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Abstract

Active-support motor equipment combining a doubly fed induction machine (DFIM) with
a flywheel energy storage unit possesses fast active and reactive power support capability,
exhibiting promising prospects for enhancing power system stability. However, the startup
process of a DFIM involves multiple dynamic stages, including flux linkage establishment,
excitation converter connection, and rotor-speed acceleration, which may result in large
starting currents, electromagnetic-torque fluctuations, and converter power transients.
And existing soft-start methods still involve trade-offs among startup inrush suppression,
additional hardware requirements, control complexity, and startup performance. Moreover,
the coordinated control of rotor-side closing synchronization, closed-loop acceleration,
and converter power constraints during the startup of active-support motor equipment
requires further investigation. To address these issues, this paper proposes a rotor-side
pre-synchronization method based on virtual impedance. A virtual impedance model is
established between the rotor-induced electromotive force and the output voltage of the
excitation converter. According to the voltage difference and the virtual impedance, a
virtual current is calculated, and rotor-side pre-synchronization is achieved by regulat-
ing this virtual current to zero, thereby effectively suppressing the inrush current at the
closing instant. On this foundation, a complete soft-start control strategy is formulated.
Finally, simulation and hardware-in-the-loop (HIL) experiments are carried out to verify
the method. The results demonstrate that the proposed strategy reduces the absolute peak
value of the three-phase rotor current from 157 A to 21 A, the rotor-current RMS value
during the first electrical cycle after closing from 91.287 A to 9.614 A, and the DC-link
voltage overshoot from 2.81% to 0.078%, corresponding to reductions of 86.62%, 89.47%,
and 97.22%, respectively. These results confirm that the proposed strategy can effectively
suppress the rotor-side closing inrush current and improve the smoothness and reliability
of the startup process of the active-support equipment.

Keywords: doubly fed induction machine; flywheel energy storage; variable-frequency
startup; virtual impedance; pre-synchronization

1. Introduction
With the continuously increasing penetration of renewable energy generation, the in-

ertia level of power systems keeps declining, making frequency stability issues increasingly
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prominent [1]. To improve the transient stability of the grid frequency support capabil-
ity, flywheel energy storage, owing to its advantages including high power density, long
cycle life, and rapid response [2,3], is gradually emerging as one of the key technological
approaches for constructing new-type power systems [4]. Meanwhile, the doubly fed in-
duction machine (DFIM) can achieve wide-range speed regulation using only a fractionally
rated converter, offering merits such as a small excitation converter capacity, high system
efficiency, and low operational costs [5–7]. Therefore, it has thus been widely adopted in
wind power generation systems and flywheel energy storage systems [8,9]. Consequently,
active-support motor equipment based on the DFIM is emerging as an important develop-
ment direction in the field of flywheel energy storage. This equipment stores mechanical
energy within a flywheel and realizes bidirectional electromechanical energy conversion
through the DFIM, thereby possessing the functions of power generation, energy storage,
and reactive power support [10,11].

For active-support motor equipment, a startup process from standstill to the high-
speed energy-storage state is required. Therefore, the startup performance of the DFIM
directly determines whether the equipment can be brought into operation safely and
reliably. Since the back-to-back excitation converter on the rotor side of the active-support
equipment is generally rated according to the slip power, the startup process must not only
limit the inrush current but also ensure smooth machine acceleration and provide overload
protection for the excitation converter.

A traditional starting method for the DFIM is to connect additional resistors or reactors
in series with the rotor circuit. By increasing the equivalent rotor impedance, this method
limits the starting current and improves the starting torque, while the additional impedance
is gradually reduced or removed as the rotor speed increases. Although this method is
conceptually simple, it requires high-power additional impedances and the correspond-
ing switching devices and involves additional losses, heating, and multistage switching,
making it unsuitable for the frequent startup of large-capacity equipment [12,13].

To improve the controllability of the startup process, a short-circuit-assisted converter
starting method can be adopted. For example, at the initial startup stage, the stator winding
is disconnected from the grid and short-circuited, while the rotor-side converter (RSC)
establishes the air-gap magnetic field and electromagnetic torque through constant V/f
control or vector control. After the machine reaches a certain speed, the stator short circuit is
released, and the stator voltage is regulated to achieve synchronization and grid connection.
This method enables active regulation of the electromagnetic torque and reduces power
losses during startup. However, it requires an additional stator short-circuit switch and
involves multiple operating stages, including short-circuiting, short-circuit release, and
grid connection, resulting in a relatively complex control process [14,15].

Another common starting method for the DFIM is direct variable-frequency start-
ing [16], in which the existing excitation converter is used to directly accelerate the machine.
In this method, the stator winding is first connected to the grid, and subsequently, the rotor-
side excitation converter applies an excitation voltage to the rotor winding to accelerate the
flywheel. Compared with the aforementioned methods, direct variable-frequency starting
requires neither additional starting impedances nor stator short-circuit devices, resulting in
a simpler system configuration [17]. Nevertheless, if deviations in frequency, phase, and
amplitude exist between the excitation converter output voltage and the rotor-induced elec-
tromotive force, a considerable inrush current will be generated at the instant of rotor-side
closing, leading to problems such as converter overcurrent, DC-link voltage fluctuation,
and electromagnetic-torque oscillation [18].
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To address the synchronization and closing-inrush issues during DFIM startup, Ref-
erence [19] proposed a stator-side synchronization starting method at standstill. In this
method, with the machine at standstill and the stator-side circuit breaker open, the RSC
excites the machine so that the stator-induced voltage satisfies the synchronization condi-
tions with the grid voltage in terms of magnitude, frequency, and phase. The stator-side
circuit breaker is then closed, after which the rotor voltage and frequency are gradually
reduced under constant V/f conditions to achieve smooth machine acceleration. This
method reduces the need for additional starting equipment and mitigates the stator-side
grid-connection inrush current. However, the magnetizing current during synchronization
is mainly supplied by the RSC, thereby increasing its current burden.

To reduce the magnetizing current supplied by the RSC during synchronization,
Reference [20] further proposed a rotor-side synchronization method at standstill based
on the method in Reference [19]. In this method, the stator winding is first connected
to the grid while the rotor winding remains open-circuited. The output voltage and
frequency of the RSC are then regulated to satisfy the synchronization conditions with
the rotor-induced electromotive force in terms of magnitude, frequency, and phase. After
rotor-side closing, the rotor frequency is gradually reduced under constant V/f conditions
to achieve smooth machine acceleration. Since the magnetizing current required during
synchronization is mainly supplied by the grid through the stator winding, this method
reduces the magnetizing burden on the RSC.

The abovementioned studies have demonstrated the effectiveness of standstill pre-
synchronization in suppressing the closing inrush current of a DFIM. Nevertheless, several
issues still require further investigation. First, References [19,20] both use the voltage
magnitude, frequency, and phase conditions across the circuit breaker as synchronization
criteria. However, a closed-loop compensation mechanism that maps multiple voltage
deviations into a unified intermediate variable has not yet been established, which hinders
the integration of pre-synchronization control with the existing excitation vector control
system. Second, after synchronization, both methods mainly regulate the rotor voltage and
frequency using constant V/f control to control the variation in the machine speed, whereas
precise closed-loop regulation based on the speed deviation is lacking during acceleration.
In addition, existing studies mainly focus on general DFIM systems or pumped-storage
units, while relatively limited attention has been paid to excitation converter overload
in DFIM- and flywheel-based active-support motor equipment under large-slip startup
conditions.

To address the aforementioned issues, this paper proposes a rotor-side pre-synchronization
control strategy based on virtual impedance. On the basis of the conventional excitation
control strategy, a virtual impedance model is constructed between the rotor-induced
electromotive force and the output voltage of the excitation converter. A virtual current
is generated from the voltage deviation through the virtual impedance. By decomposing
this virtual current into d-axis and q-axis components in the synchronous rotating refer-
ence frame, phase and amplitude compensation quantities are derived, respectively. This
enables the excitation converter output voltage to synchronize with the rotor-induced
electromotive force in terms of frequency, phase, and amplitude, thereby effectively re-
ducing the inrush current during rotor-side closing. Furthermore, a full soft-start con-
trol strategy for the active-support equipment is established based on the proposed pre-
synchronization method. By blocking and unblocking the input error signals of the PI
regulators in the speed–current dual-loop vector control system, coordinated transitions
among pre-synchronization, rotor-side closing, and subsequent acceleration are achieved.
Meanwhile, by limiting the magnitude and rate of change of the speed outer-loop PI-
regulator output signal, the electromagnetic torque and stator active power are gradually
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established. Consequently, the power flowing through the back-to-back excitation converter
is maintained within the allowable range while the motor speed increases smoothly.

