
P, and Q; represent the rotor-side active and reactive power.

III. TRANSIENT CHARACTERISTICS OF ROTOR SIDE
EQUIVALENT CIRCUIT DURING GRID VOLTAGE DROPS

The expression for the rotor-side voltage and current can be
expressed as follows [28]:

. — Lmd’l)bs
YL dt

d
T Lr* ‘~ 1
Jr{R +o dt]z’ (H

where u represents the voltage vector; i denotes the current
vector; 1) signifies the flux linkage vector; the subscripts “s”
and “r” refer to the stator and rotor, respectively; Ls and L,
are the self-inductances of the stator and rotor windings, re-
spectively; Ly, is the mutual inductance between the stator and
rotor windings; Ry and R, are the resistances of the stator and
rotor windings, respectively; and o is leakage coefficient and
o =1-L2/(L.L,).

The rotor voltage in (1) can be divided into two parts. The first
part is the induced EMF caused by the stator flux linkage. When
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(a) (®)

Fig. 4. Rotor side equivalent circuit during faults. (a) Equivalent subcircuit
under the RSC voltage excitation. (b) Equivalent subcircuit under the rotor open-
circuit voltage excitation.

the rotor is open-circuited, this term also represents the rotor
open-circuit voltage, hence denoted as u,,. The second part is
the voltage drop across the rotor impedance.

Rotor open-circuit voltage u,, reflects the electromagnetic
coupling relationship between the stator and rotor. During grid
voltage fault, the rotor current, dc-link voltage, and electro-
magnetic torque of the doubly-fed VS-PHS unit is primarily
influenced by u,,,. Therefore, it is necessary to first analyze the
variation of the rotor open-circuit voltage.

Assuming a three-phase symmetrical fault occurs in the grid
voltage at + = 0, and given that the stator of the doubly-fed
VS-PHS unit is directly connected to the grid, the analytical
expression for the stator flux linkage after the fault can be
obtained as follows [28]:

by =t g = O Mg
Jws Jws
where the stator flux linkage consists of a rotating ac component
1)gr and a decaying dc component g, ; h represents the voltage
drop degree, where 0<h<1; Uy is the amplitude of stator voltage;
wy 1s the frequency of stator voltage; j represents the imaginary
part; and T is the stator time constant and 75 = Ls/Rj.

Substituting (2) into (1) and transforming it into the rotor
reference frame yields the analytical expression for the rotor
open-circuit voltage

r

Uy, = i—m [s (1 — h) Use?®¥st — (1 — ) hUSef(%H“r)t}
S
3)
where w, is the frequency of rotor voltage; and s represents slip
rate.

The rotor current is influenced by two components: the open-
circuit voltage uy, and the converter output voltage uy. To derive
the analytical expression of the rotor current, the superposition
principle is applied, resulting in two equivalent subcircuits of
the rotor-side during the fault period, as shown in Fig. 4. As per
Fig. 4, the following can be derived:

r

,L'r _ u,

rl 7™ R,4jw,oL, 4)
,I:r _ uy

r2 Ry+jwro Ly

T T .7

T =1 + 1. (&)

Here, ¢}, represents the rotor current component influenced
by the RSC voltage, and 7}, denotes the rotor current component
influenced by the rotor open-circuit voltage.



LI et al.: VIRTUAL INDUCTANCE AND DC BOOSTING CONTROL BASED LOW VOLTAGE RIDE-THROUGH METHOD

Voltage/pu
1 | ‘q |ny n [
0.5

I
0 | | \ | f} { ‘\\ i {Qx’&W&WWWMWR\CWWQ\CWM

-1 WV

3 @

2

1 fas

-1 ‘\‘k

-2

-3

0 0.1 0.2 0.3 0.4 t/s
(b)

Fig. 5. Stator voltage and rotor open-circuit voltage waveforms before and

after 80% voltage drop happens at 0.1 s. (a) Stator voltage. (b) Rotor open-circuit
voltage.

Current/kA
30 |

20
10

230 — t/s
0 0.5 1 1.5 2 2.5 3

Fig. 6. Rotor current waveforms when 80% voltage drop happens at 2 s.

By solving the above equations comprehensively, Z. can be
solved as follows:

. Ure-jwrt_ %rsn (S (1_h) Usejswst _ (1—8) hUSef(%SJrjwr)t)

1=

RtjwoLy
(6)

During the LVRT process, the main challenge lies in the fact
that the stator flux linkage induces a significant EMF on the
rotor side, namely the rotor open-circuit voltage uy,, which in
turn affects the rotor current 2;.