To more clearly illustrate the characteristics of different DFIM starting and pre-
synchronization methods, Table 1 compares their basic principles, synchronization lo-
cations, acceleration strategies, main advantages, and principal limitations.

Table 1. Comparison of DFIM pre-synchronization and starting methods.

Method Sync. Side Acceleration Advantages Limitations

Rotor-added
impedance — Gradual impedance

removal
Simple; high starting
torque

Losses; heating;
multiple switching

Short-circuit-assisted Stator Converter-controlled
acceleration

Torque regulation;
reduced losses

Extra switch; multiple
operating stages

Direct
variable-frequency — RSC-controlled

acceleration
No additional starting
hardware

Rotor-side closing
inrush

Stator-side standstill
sync [19] Stator Constant V/f ramp Reduced

grid-connection inrush
RSC supplies the
magnetizing current

Rotor-side standstill
sync [20] Rotor Constant V/f ramp

Reduced closing
inrush and RSC
burden

No explicit speed-loop
or converter-power
constraint

Proposed method Rotor Speed–current
dual-loop control

Inrush suppression;
smooth acceleration;
overload protection

Parameter tuning
required

To highlight the novelty of this study, the main contributions are summarized
as follows:

(1) A virtual-impedance-based rotor-side pre-synchronization method is proposed.
Unlike methods that directly use voltage magnitude, frequency, and phase conditions as
synchronization criteria, the proposed method uniformly represents the deviation between
the rotor-induced electromotive force and the excitation converter output voltage as a
virtual current. This enables coordinated compensation of the phase and magnitude
deviations, thereby suppressing the rotor-side closing inrush current.

(2) A soft-start control strategy suitable for active-support motor equipment is devel-
oped. The speed–current dual-loop control structure remains unchanged throughout the
startup process, enabling coordinated transitions among pre-synchronization, rotor-side
closing, and subsequent machine acceleration.

(3) A startup power-limiting measure considering the rating constraint of the excitation
converter is proposed. By limiting the magnitude and rate of change of the speed outer-loop
PI-regulator output signal, the machine speed increases smoothly while overload of the
back-to-back excitation converter is prevented.

The remainder of this paper is organized as follows. Section 2 introduces the excitation
control principle of the active-support motor equipment, primarily covering the system
topology, mathematical model, and the vector control strategy for the RSC. Section 3
provides a detailed analysis of the proposed virtual-impedance-based pre-synchronization
method and presents the corresponding complete soft-start control strategy. Section 4
validates the proposed soft-start control method through simulations. Section 5 conducts
further verification through hardware-in-the-loop (HIL) experiments. Finally, Section 6
concludes the paper and elaborates on the effectiveness and feasibility of the proposed
control strategy.
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2. Mathematical Model and Excitation Control Strategy of the
Active-Support Motor Equipment
2.1. Mathematical Model of the DFIM

The topological structure of the active-support motor equipment is illustrated in
Figure 1. It is primarily composed of a DFIM, an energy storage flywheel, and a back-to-
back excitation converter comprising an RSC and a grid-side converter (GSC).

Flywheel

DFIM

Transformer

RSC GSC

Grid

 

Figure 1. Topology of the active-support motor equipment.

When the generator convention is adopted for the stator side and the motor convention
for the rotor side of the DFIM, its mathematical model expressions in the dq reference frame
under constant-amplitude transformation are as follows, including voltage equations [21,22]

usd = −Rsisd + pψsd − ω1ψsq

usq = −Rsisq + pψsq + ω1ψsd

urd = Rrird + pψrd − ω2ψrq

urq = Rrirq + pψrq + ω2ψrd

(1)

flux linkage equations [21,22] 
ψsd = −Lsisd + Lmird

ψsq = −Lsisq + Lmirq

ψrd = −Lmisd + Lrird

ψrq = −Lmisq + Lrirq

(2)

an electromagnetic torque equation [22]

Te =
3
2

npLm
(
isqird − isdirq

)
(3)

and a rotor motion equation [22]

Te = − 1
np

(Jp + D)ωr (4)

where u, i, and ψ denote voltage, current, and flux linkage, respectively; the subscripts s
and r denote the stator and rotor sides, respectively; and the subscripts d and q denote the
d-axis and q-axis components in the synchronous rotating reference frame, respectively;
Rs and Rr are the stator and rotor resistances, respectively; Ls, Lr, and Lm are the stator
inductance, rotor inductance, and stator–rotor mutual inductance, respectively; Te, np, J,
and D are the electromagnetic torque, number of pole pairs, rotor moment of inertia, and
torque damping coefficient, respectively; ωr, ω1, and ω2 are the rotor electrical angular
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speed, synchronous angular speed, and slip angular speed of the DFIM, respectively; and p
is the differential operator.

2.2. Vector Control Strategy for the RSC

In this paper, a stator-flux-oriented vector control strategy is adopted, where the d-axis
of the dq reference frame is aligned with the stator flux linkage vector [23]. Under this
condition, the following relationships hold:{

ψsd = ψsm

ψsq = 0
(5)

where ψsm is the magnitude of the stator flux linkage. When the stator resistance is
neglected, the relationship between the stator flux linkage and the stator terminal voltage
can be expressed as [23]: {

usd = 0
usq = ω1ψsm = Usm

(6)

where Usm is the magnitude of the stator voltage. The stator power expressions can be
further derived as [23]: {

Ps =
3
2

Lm
Ls

Usmirq

Qs =
3
2

Lm
Ls

Usm(ird − Usm
ω1Lm

)
(7)

It follows from Equation (7) that the stator active power Ps is proportional to irq, while
ird determines the stator reactive power Qs. Hence, decoupled control of the active and
reactive power of the DFIM can be achieved by regulating the d-axis and q-axis components
of the rotor current.

Under stator-flux-oriented control, the rotor voltage equations can be expressed as [21,24]:{
urd = (Rr + σLr p)ird − ω2σLrirq

urq = (Rr + σLr p)irq + ω2σLrird + ω2
Lm
Ls

ψsm
(8)

where σ denotes the defined leakage coefficient, satisfying σ = (LrLs − Lm
2)/(LrLs). The

feedforward compensation terms ∆urd and ∆urq are defined as [21,24]:{
∆urd = −ω2σLrirq

∆urq = ω2σLrird + ω2
Lm
Ls

ψsm
(9)

Under normal operating conditions, Equations (7)–(9) constitute an excitation control
strategy based on power–current dual-loop control for the active-support motor equipment.
This strategy can effectively regulate the active and reactive power output of the DFIM.

During the startup process, to achieve smooth regulation of the rotor speed, the stator
active-power outer loop on the q-axis is replaced by a speed loop. By combining the electro-
magnetic torque equation (Equation (3)) with the rotor motion equation (Equation (4)), the
following expression can be derived:

ωr = −3
2

n2
pLmUsmirq/ω1Ls

Jp + D
(10)

It can be seen from Equation (10) that the motor speed can be controlled by regulating
irq. Therefore, speed–current dual-loop control is maintained throughout the soft-start
process, without switching between the stator active-power outer loop and the speed outer
loop. The excitation control block diagram of the active-support motor equipment is shown
in Figure 2.
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Figure 2. Control block diagram of the RSC.

3. Soft-Start Control Strategy for the Active-Support Equipment
3.1. Analysis of the Inrush Current Generation Mechanism

Prior to startup, the stator winding of the DFIM in the active-support equipment is first
connected to the grid. So, the machine remains stationary, and a corresponding induced
electromotive force is generated in the rotor winding. Since the excitation converter has
not yet been connected to the rotor winding before startup, the rotor current is zero, i.e.,
ird = irq = 0. By combining the voltage equation (Equation (1)), the flux linkage equation
(Equation (2)), and Equation (5), the expression for the rotor-side-induced electromotive
force under open-circuit conditions can be derived as:{

uopen
rd = Lm

Ls

dψsm
dt

uopen
rq = Lm

Ls
ω2ψsm

(11)

For the excitation converter, before startup, the input error signals of the four PI regu-
lators are typically set to zero, leaving only the feedforward terms in effect. Furthermore,
since the rotor current is zero, the generated feedforward voltage command can be obtained
from Equation (9) as: {

∆urd = 0
∆urq = Lm

Ls
ω2ψ′

sm
(12)

where ψ′
sm denotes the flux linkage magnitude estimated in real time by the simplified

voltage model with the stator resistance neglected in the RSC vector control, typically taken
as ψ′

sm = usq/ω1, or directly converted from the voltage magnitude obtained by a PLL.
Comparing Equations (11) and (12) yields the difference between the rotor-side-

induced electromotive force under open-circuit conditions and the excitation converter
output voltage as: {

uerr
rd = uopen

rd − ∆urd = Lm
Ls

dψsm
dt

uerr
rq = uopen

rq − ∆urq = Lm
Ls

ω2
(
ψsm − ψ′

sm
) (13)

It can be observed from Equation (13) that the deviation consists of two components:
(1) The d-axis voltage deviation: this component arises from the transient variation in

the stator flux linkage magnitude and becomes non-zero when grid voltage fluctuations or
motor speed variations occur.

(2) The q-axis voltage deviation: it arises from the discrepancy between the estimated
flux linkage magnitude ψ′

sm and its actual value ψsm in the vector control, which is primar-
ily attributable to the neglected stator resistance voltage drop, the dynamic lag of the flux
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linkage estimation stage, and the mismatch between the inductance parameters set in the
controller and their actual counterparts.

In summary, even under steady-state conditions (dψsm/dt = 0), the q-axis voltage devi-
ation persists due to the inaccuracy of ψ′

sm. Moreover, since the rotor speed is zero before
startup, ω2 is relatively large, which further amplifies the q-axis voltage deviation, render-
ing it the dominant factor causing the inrush current at the instant of rotor-side closing.

Therefore, to suppress the inrush current generated in the rotor winding during
the startup process, a rotor-side pre-synchronization control strategy based on virtual
impedance is adopted. This approach ensures that the excitation converter is not connected
until the deviation between its output voltage and the rotor-induced electromotive force
becomes sufficiently small.

3.2. Virtual-Impedance-Based Rotor-Side Pre-Synchronization Control

As revealed by the preceding analysis, prior to the connection of the rotor-side exci-
tation converter to the DFIM rotor winding, there are deviations in both magnitude and
phase between the converter output voltage

.
Ur and the rotor-induced electromotive force

.
Er of the machine. The voltage deviation between the two is defined as:

.
Uerr =

.
Er −

.
Ur (14)

To achieve synchronization between the excitation converter output voltage and the
rotor-induced electromotive force, a virtual impedance Zv = sLv + Rv is introduced between
them, as depicted in Figure 3. Here, Iv and θiv denote the magnitude and phase of the virtual
current, respectively. Er and Ur are the magnitudes of the rotor-induced electromotive
force and the excitation converter output voltage, respectively; and θe and θu are their
corresponding phases.

r eE  r uU 

vZ

v ivI 

Figure 3. Rotor-side equivalent circuit.

Dividing the voltage deviation by the virtual impedance yields the virtual current,
and we obtain

.
Iv =

.
Er −

.
Ur

Zv
(15)

This can be further expressed as:

.
Iv =

Er(cos θe + j sin θe)− Ur(cos θu + j sin θu)

Zv
(16)

When the magnitudes and phases of the excitation converter output voltage and the
rotor-induced electromotive force are equal, i.e., Er = Ur and θe = θu, the two voltages are
synchronized. Irrespective of whether the virtual impedance is inductive or resistive, the
virtual current will become zero. Hence, synchronization between the excitation converter
output voltage and the rotor-induced electromotive force can be achieved by designing a
corresponding control strategy that regulates the virtual current to zero.
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To simplify the control structure and enhance the direct reflection of the phase devia-
tion, a purely resistive virtual impedance is adopted. In this case, the phase of the virtual
current is identical to that of the voltage deviation, and its expression is given as:

.
Iv =

Uerr

Rv
∠θerr (17)

where Uerr is the magnitude of the voltage deviation and θerr is its phase.
The virtual three-phase currents are then obtained as:

iva = Iv cos θerr

ivb = Iv cos
(
θerr − 2π

3
)

ivc = Iv cos
(
θerr +

2π
3
) (18)

The transformation matrix from the three-phase stationary abc reference frame to the
two-phase rotating dq reference frame is expressed as:

Tabc_dq =
2
3

(
sin θref sin

(
θref − 2π

3
)

sin
(
θref +

2π
3
)

cos θref cos
(
θref − 2π

3
)

cos
(
θref +

2π
3
) ) (19)

where θref denotes the phase of the excitation converter output voltage. From Equations
(18) and (19), the following can be derived:

(
ivd

ivq

)
= Tabc_dq

iva

ivb

ivc

 = Iv

(
− sin(θerr − θref)

cos(θerr − θref)

)
(20)

Furthermore, it can be inferred from Equation (6) that, under vector control, the
direction of the excitation converter output voltage aligns with the q-axis of the dq reference
frame. Based on this, the phasor diagram of the voltage and current during the pre-
synchronization control process can be plotted, as shown in Figure 4.

 





d

q

O

vI

vdi

rE errU

rU

vqi

err ref

Figure 4. Phasor diagram of the pre-synchronization control process.

The relationship among the phasors is analyzed through Figure 4. When the rotor-
induced electromotive force remains constant, the d-axis component of the virtual cur-
rent, ivd, reflects the phase relationship between the excitation converter output voltage
and the rotor-induced electromotive force, while the q-axis component, ivq, reflects their
magnitude relationship.
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When the phase of the rotor-induced electromotive force leads that of the excitation
converter output voltage, ivd < 0; when it lags, ivd > 0. And when the two are in phase, i.e.,
θerr = θref, ivd = 0. After phase synchronization is achieved, if a magnitude deviation exists
between the two, ivq ̸= 0; if their magnitudes are equal, i.e., Uerr = 0, ivq = 0.

Thus, it can be concluded that phase synchronization between the excitation converter
output voltage and the rotor-induced electromotive force can be realized by regulating ivd

to zero, while magnitude equality can be achieved by regulating ivq to zero.
It should also be noted that ivd = 0 and ivq = 0 represent the ideal pre-synchronization

state. Considering the sampling errors, switching ripple, and parameter deviations present
in practical control systems, error thresholds are introduced as the criterion for determining
the completion of pre-synchronization. Let ∆θth denote the allowable phase error between
the excitation converter output voltage and the rotor-induced electromotive force, and let
εth denote the allowable relative voltage magnitude error. According to the relationships
between the virtual-current components and the phase and magnitude deviations, the
corresponding thresholds can be expressed as follows:{

Ivdth = Erf
Rv

sin ∆θth

Ivqth = εth
Erf
Rv

(21)

where Erf is the fundamental-component magnitude of the rotor-induced electromotive force.
With reference to the relevant synchronization standards and existing synchronization-control
studies [25], and considering the control requirements of rotor-side pre-synchronization, the
allowable errors are set to ∆θth = 5◦ and εth = 3%, respectively. When |ivd| ≤ Ivdth and
|ivq| ≤ Ivqth are simultaneously satisfied, the pre-synchronization process is considered
complete.

In summary, the control block diagram of the proposed virtual-impedance-based
rotor-side pre-synchronization control is presented in Figure 5. Pre-synchronization is
accomplished by eliminating the voltage deviation between the excitation converter output
voltage and the rotor-induced electromotive force before the rotor-side closing.

 

PI

+

abc

dq-

LPF

LPF

PI

+

+

-

-

0

0

rE

rU
v v

1

sL R+
vi

vdi

vqi

ref

rdu

rqu

Figure 5. Block diagram of the virtual-impedance-based rotor-side pre-synchronization control.