The waveform of the rotor open-circuit voltage after the
voltage drop can be plotted based on (3). As illustrated in the
equivalent circuit, the rotor current ¢} is driven by the difference
between the induced open-circuit voltage u;, and the terminal
voltage u;, with the total rotor-side impedance consisting of
oL,, R,, and the virtual impedance Zrsc. When a grid voltage
drop occurs, the stator voltage drops rapidly, while the magnetic
flux in the stator cannot change instantaneously due to the
presence of the stator-side leakage and mutual inductances. This
results in a sharp increase in the rotor-side induced voltage ur,,
as shown in the waveform in Fig. 5, which exhibits a transient
overshoot up to approximately 3 p.u.

Fig. 6 presents the simulation waveform of the rotor current
for a DFIG operating in generating mode under an 80% voltage
drop. The relevant simulation parameters are listed in Table I.
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TABLE I
PARAMETERS OF 300 MW DouBLY FED VS-PHS UNIT

Parameters Values
Rated power 300MW
Rated voltage 18kV
Rated frequency 50Hz
Rated speed 428rpm
Maximum slip rate s 0.07
Stator resistance R, 0.001341pu
Stator leakage Xjs 0.1208pu
Rotor resistance R, 0.001405pu
Rotor leakage X, 0.1868pu
Excitation reactance Xy, 2.383pu
Impedance base value 0.9257Q
Pole pairs p 7
maximum current /. 20kA
maximum voltage Upmax 10kV

As visualized in Fig. 5, the rotor current transient at 80% voltage
drop reaches nearly three times the nominal operating current.

Under this sudden increase of uf,, the voltage across the rotor
impedance path significantly increases. Since the impedance
remains unchanged during this short transient periods, Ohm’s
law dictates that the rotor current must increase proportionally.
This explains why the rotor current reaches several times its
pre-fault value at the moment of voltage drops.

This current may significantly exceed the converter’s rated
capacity. Without additional protective schemes, the RSC faces
the risk of overcurrent. Should protective relaying systems detect
this, the unit may be forced to disconnect from the grid to protect
the RSC. However, with the escalating power ratings of modern
converter units, directly disconnecting the unit during a grid fault
could further exacerbate the grid fault.

Therefore, it is necessary to incorporate an LVRT control
strategy into the RSC control system.

IV. ANALYSIS OF LOW-VOLTAGE RIDE-THROUGH CONTROL
STRATEGY

The voltage drop across the rotor impedance is denoted as uy,
with the equivalent output impedance of the RSC represented
by Zrsc. Incorporates these parameters the equivalent circuit
on the rotor side is shown in Fig. 7, and the rotor loop satisfies

the following:

T r o __ r
Uy, + Uy = U,
; "
uly = (R, + jwoLy) 1. @)
uy=— Zrscty

Given the resistance in the rotor circuit is negligible compared
to the reactive impedance, it can be approximated that the angle
61 between u}, and 2. is 90°. Let the angle between u} and ¢} be
0, then the voltage relationship within the rotor loop satisfies the
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Fig. 9. Rotor side equivalent circuit under virtual inductance control.

phasor diagram in Fig. 8. As per (3), the open-circuit voltage u
depends solely on the voltage drop level, slip ratio, and inherent
motor parameters, so the magnitude of u;, can be considered
constant. Consequently, when the RSC terminal presents varying
impedance characteristics, the rotor current magnitude 2} will
exhibit corresponding variations for a specified rotor voltage .
Fig. 8(a) shows the rotor voltage phasor diagram of the rotor
circuit when it exhibits arbitrary impedance characteristics, and
the vector relationship shows that the magnitude of the rotor
current <., is related to 6.

As shown in Fig. 8(b), when the phase angles satisfy
01 = 0 the rotor voltage vector w, aligns with the angle of the
open-circuit rotor voltage uy,. Under this condition, minimizing
the rotor current magnitude |z for a given u! is achieved by
aligning ¢! in the same direction as the voltage drop across the
virtual inductance, which lags behind u;, by 90°. In this case,
the net voltage u;— wu, is purely inductive, and its magnitude
is minimized when the current vector points in this lagging
direction. This alignment ensures that for a fixed output voltage
vector u;, the resulting current magnitude is as small as possible,
thereby reducing rotor overcurrent risk during grid faults.