This control strategy primarily consists of two stages: the phase compensation stage
u′

rd is employed to achieve phase synchronization of the excitation converter output
voltage, and the magnitude compensation stage u′

rq is employed to achieve magnitude
equality. Using the reference phase signal θref of the RSC vector control as the basis for
coordinate transformation, the virtual current iv is transformed to obtain its d-axis and
q-axis components ivd and ivq. Since both components are DC quantities, zero-steady-
state-error control can be realized through PI regulation. The phase compensation term
u′

rd is superimposed onto the feedforward compensation term ∆urd, and the magnitude
compensation term u′

rq is superimposed onto the feedforward compensation term ∆urq.
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Accordingly, the excitation voltage command for the RSC during the pre-synchronization
process is obtained as: {

u∗
rd = ∆urd + u′

rd
u∗

rq = ∆urq + u′
rq

(22)

Since the virtual impedance in the proposed control scheme is implemented through
software control, no additional physical impedance circuit is required. However, imple-
mentation of the proposed scheme requires a rotor-side circuit breaker and the sampling of
voltage signals on both sides of the breaker. During the pre-synchronization stage, the rotor-
side circuit breaker remains open, and the motor rotor winding is open-circuited. Therefore,
the rotor terminal voltage measured on the machine side of the circuit breaker can be used
as the rotor-induced electromotive force Er, whereas the voltage measured on the RSC side
of the circuit breaker is the excitation converter output voltage Ur. After sampling and
low-pass filtering, the two voltage signals are fed into the existing excitation controller to
calculate the voltage deviation, virtual current, and corresponding compensation quantities.
Once the pre-synchronization completion criterion is satisfied, the excitation controller
issues a closing command to the rotor-side circuit breaker and subsequently executes the
soft-start control.

Since the virtual current does not physically exist, the virtual impedance can be chosen
within a fairly wide range. Meanwhile, it jointly determines the pre-synchronization control
performance together with the subsequent PI regulators. Therefore, the value of the virtual
impedance should be tuned coordinately with the subsequent PI parameters. The low-pass
filter parameters, virtual-impedance parameters, and PI control parameters adopted in this
paper are listed in Table 2. In addition, the reasonableness of the designed parameters is
verified through a frequency-domain analysis based on the system Bode plots.

Table 2. Pre-synchronization control system parameters.

Parameter Value

Low-pass filter cutoff frequency f f 500 Hz
Virtual resistance Rv 1 Ω
Virtual inductance Lv 0 H
Proportional gain Kp 1

Integral gain Ki 100

The block diagram of the pre-synchronization closed-loop control system can be
derived from Figure 5, as shown in Figure 6.

It can be seen from Figure 6 that the d-axis and q-axis channels of the pre-synchronization
closed-loop control system have identical control structures and parameters. Here, Gf(s)
denotes the equivalent model of the low-pass filter, which is expressed as follows:

Gf(s) =
2π ff

s + 2π ff
(23)

The equivalent model of the RSC, Gc(s), represents the transfer function from the
voltage command signal to the actual converter output voltage. Considering the PWM
modulation and the sampling-signal delay, it can be expressed as follows:

Gc(s) =
KPWM

Tds + 1
(24)
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Figure 6. Block diagram of the pre-synchronization closed-loop control system: (a) d-axis channel;
(b) q-axis channel.

In this paper, the DC-link voltage is Udc = 900V, and the amplitude of the triangular
carrier is Utri = 1000. Therefore, the value of KPWM under SPWM modulation can be
calculated as follows:

KPWM =
Udc
2Utri

=
900

2 × 1000
= 0.45 (25)

The delay time Td is generally set to approximately 5/4 of the switching period [24].
In this paper, since the switching frequency is set to 10 kHz, Td = 125 µs.

In summary, the open-loop transfer function Gopen(s) of the pre-synchronization
closed-loop control system can be derived as follows:

Gopen(s) =
Gf(s)GPI(s)Gc(s)

Rv
(26)

Substituting the transfer functions of the individual stages yields:

Gopen(s) =
2π ff · KPWM ·

(
Kps + Ki

)
Rvs(s + 2π ff)(Tds + 1)

(27)

By combining the parameters listed in Table 2 with those calculated above, the corre-
sponding open-loop transfer-function Bode plot can be obtained, as shown in Figure 7.

It can be seen from Figure 7 that the crossover frequency of the system is f c = 8.02 Hz,
and the phase margin is PM = 115.46◦. For converter outer loops with similar dynamic
characteristics, the bandwidth is generally designed to be approximately 1/50–1/10 of
that of the fast inner loop, and the corresponding crossover frequency typically lies in
the low-frequency range well below the carrier frequency. Therefore, the crossover fre-
quency of the system is within a reasonable range, while the sufficient phase margin is
also provided, verifying the reasonableness of the designed pre-synchronization control
system parameters.
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Figure 7. Bode plot of the open-loop transfer function of the pre-synchronization closed-loop control
system.

3.3. Soft-Start Control Strategy

When employing the excitation converter for direct variable-frequency motor start-
ing, in addition to suppressing the inrush current generated at the instant of rotor-side
closing, two critical issues must be addressed. First, the rotor power should be limited
within the rated capacity of the excitation converter throughout the entire startup process.
Second, the electromagnetic torque during startup should be maximized to shorten the
startup duration.

To achieve the above objectives, the vector control of the RSC based on the speed loop
and the current loop is optimized as follows:

(1) At the initial instant of motor startup, the input error signals of both the speed loop
and the current loop are relatively large. Meanwhile, the excitation converter is not yet
connected to the rotor winding, so the closed-loop control cannot be established, which
may lead to continuous accumulation of the error signals. Due to the integral action, this
incorrect regulation effect will remain until the rotor-side closing operation. Consequently,
the output voltage of the excitation converter will change abruptly, deviate significantly
from the rotor-induced electromotive force, and thereby generate a large inrush current.
This will not only lead to closing failure but also bring the risk of damaging the motor and
the excitation converter.

To avoid this condition, the input error signals of the four PI regulators in the excita-
tion control system should be blocked, i.e., forced to zero, before rotor-side closing, and
unblocked after closing; i.e., the actual error signals are fed to the PI controllers.

(2) Prior to the connection of the RSC, the control scheme proposed in the preceding
section is employed to realize rotor-side pre-synchronization; i.e., the output voltage
of the excitation converter is regulated to be substantially equal to the rotor-induced
electromotive force in frequency, phase, and magnitude, thereby effectively mitigating
the inrush current at the closing instant. Upon completion of the pre-synchronization
process, the rotor-side closing is executed, and the input error signals of the PI regulators
are simultaneously unblocked. The complete pre-synchronization control block diagram is
illustrated in Figure 8.
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Figure 8. Block diagram of the pre-synchronization control.

(3) The output of the speed outer-loop PI regulator is limited, and the rate at which its
output reaches the limit value is constrained, thereby keeping the startup power of both
the stator and the rotor within the permissible range.

At the initial instant of motor startup, the error signal of the speed loop is relatively
large, causing its PI output to rise rapidly. As analyzed in Section 2, limiting the PI output
of the speed outer loop can effectively restrict the stator active power.

Furthermore, the capacity of the RSC must be considered. The back-to-back excitation
converter is designed based on the slip power, and a capacity of only 20–30% of the DFIM
rated power is sufficient to control the full power output of the machine. However, during
startup, the slip remains relatively large for an extended period, causing the active power
passing through the stator and rotor to be close in magnitude, which can easily overload
the RSC.

To address this issue, the time for the speed-loop PI output to reach its limit value is re-
stricted. This prevents the stator active power Ps from rapidly increasing to the rated
value. Meanwhile, as the motor speed gradually increases, the slip continuously de-
creases, effectively reducing the active power flowing through the excitation converter and
avoiding overload.

When the flywheel speed approaches the reference speed, the input error signal of
the speed loop becomes small, and its output is no longer held at the limit value. At this
stage, the speed loop begins to take effect, and the speed ultimately stabilizes around the
reference value.

In summary, the startup process of the active-support equipment proceeds as follows.
First, the stator winding is directly connected to the grid while the rotor winding remains
open-circuited. The vector control strategy based on the speed and current loops is selected,
and the input signals of the four PI regulators are blocked. Then, the virtual-impedance-
based rotor-side pre-synchronization control is employed to regulate the deviation between
the excitation converter output voltage and the rotor-induced electromotive force within the
prescribed allowable range. When the defined error-threshold conditions are satisfied, the
pre-synchronization process is considered complete. Subsequently, the rotor-side breaker
is closed, and the inputs of the PI regulators are unblocked. The excitation converter
then regulates the motor speed to increase toward the reference value as required, while
ensuring that the stator and rotor active powers do not exceed their rated values throughout
the startup process. It should be noted that speed–current dual-loop control is maintained
throughout the entire soft-start process, without switching between power–current dual-
loop control and speed–current dual-loop control. The blocking and unblocking of the
PI-regulator input signals, as well as the implementation of the pre-synchronization control,
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do not alter the adopted dual-loop control structure. The flowchart of the startup process
for the active-support equipment is shown in Figure 9.

Start

The input signals of the four PI regulators 

in the excitation converter are blocked, and 

the pre-synchronization control is initiated.

The stator winding of the DFIM is 

connected to the grid, while the rotor 

winding remains open-circuited.

The rotor-side breaker is closed, the PI 

regulators are unblocked, and the speed-

loop PI output is limited in both magnitude 

and slew rate.

Is pre-synchronization

completed?
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The motor speed rises smoothly to the 

reference speed.

End
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Figure 9. Flowchart of the soft-start process.

4. Simulation Verification and Analysis
A simulation model of the active-support motor equipment under study is built using

the MATLAB/Simulink R2022a platform. Selected parameters of the simulation model are
listed in Table 3.

Table 3. Simulation parameters.

Parameter Value

Grid line-to-line RMS voltage Ug 400 V
DC-link voltage Udc 900 V

Motor rated power Pn 100 kW
Filter capacitor Cdc 5600 µF
Stator resistance Rs 0.2147 Ω
Stator inductance Ls 0.06518 H
Rotor resistance R′

r 0.2205 Ω
Rotor inductance L′

r 0.06518 H
Magnetizing inductance Lm 0.06419 H

Moment of inertia J 22.46 kg·m2

Number of pole pairs p 2
Switching frequency f s 10 kHz

4.1. Simulation Verification of the Pre-Synchronization Control Strategy

In the simulation, rotor-side pre-synchronization control is performed after the stator
winding is connected to the grid. At t = 0.5 s, the virtual-current components satisfy
the specified error thresholds. Subsequently, the RSC is connected to the rotor excitation
winding of the DFIM, and simultaneously, the input signals of the PI controllers are
unblocked. Figure 10 shows the waveforms of the rotor-induced electromotive force and
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the excitation converter output voltage before and after rotor-side closing, both without
and with the proposed pre-synchronization control.
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Figure 10. Rotor-side and excitation converter output fundamental voltage waveforms at the rotor
closing instant: (a) without pre-synchronization control; (b) with pre-synchronization control.

It can be observed from Figure 10 that without the pre-synchronization control, a
certain deviation in both magnitude and phase exists between the rotor-side-induced elec-
tromotive force and the excitation converter output voltage prior to closing, which results
in a large inrush current at the closing instant. In contrast, with the pre-synchronization
control, the rotor-side-induced electromotive force and the excitation converter output
voltage become substantially equal before closing, thereby effectively mitigating the inrush
current.

Figures 11–14 show the waveforms of the rotor-side three-phase currents, the q-axis
component of the rotor current, the d-axis component of the rotor current, and the DC-link
voltage at the closing instant during DFIM startup, both without and with the proposed
pre-synchronization control.

 
(a) (b) 

Figure 11. Rotor three-phase current waveforms during motor startup: (a) without pre-synchronization
control; (b) with pre-synchronization control.
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Figure 12. Waveform of the q-axis rotor current during motor startup: (a) without pre-synchronization
control; (b) with pre-synchronization control.
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Figure 13. Waveform of the d-axis rotor current during motor startup: (a) without pre-synchronization
control; (b) with pre-synchronization control.
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Figure 14. Waveforms of the DC-link voltage at the closing instant: (a) without pre-synchronization
control; (b) with pre-synchronization control.

To further quantitatively evaluate the effectiveness of the proposed pre-synchronization
control method in improving the rotor-side closing transient, the absolute peak value of the
three-phase rotor current, the rotor-current RMS value during the first electrical cycle after
rotor-side closing, the peak values of the dq-axis rotor-current components, and the DC-link
voltage overshoot are compared under conditions with and without pre-synchronization
control. The results are presented in Table 4.

Table 4. Comparison of closing-transient performance with and without pre-synchronization control.

Performance Index
Without

Pre-Synchronization
Control

With
Pre-Synchronization

Control
Reduction

Absolute peak of the rotor
three-phase currents 157 A 21 A 86.62%

First-cycle rotor-current RMS value 91.287 A 9.614 A 89.47%
Absolute peak of the q-axis
rotor-current component 155 A 6.5 A 95.81%

Absolute peak of the d-axis
rotor-current component 38.2 A 21 A 45.03%

DC-link voltage overshoot 2.81% 0.078% 97.22%

It can be seen from Table 4 that, without pre-synchronization control, the absolute
peak value of the three-phase rotor current reaches 157 A, the three-phase rotor-current
RMS value during the first electrical cycle after closing is 91.287 A, and the DC-link voltage
overshoot is 2.81%. This indicates that a substantial inrush current is generated during
the closing process, while the DC-link voltage also exhibits a considerable overshoot,
which may impair the normal operation of the motor itself or the excitation converter and
could even cause damage. In contrast, with pre-synchronization control, the absolute peak
value of the three-phase rotor current is reduced to 21 A, corresponding to a reduction of
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approximately 86.62%; the three-phase rotor-current RMS value during the first electrical
cycle is reduced to 9.614 A, corresponding to a reduction of approximately 89.47%; and
the DC-link voltage overshoot is reduced to 0.078%, corresponding to a reduction of
approximately 97.22%. Meanwhile, the peak values of the dq-axis rotor-current components
are also significantly reduced, demonstrating that the proposed pre-synchronization control
strategy ensures the smoothness and safety of the active-support equipment during the
startup process.

4.2. Simulation Verification of the Startup Performance of the Active-Support Equipment

A simulation analysis of the startup performance of the active-support equipment is
conducted using MATLAB/Simulink. Similarly, the excitation converter is connected 0.5 s
after the motor stator is connected to the grid. The speed reference is set to 1650 r/min,
and the reactive power reference is set to 0 kVar. Figures 15–18 present the simulation
waveforms during the motor startup process.
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Figure 15. Simulation waveforms of rotor speed and stator active power: (a) rotor speed; (b) stator
active power.
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Figure 16. Simulation waveforms of the rotor-side three-phase voltages and currents: (a) rotor-side
three-phase voltages; (b) rotor-side three-phase currents.
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Figure 17. Simulation waveforms of the q-axis and d-axis components of the rotor-side current:
(a) rotor current q-axis component; (b) rotor current d-axis component.
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Figure 18. Simulation waveform of the active power exchanged between the AC side of the GSC and
the grid.

After the pre-synchronization process is completed and the rotor-side breaker is closed,
the machine begins to accelerate. Since the rotor speed is close to zero at the initial stage
of startup, a large deviation exists between the actual speed and its reference value. The
proposed soft-start control strategy effectively prevents the q-axis rotor-current reference
from undergoing a step change after closing; instead, it increases gradually at a limited rate.
Accordingly, under the action of the inner current loop, the q-axis rotor current irq smoothly
tracks its reference and gradually increases. Since the stator active power is proportional to
irq, the stator-side active power gradually increases and eventually reaches the rated power
of −100 kW as irq increases, as shown in Figure 15, thereby causing the flywheel speed to
increase smoothly. Throughout the entire process, the speed variation is smooth, without
any abrupt acceleration or deceleration.

Figure 18 shows the waveform of the active power exchanged between the AC side
of the GSC and the grid, which is used to characterize the active-power level transmitted
from the rotor side through the back-to-back excitation converter. Under the condition
that the DC-link voltage remains essentially stable, this active power can approximately
reflect the active-power burden of the back-to-back excitation converter. It can be observed
that, during startup, extending the time required for the speed outer-loop PI-regulator
output to reach its limit enables the stator active power to build up slowly during the
initial high-slip stage. Consequently, the active power flowing through the back-to-back
excitation converter is effectively constrained. Its maximum value is approximately −27 kW,
demonstrating that the proposed soft-start strategy can effectively prevent overload of the
back-to-back excitation converter during flywheel acceleration.