The transient equivalent circuit incorporating the equivalent
inductance L., is illustrated in Fig. 9. During this dynamic

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

phase, the rotor current is denoted as if, and the port voltage
output by the rotor-side converter uf is exactly the voltage drop
across the equivalent inductance, which satisfies the following:

_erLviri;, = Rriil + jwraLrilrr/ + ui.o (8)

u''= — jw, Lyyd" C))

T

And (5), (6) become

r/

ar I __ U,

rl ™ Ri4jw.oL,
T Ry (10)
r2 R, +jwyoL,

T/ -r / -/

2, =1 + 2.9 (11)

On the basis of (8)—(11), the following equations are derived:

- U,
= — TO 12
’ Rr+jwr (ULr + Lvir) ( )

ul‘
- o . (13)
Rr+]wr (O’Lr —+ Lvir)

Through analysis of (12) and (13), it reveals that the greater
the value of L,;, is, the smaller if becomes, and the larger uf
becomes. Therefore, increasing the equivalent inductance Ly;,
enhances the suppression of the rotor current, but the voltage
that the RSC needs to output also increases. Due to the limited
capacity of the converter, both voltage and current must operate
within strict operational boundaries, which requires the equiva-
lent inductance value to be judiciously constrained.

Considering the maximum allowable current and the maxi-
mum output voltage of the RSC are I;1,ax and U, ax, the rotor
current must satisfy the subsequent operational constraint:

v -
u, :erLvir

| = [y <o (14)
\/ R2 + w2(0 Ly + Lyy)?
Solving (14) yields the following expression:
\/‘ullfo 2 (Irmaer)2
Lvir Z - aLr- (15)
Ir maxwr
The rotor voltage satisfies the following:
I E— i < Umax:~ (16)
VR + 2oL, + L)
Solving (16), we have the following:
V UenaxR)? + wro L
Ly < . 17

vir > 2
r 2
Wr \/ ‘uro - Ur max

Therefore, the equivalent virtual inductance must simultane-
ously satisfy the constraints given by (15) and (17).

From (15) and (17), it can be seen that L., is related to the
motor’s intrinsic parameters, the voltage and current limits of
the RSC, and the magnitude of the rotor open-circuit voltage.
The magnitude of the rotor open-circuit voltage, as shown in
(3), varies with the slip rate s and the voltage drop degree /. The
larger the slip rate s or the deeper the voltage drop degree h, the
greater the magnitude of the rotor open-circuit voltage. Figs. 10
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Rotor open-circuit voltage under different voltage drop degrees,

and 11 show the waveforms of the rotor open-circuit voltage
under different slip rates and voltage drop degrees, respectively.

To achieve high efficiency, doubly-fed VS-PHS units typically
necessities flexible adjustments of the rotational speed based on
different operating conditions. It should be noted that when a
high degree of voltage drop fault occurs with a large slip rate, the
induced electromotive force on the rotor side (i.e., u,,) becomes
large. In this case, it may no longer be possible to use (15) and
(17) to determine a valid range for Ly;;.

The magnitude of u, exhibits a certain degree of randomness
under different operating conditions. If u}, is large, it may
lead to the failure of the virtual inductance control strategy.
From (15) and (17), it can be seen that among the variables
affecting the value of L., we cannot easily change the motor’s
intrinsic parameters and the maximum current allowed by the
RSC, Imax. In the back-to-back converter excitation system,
the output voltage of the RSC is limited by the dc-link voltage,
which means that U,yax in (17) is constrained by the dc-link
voltage. Under normal operating conditions, the dc-link voltage
in the excitation circuit of the unit studied in this article is 6400
V. However, considering the characteristics of the doubly-fed
VS-PHS unit itself, the unit inherently requires an elevated
dc-link voltage during self-startup in pumping mode. When the
dc-link voltage increases, the output voltage capability of the
RSC also improves. If this approach is applied during LVRT,
it can effectively increase U,p.x. Therefore, based on (17), an
increase in U,y ax can expand the upper limit of the L,;, value
range, meaning that the unit can handle higher rotor open-circuit
voltage, thereby preventing overcurrent on the rotor side.
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Under this premise, assuming that the dc-link voltage out-
put controlled by the GSC during low voltage ride-through is
increased by a factor of k, then U,nax Will also increase by a
factor of k. The value of k depends on the control range of the
dc-link voltage considered during the self-starting process when
designing doubly-fed VS-PHS units. In this article, & is taken as
1.4. At this point, (17) becomes as follows:

L V (kUrmaxR,)? + wio L,
vir = .