As the rotor speed increases, the slip gradually decreases, and the frequencies of the
three-phase rotor voltages and currents shown in Figure 16 decrease accordingly. When the
rotor speed reaches the synchronous speed, the slip becomes zero, and the frequencies of
the fundamental rotor voltage and current approach zero. Since the speed reference is set
above the synchronous speed of 1500 r/min, the rotor current undergoes a commutation
process when the speed exceeds the synchronous speed. After the machine speed exceeds
the synchronous speed, the slip becomes negative, causing the sign of the rotor electrical
frequency to change and resulting in a reversal of the phase sequence of the three-phase
rotor currents. This is a normal electromagnetic phenomenon during the transition of the
DFIM from subsynchronous to supersynchronous operation.

As the speed approaches the reference value of 1650 r/min, the output of the speed
outer loop is no longer held at the limit value, and the rotor current begins to decrease
and tends to stabilize. Accordingly, irq, the stator active power, and the power trans-
mitted through the back-to-back excitation converter shown in Figure 18 decrease and
eventually stabilize at the level required to compensate for the system losses. During
startup, ird is mainly used to regulate the stator reactive power. Since the reactive-power
reference remains at 0 kVar, ird does not exhibit significant fluctuations during the startup
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process, indicating that decoupled control of active and reactive power can still be achieved
throughout the startup process.

4.3. Simulation Verification of Startup Performance Under Different Operating Conditions
4.3.1. Simulation Verification Under Grid Disturbances

To further verify the performance of the proposed soft-start control strategy under
grid-voltage disturbances, four disturbance conditions are considered in this subsection:
a 10% increase or decrease in the grid-voltage magnitude and a 0.5 Hz increase or de-
crease in the grid frequency. In the simulation, each disturbance is applied from 0.25 s
to 1 s. Since rotor-side closing occurs at 0.5 s, the disturbance interval covers the pre-
synchronization process, the rotor-side closing instant, and the initial stage of soft start,
thereby enabling a comprehensive evaluation of the soft-start control performance under
grid-voltage disturbances.

First, the pre-synchronization performance under different grid-voltage disturbances
is analyzed. Figure 19 shows the waveforms of the rotor-induced electromotive force and
the fundamental output voltage of the excitation converter before and after rotor-side
closing under the four disturbance conditions.
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Figure 19. Rotor-side and excitation converter output fundamental voltage waveforms at the rotor-
side closing instant under grid-voltage disturbances: (a) grid-voltage magnitude +10%; (b) grid-
voltage magnitude −10%; (c) grid frequency +0.5 Hz; (d) grid frequency −0.5 Hz.

It can be observed from Figure 19 that when the grid-voltage magnitude increases
or decreases by 10%, or when the grid frequency increases or decreases by 0.5 Hz, the
rotor-induced electromotive force varies accordingly with the grid voltage. After each
disturbance is applied, the excitation converter output voltage can rapidly track the
rotor-induced electromotive force following a brief regulation process and re-establish
synchronization in terms of magnitude, phase, and frequency. This demonstrates that
the proposed pre-synchronization control still exhibits satisfactory performance under
grid-voltage disturbances.

To further verify the rotor-side closing-transient performance under grid-voltage
disturbances, the absolute peak value of the three-phase rotor current, the three-phase
rotor-current RMS value during the first electrical cycle after closing, the absolute peak
values of the q-axis and d-axis rotor currents, and the DC-link voltage overshoot under the
four disturbance conditions are summarized in Table 5.
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Table 5. Comparison of closing-transient performance under grid disturbances.

Performance Index Grid-Voltage
Magnitude +10%

Grid-Voltage
Magnitude −10%

Grid Frequency
+0.5 Hz

Grid Frequency
−0.5 Hz

Absolute peak of the rotor
three-phase currents 23 A 19 A 21 A 21.2 A

First-cycle rotor-current
RMS value 10.737 A 8.51 A 9.545 A 9.688 A

Absolute peak of the q-axis
rotor-current component 7 A 6.2 A 6.5 A 6.7 A

Absolute peak of the d-axis
rotor-current component 23 A 19 A 21 A 21.2 A

DC-link voltage overshoot 0.106% 0.091% 0.099% 0.093%

It can be seen from Table 5 that under grid-voltage disturbances, the peak values of
the rotor current, the RMS values during the first electrical cycle, and the corresponding
dq-axis components all remain at relatively low levels. Meanwhile, the DC-link voltage
overshoot does not increase significantly. These results show no substantial differences
from those obtained under steady-state conditions, indicating that the system maintains
satisfactory closing-transient performance when disturbances occur in the grid-voltage
magnitude and frequency.

After verifying the performance of the pre-synchronization control under grid-voltage
disturbances, the performance of the soft-start control strategy under these disturbances
is further analyzed. Figures 20–22 show the simulation waveforms of the rotor speed,
stator-side active power, and active power exchanged between the AC side of the GSC
and the grid, respectively, under grid-voltage disturbances. These waveforms are used to
investigate the effects of the grid-voltage disturbances on the smooth increase in rotor speed,
the variation in stator-side active power, and the overload protection of the back-to-back
excitation converter.
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Figure 20. Simulation waveforms of the rotor speed under grid-voltage disturbances: (a) grid-voltage
magnitude +10%; (b) grid-voltage magnitude −10%; (c) grid frequency +0.5 Hz; (d) grid frequency
−0.5 Hz.
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Figure 21. Simulation waveforms of the stator-side active power under grid-voltage disturbances:
(a) grid-voltage magnitude +10%; (b) grid-voltage magnitude −10%; (c) grid frequency +0.5 Hz;
(d) grid frequency −0.5 Hz.
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Figure 22. Simulation waveforms of the active power exchanged between the AC side of the GSC
and the grid under grid-voltage disturbances: (a) grid-voltage magnitude +10%; (b) grid-voltage
magnitude −10%; (c) grid frequency +0.5 Hz; (d) grid frequency −0.5 Hz.

It can be observed from Figures 20–22 that the variations in the rotor speed and
power are essentially consistent under the four grid-voltage disturbance conditions. In
all cases, the rotor speed increases smoothly and eventually stabilizes near the reference
value, without any abrupt speed variations during the grid-voltage disturbances. The
stator-side active power gradually increases to the rated value and exhibits no significant
oscillations or transients either at the rotor-side closing instant or during the disturbances.
In addition, under all four grid-voltage disturbance conditions, the active power exchanged
between the AC side of the GSC and the grid remains within the allowable range, and
no overload occurs in the back-to-back excitation converter. These results demonstrate
that the proposed soft-start control strategy still exhibits satisfactory performance under
disturbances in the grid-voltage magnitude and frequency.
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4.3.2. Simulation Verification Under Different Speed References

To further verify the performance of the proposed soft-start control strategy under
different speed references, simulation analyses are conducted with speed references of
1500 r/min and 1350 r/min. Together with the previously considered case of 1650 r/min,
these operating conditions cover supersynchronous, synchronous, and subsynchronous
operation, thereby enabling the verification of the control performance in different steady-
state speed regions.

Since the pre-synchronization control is completed before the RSC is connected to
the rotor winding, and the input signals of the speed-loop and current-loop PI regulators
are blocked during this stage, the speed reference does not directly participate in the
pre-synchronization regulation. Therefore, the pre-synchronization performance is not
analyzed repeatedly here; instead, the analysis focuses on the startup process after rotor-
side closing. Figures 23–25 show the simulation waveforms of the rotor speed, stator-side
active power, and active power exchanged between the AC side of the GSC and the grid,
respectively, under different speed references.
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Figure 23. Simulation waveforms of the rotor speed under different speed references: (a) speed
reference of 1500 r/min; (b) speed reference of 1350 r/min.
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Figure 24. Simulation waveforms of the stator-side active power under different speed references:
(a) speed reference of 1500 r/min; (b) speed reference of 1350 r/min.
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Figure 25. Simulation waveforms of the active power exchanged between the AC side of the GSC
and the grid under different speed references: (a) speed reference of 1500 r/min; (b) speed reference
of 1350 r/min.
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It can be seen from Figures 23–25 that when the speed references are set to 1500 r/min
and 1350 r/min, the rotor speed increases smoothly and eventually stabilizes near the
corresponding reference value, without any abrupt speed variations during startup. Under
both operating conditions, the stator-side active power gradually increases and then rapidly
decreases after the rotor speed reaches the reference value, which is consistent with the
preceding analysis. Moreover, the active power exchanged between the AC side of the
GSC and the grid remains within the allowable range in both cases, indicating that the
back-to-back excitation converter does not experience overload. These results demonstrate
that the proposed soft-start control strategy also exhibits satisfactory performance when
the target speed corresponds to synchronous or subsynchronous operation.

5. Hardware-in-the-Loop Verification
To further verify the correctness of the theoretical analysis and MATLAB/Simulink sim-

ulation results, a HIL experimental platform was established using PLECS and the RTBOX
real-time simulator developed by Plexim. The complete system model of the active-support
equipment, the rotor-side circuit breaker, and the corresponding pre-synchronization and
soft-start control blocks were developed in PLECS and deployed to RTBOX for real-time
execution. RTBOX was used to simulate the system switching behavior and dynamic
responses in real time, the host monitoring system was used for model deployment, pa-
rameter configuration, and operating-state monitoring, and an oscilloscope was used for
real-time waveform observation and data acquisition. Therefore, the HIL experiments were
conducted to verify the feasibility of implementing the proposed pre-synchronization and
soft-start control strategies under real-time discrete computation and to examine whether
the startup dynamic performance remained consistent with the theoretical analysis and sim-
ulation results. The relevant circuit parameters were kept consistent with those described
in Section 4, and the experimental platform is shown in Figure 26.

Oscilloscope

RTBOX

Host

Computer

 

Figure 26. HIL experimental platform.

Figures 27–30 present the HIL experimental waveforms during the motor startup
process, with the oscilloscope time base set to 2 s/div.
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Figure 27. Experimental waveforms of rotor speed and stator active power: (a) rotor speed; (b) stator
active power.
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Figure 28. Experimental waveforms of the rotor-side three-phase voltages and currents: (a) rotor-side
three-phase voltages; (b) rotor-side three-phase currents.
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Figure 29. Experimental waveforms of the q-axis and d-axis components of the rotor-side current:
(a) rotor current q-axis component; (b) rotor current d-axis component.
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Figure 30. Experimental waveform of the active power exchanged between the AC side of the GSC
and the grid.

It can be seen from Figures 27–30 that, under the proposed control strategy, the
motor speed increases smoothly and eventually stabilizes at the reference value. The
stator-side active power, three-phase rotor currents, dq-axis rotor currents, and rotor-side
active power vary continuously, and their overall trends are essentially consistent with the
MATLAB/Simulink simulation results. This indicates that effective coordination among
the pre-synchronization control, rotor-side closing, and subsequent soft-start control can be
achieved under real-time operating conditions.
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During the rotor-side closing process, no significant inrush current is observed in
the experimental waveforms, indicating that the proposed pre-synchronization control
can still effectively reduce the voltage deviation before closing under real-time discrete
computation. Meanwhile, the rotor-side active power remains within the allowable range
of the converter throughout the startup process, and no significant oscillations occur in
either the motor speed or the stator-side active power. These results demonstrate that the
proposed soft-start control can simultaneously achieve smooth acceleration and prevent
overload of the back-to-back excitation converter.

Compared with the simulation results, the HIL experimental waveforms exhibit certain
high-frequency ripples and local fluctuations, which are mainly attributable to real-time
discrete computation, signal sampling, and the switching process. However, these effects
do not significantly influence the overall startup process of the system. The above results
demonstrate that the proposed pre-synchronization and soft-start control strategies are
not only effective in the theoretical analysis and simulations but also maintain satisfactory
dynamic performance in a real-time execution environment, thereby further verifying the
feasibility of the proposed control strategy.

6. Conclusions
Targeting the operational characteristics of the active-support equipment, this paper

proposes a virtual-impedance-based pre-synchronization method and a corresponding
complete soft-start control strategy. By establishing a virtual-impedance model between
the rotor-induced electromotive force and the excitation converter output voltage, the
voltage deviation between the two sides is converted into a virtual current, and its d-axis
and q-axis components are used to compensate for the phase and magnitude deviations,
thereby reducing the inrush current generated during rotor-side closing. Throughout the
entire soft-start process, the RSC maintains a speed–current dual-loop control structure.
By blocking and unblocking the input signals of the PI regulators, coordinated transitions
among pre-synchronization, rotor-side closing, and subsequent acceleration are achieved.
Meanwhile, by limiting the magnitude and rate of change of the speed outer-loop PI-
regulator output signal, the electromagnetic torque and stator active power are gradually
established, thereby preventing overload of the back-to-back excitation converter.

Simulation and experimental results verify that the proposed pre-synchronization
method can effectively reduce the deviation between the rotor-induced electromotive force
and the excitation converter output voltage before closing and significantly suppress the
inrush current generated at the instant of rotor-side closing. Compared with the case
without pre-synchronization control, the absolute peak value of the three-phase rotor
current is reduced from 157 A to 21 A, the rotor-current RMS value during the first electrical
cycle after closing is reduced from 91.287 A to 9.614 A, and the DC-link voltage overshoot is
reduced from 2.81% to 0.078%, corresponding to reductions of 86.62%, 89.47%, and 97.22%,
respectively. During the subsequent startup process, the motor speed increases smoothly to
the reference value, while the power flowing through the back-to-back excitation converter
remains within the allowable range.

In addition, under disturbances in the grid-voltage magnitude and frequency and
under different speed references, the proposed strategy can still successfully complete the
pre-synchronization process and maintain a smooth startup process, demonstrating satis-
factory performance under grid-voltage disturbances and different target-speed conditions.

In summary, the proposed control strategy simultaneously achieves rotor-side closing-
inrush suppression, smooth motor acceleration, and overload protection of the excitation
converter, thereby satisfying the startup performance requirements of such active-support
equipment.

https://doi.org/10.3390/electronics15153365

https://doi.org/10.3390/electronics15153365


Electronics 2026, 15, 3365 27 of 28

Author Contributions: Conceptualization, Y.L. and Y.C.; methodology, Y.L. and W.F.; investigation,
Y.C. and H.Z.; writing—original draft preparation, Y.L.; writing—review and editing, W.F., Y.C., and
G.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the specific research fund of the Science and Technology
Project of China Southern Power Grid Co., Ltd. under Grant GDKJXM20240417 (035200KC24040002).

Data Availability Statement: All supporting data are included in the article. No additional datasets
were generated for this study.

Conflicts of Interest: Yukuan Liu, Wentian Fang and Guilin Zhang were employed by the Jieyang
Power Supply Bureau of Guangdong Power Grid Co., Ltd. The remaining authors declare that the
research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest. The authors declare that this study received support
from the Science and Technology Project of China Southern Power Grid Co., Ltd. under Grant
GDKJXM20240417 (035200KC24040002). The funder participated in the study design and provided
relevant research data, but had no role in data analysis, manuscript writing, or the decision to submit
the paper for publication.