2 2772
Wr \/|u1¥0 -k Urmax

(18)

In (18), the increase of U,nmax lead to the increase of numer-
ator, and the decrease of denominator, resulting in an increase
in the upper limit of L.;,. This expands the application range of
the virtual inductance control, allowing it to handle faults under
more severe voltage drops or operating conditions with larger
slip rates.

From a theoretical perspective, increasing the dc-link voltage
is feasible for two main reasons. On one hand, the doubly-fed
VS-PHS units inherently require an elevated dc-link voltage
during self-startup in pumping mode—and this elevated state
must be sustained for a relatively long duration (approximately
100 s)—increasing the dc-link voltage during LVRT will not
impose any additional stress on the hardware components.

On the other hand, when a fault occurs, the rotor-side induced
electromotive force rises sharply, leading to an increase in rotor-
side power. During this period, the stator is unable to effectively
transmit power to the grid. Due to this power imbalance, the
anti-parallel diodes in the RSC conduct, transferring the excess
energy to the dc-link and causing the dc-link voltage to rise.
During this process, if the GSC is simultaneously controlled
to actively absorb power from the grid and raise the dc-link
voltage, energy will flow into the dc-link from both the rotor
and grid sides, facilitating a rapid voltage increase. Meanwhile,
the conduction path provided by the anti-parallel diodes of the
RSC allows for the release of unbalanced power on the rotor
side.

The overall control block diagram of the proposed system is
illustrated in Fig. 12. The proposed strategy can effectively sup-
press rotor overcurrent during voltage sag conditions, thereby
ensuring continuous grid connection of the generating unit. In
addition, it increases the maximum rotor voltage U,y ax, Which
improves the control margin. Simultaneously, by providing
an effective energy release path, it helps mitigate rotor-side
power imbalance, thus facilitating a successful low-voltage ride-
through process.

V. EXPERIMENTAL VERIFICATION

To validate the correctness and feasibility of the proposed
control strategy, a simulation model of a doubly-fed VS-PHS
unit was constructed based on the RTDS simulation platform.
The motor has a rated power of 300 MW, a stator rated voltage
of 18 kV, and a rated speed of 428 r/min. During the simulation,
the motor slip rate is controlled at 0.07. The relevant parameters
of the unit are listed in Table I.



6132

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

Excitation

transformer | Power grid

control

Qref/l]sq Pref/(]sd

Fig. 12.  System control block diagram of the proposed control strategy.
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Fig. 13. RTDS simulation platform of doubly-fed VS-PHS unit.

Fig. 13 illustrates the hardware architecture of the simulation
platform. The RTDS Simulator is designed to perform real-time
electromagnetic transient simulation. It is composed of multiple
processor boards, which consist of WIF (a green or red light in-
dicates this status as good or bad), real time functionality FPGA
and IBM power9 processor. The RTDS Simulator is connected
with ac excitation control cabinets by GTAO (analog output
card) and GTDI (digital input card) boards. The analog signals

|
|
|
|
Equation(12) :
|
|

. Udcwl'
Equation(18) |

*

such as voltage and current are transmitted to the ac excitation
control cabinet through the GTAO board, and the pulsewidth
modulation pulse signal generated by the ac excitation control
cabinet is received through the GIDI board.

In the RTDS simulation, the primary focus was on the volt-
age and current constrains on the rotor side during transient
processes. The maximum allowable current on the rotor side is
20 kA, and the maximum allowable voltage is 10 kV. Therefore,
certain simplifications were applied to the simulation model:
the grid was simplified as an ideal model, neglecting har-
monics and unbalanced components; the cooling, temperature
rise, temperature-dependent variations, magnetic saturation, and
long-term aging effects of the converter and machine were not
considered, the hydraulic turbine was simplified as a transfer-
function model governing rotor speed. These simplifications do
not affect the transient simulation results.