References
1. Umaña, J.; Conde, A. A Security System for Frequency Control Based on Dynamic Regulation for Electrical Grids with Renewable

Energy Sources Integrated. Electr. Eng. 2022, 104, 3915–3932. [CrossRef]
2. Amiryar, M.E.; Pullen, K.R. A Review of Flywheel Energy Storage System Technologies and Their Applications. Appl. Sci. 2017, 7,

286. [CrossRef]
3. Li, X.J.; Palazzolo, A. A Review of Flywheel Energy Storage Systems: State of the Art and Opportunities. J. Energy Storage 2022,

46, 13. [CrossRef]
4. García-Pereira, H.; Blanco, M.; Martínez-Lucas, G.; Pérez-Díaz, J.I.; Sarasúa, J.I. Comparison and Influence of Flywheels Energy

Storage System Control Schemes in the Frequency Regulation of Isolated Power Systems. IEEE Access 2022, 10, 37892–37911.
[CrossRef]

5. Sturm, G.; Hofmann, W.; Kienast, J. Low Voltage Ride through of a Flywheel Energy Storage System with Doubly Fed Induction
Machine and Modular Multilevel Matrix Converter. Electr. Eng. 2025, 107, 10661–10677. [CrossRef]

6. Nguyen, T.T.; Yoo, H.J.; Kim, H.M. A Flywheel Energy Storage System Based on a Doubly Fed Induction Machine and Battery for
Microgrid Control. Energies 2015, 8, 5074–5089. [CrossRef]

7. Klaes, N.; Pöschke, F.; Schulte, H. Grid Forming Stator Flux Control of Doubly-Fed Induction Generator. Energies 2021, 14, 6766.
[CrossRef]

8. Amine, B.B.A.; Ahmed, A.; Houari, M.B. Modeling, Simulation and Control of a Doubly-Fed Induction Generator for Wind
Energy Conversion Systems. Int. J. Power Electron. Drive Syst. 2020, 11, 1197–1210. [CrossRef]

9. Zhang, J.W.; Wang, Y.H.; Liu, G.C.; Tian, G.Z. A Review of Control Strategies for Flywheel Energy Storage System and a Case
Study with Matrix Converter. Energy Rep. 2022, 8, 3948–3963. [CrossRef]

10. Kumari, R.; Dubey, K. A Critical Analysis of Flywheel Energy Storage Systems’ Technologies, Applications, and Prospects. In
Proceedings of the 2024 IEEE International Conference on Power Electronics, Drives and Energy Systems (PEDES), Mangalore,
India, 18–21 December 2024; pp. 1–6.

11. Kienast, J.; Bernet, S.; Sturm, G.; Hofmann, W. Doubly Fed Induction Generator in a Flywheel Energy Storage with Stator Harmonic
Compensation. In Proceedings of the IEEE International Electric Machines and Drives Conference (IEMDC), San Francisco, CA,
USA, 15–18 May 2023.

12. Hamouda, R.M.; Alolah, A.I.; Badr, M.A.; Abdel-Halim, M.A. A Comparative Study on the Starting Methods of Three Phase
Wound-Rotor Induction Motors. I. IEEE Trans. Energy Convers. 1999, 14, 918–922. [CrossRef]

13. Wang, L.; Chiniforoosh, S.; Jatskevich, J. Simulation and Analysis of Starting Transients in Rotor-Chopper-Controlled Doubly-Fed
Induction Motors. In Proceedings of the 2008 IEEE Electrical Power & Energy Conference ’Energy Innovation’, Vancouver, BC,
Canada, 6–7 October 2008; p. 6.

14. Pannatier, Y.; Kawkabani, B.; Nicolet, C.; Schwery, A.; Simond, J.-J. Start-up and Synchronization of a Variable Speed Pump-
Turbine Unit in Pumping Mode. In Proceedings of the 2010 XIX International Conference on Electrical Machines (ICEM), Rome,
Italy, 6–8 September 2010; p. 6.

15. Ji, L.; Shao, Y.X.; Sun, J.; Shi, L. Research on Self-Starting Strategy of Variable Speed Pumped Storage Units Based on Model
Predictive Control. J. Eng. 2017, 2017, 6–12. [CrossRef]

https://doi.org/10.3390/electronics15153365

https://doi.org/10.1007/s00202-022-01583-8
https://doi.org/10.3390/app7030286
https://doi.org/10.1016/j.est.2021.103576
https://doi.org/10.1109/access.2022.3163708
https://doi.org/10.1007/s00202-025-03052-4
https://doi.org/10.3390/en8065074
https://doi.org/10.3390/en14206766
https://doi.org/10.11591/ijpeds.v11.i3.pp1197-1210
https://doi.org/10.1016/j.egyr.2022.03.009
https://doi.org/10.1109/60.815008
https://doi.org/10.1049/joe.2017.0477
https://doi.org/10.3390/electronics15153365


Electronics 2026, 15, 3365 28 of 28

16. Joseph, A.; Selvaraj, R.; Chelliah, T.R.; Sarma, S.V.A. Starting and Braking of a Large Variable Speed Hydrogenerating Unit
Subjected to Converter and Sensor Faults. IEEE Trans. Ind. Appl. 2018, 54, 3372–3382. [CrossRef]

17. Peng, G.; Ni, K.; Gan, C.; Qu, R.; Hu, Y. A Direct Starting Method of Doubly-Fed Induction Machine for Shipboard Propulsion
System Application. In Proceedings of the 2021 24th International Conference on Electrical Machines and Systems (ICEMS),
Gyeongju, Republic of Korea, 31 October–3 November 2021; pp. 949–954.

18. Sobhy, A.; Abo-Khalil, A.G.; Lei, D.; Salameh, T.; Merabet, A.; Alkasrawi, M. Coupling Dfig-Based Wind Turbines with the Grid
under Voltage Imbalance Conditions. Sustainability 2022, 14, 5076. [CrossRef]

19. Guerrero, J.M.; Mahtani, K.; Aranzabal, I.; Gomez-Cornejo, J.; Sánchez, J.A.; Platero, C.A. A Soft Start Method for Doubly Fed
Induction Machines Based on Synchronization with the Power System at Standstill Conditions. Machines 2024, 12, 847. [CrossRef]

20. Mahtani, K.; Guerrero, J.M.; Sánchez, J.A.; Platero, C.A. Improved Soft-Starting Method for Doubly Fed Induction Machines
Based on Standstill Rotor-Side Synchronization. Electronics 2025, 14, 48. [CrossRef]

21. Xiao, F.; Zhang, Z.; Yin, X.G. Fault Current Characteristics of the Dfig under Asymmetrical Fault Conditions. Energies 2015, 8,
10971–10992. [CrossRef]

22. Liu, Y.P.; Liang, H.P. Application of Passivity-Based Control and Time-Frequency Representation in a Doubly Fed Induction
Generator System. Math. Probl. Eng. 2015, 2015, 9. [CrossRef]

23. Sarma, N.; Tuohy, P.M.; Apsley, J.M.; Wang, Y.; Djurovic, S. Dfig Stator Flux-Oriented Control Scheme Execution for Test Facilities
Utilising Commercial Converters. Iet Renew. Power Gener. 2018, 12, 1366–1374. [CrossRef]

24. Zhou, D.; Blaabjerg, F. Bandwidth Oriented Proportional-Integral Controller Design for Back-to-Back Power Converters in Dfig
Wind Turbine System. Iet Renew. Power Gener. 2017, 11, 941–951. [CrossRef]

25. Khan, M.Y.A.; Liu, H.M.; Zhang, R.; Guo, Q.; Cai, H.Q.; Huang, L.B. A Unified Distributed Hierarchal Control of a Microgrid
Operating in Islanded and Grid Connected Modes. Iet Renew. Power Gener. 2023, 17, 2489–2511. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/electronics15153365

https://doi.org/10.1109/tia.2018.2816904
https://doi.org/10.3390/su14095076
https://doi.org/10.3390/machines12120847
https://doi.org/10.3390/electronics14010048
https://doi.org/10.3390/en81010971
https://doi.org/10.1155/2015/371578
https://doi.org/10.1049/iet-rpg.2018.5195
https://doi.org/10.1049/iet-rpg.2016.0760
https://doi.org/10.1049/rpg2.12716
https://doi.org/10.3390/electronics15153365

	Introduction 
	Mathematical Model and Excitation Control Strategy of the Active-Support Motor Equipment 
	Mathematical Model of the DFIM 
	Vector Control Strategy for the RSC 

	Soft-Start Control Strategy for the Active-Support Equipment 
	Analysis of the Inrush Current Generation Mechanism 
	Virtual-Impedance-Based Rotor-Side Pre-Synchronization Control 
	Soft-Start Control Strategy 

	Simulation Verification and Analysis 
	Simulation Verification of the Pre-Synchronization Control Strategy 
	Simulation Verification of the Startup Performance of the Active-Support Equipment 
	Simulation Verification of Startup Performance Under Different Operating Conditions 
	Simulation Verification Under Grid Disturbances 
	Simulation Verification Under Different Speed References 


	Hardware-in-the-Loop Verification 
	Conclusions 
	References