Figs. 14-16 have a comparison of the RTDS simulation
waveforms by a commonly used LVRT control method and the
proposed LVRT method employing virtual inductance and dc
boosting control. Comprehensive comparative analyses are per-
formed for both control strategies under generating and pumping
modes, with 80% voltage drops. The voltage drop occurs at
t = 0.9 s and recovers at t+ = 1.525 s, lasting for 0.625 s.
In this study, the rotor current limit of the unit under normal
operation is 9 kA (RMS). Therefore, during reactive power
support, the entire rotor current capacity is utilized for reactive
power injection. Under fault conditions, the rotor current peak
limit is 20 kA. If the fault current exceeds 20 kA, the converter’s
internal protection mechanisms will be triggered. From top to
bottom, the simulation results shown in the figure are the stator
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Fig. 15.  Virtual inductance control without DC boosting, voltage drop by 80% , slip rate 0.07. (a) Generating mode. (b) Pumping mode.

three-phase line voltages, rotor three-phase currents, upper and
lower dc-link voltages, and the active and reactive power output
from the stator.

Fig. 14 shows the results under demagnetization control
[18], where Fig. 14(a) corresponds to the generating mode and
Fig. 14(b) to the pumping mode. In generating mode, when the
fault occurs, the peak rotor current exceeds the normal value by
approximately 24% and 30% . In pumping mode, the peak rotor
current exceeds the normal value by approximately 28% and
31% during the fault. This indicates that demagnetization control
has a certain suppressive effect on the rotor current during
faults.

Fig. 15 presents the simulation results when only the vir-
tual inductance control is applied, without the dc boosting
control. In this case, the virtual inductance is set to approx-
imately 3L;.. As shown in the figure, in both generating and
pumping modes, the rotor current peak exceeds 20 kA shortly
after the fault occurs. This triggers the protection mechanism
of the converter, causing the converter pulses to be blocked
temporarily for self-protection. Under such severe voltage
drop and large slip conditions, the virtual inductance control
fails. The root cause is that the induced EMF on the rotor
side becomes excessively high, making the upper limit of the
available virtual inductance smaller than the lower limit. As
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a result, the rotor overcurrent cannot be suppressed regard-
less of the virtual inductance value. During the pulse block-
ing period, the converter ceases operation, and the machine is
unable to provide reactive power support to the grid, leading
to a temporary stagnation in stator terminal voltage recovery.
Once the converter resumes operation, the machine begins
supplying some reactive power, and the terminal voltage rises
accordingly.

Both Figs. 14 and 15 show that, regardless of the control
method used, the dc-link voltage exhibits a significant upward
trend at the moment of the fault if left uncontrolled, and it returns
to normal after a short period. This is because the large induced
EMF on the rotor side after the fault causes the anti-parallel
diode of the RSC to conduct, allowing the unbalanced power to
flow into the dc link through the diode.

Fig. 16 illustrates the simulation results when both virtual in-
ductance and dc boosting control strategies are applied, with the
virtual inductance again set to approximately 3 Lj,. In generating
mode, the rotor current peaks exceed the normal values by only
about 3% and 14% , while in pumping mode, they exceed by
around 11% and 5% . Compared to demagnetization control,
the rotor current peaks are significantly more suppressed, indi-
cating that the proposed strategy is more effective in limiting
overcurrent. Meanwhile, thanks to the bidirectional power flow
provided by the RSC anti-parallel diode and the GSC, the dc-link
voltage can rise rapidly and remain stable. A higher dc-link
voltage enhances the RSC’s voltage output capability, allowing
the virtual inductance control strategy to handle more severe
fault conditions.

The simulation results clearly demonstrate that the proposed
LVRT control strategy outperforms conventional demagnetiza-
tion control in suppressing rotor overcurrent. Therefore, this
control strategy significantly improves the LVRT capability of
the unit, validating the effectiveness and correctness of the
proposed method.
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VI. CONCLUSION

This article investigates LVRT control strategies for doubly-
fed VS-PHS units and proposes an improved method that com-
bines rotor-side virtual inductance with dc-link voltage boosting
control. By exploiting the unique tolerance of VS-PHS units in
pumping mode and the inherent power imbalance during faults,
the proposed strategy reduces rotor transient current peaks by
approximately 15% in both generating and pumping modes com-
pared with conventional demagnetization control. Moreover, by
incorporating dc-link voltage boosting, the method extends the
operational slip range to 0.07 and enhances voltage ride-through
capability up to 80% , surpassing approaches that rely solely
on virtual impedance or inductance. In contrast to conventional
crowbar-based LVRT protection, the proposed method preserves
machine controllability, enables converter-supplied excitation,
and delivers reactive power support to the grid, thereby improv-
ing voltage stability. The effectiveness of the strategy is validated
through the RTDS platform for the VS-PHS system.
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