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Abstract: This paper addresses the challenge of developing a cost-effective and efficient
soft-starting method for doubly fed induction machines (DFIMs), a critical requirement
for various industrial applications, such as pumped-storage hydropower. The research
aims to improve a previously developed starting method by introducing a rotor-side syn-
chronization technique at standstill conditions, which simplifies the starting process and
eliminates the need for additional equipment such as autotransformers, resistors, or auxil-
iary converters. The proposed method begins with the stator winding being fed directly
from the power system, while the rotor-side converter adjusts the voltage and frequency
to achieve synchronization. Once synchronized, the rotor frequency is gradually reduced
by the converter, resulting in a smooth acceleration of the machine. The methodology is
validated through a combination of simulations and experimental testing, demonstrating
the effectiveness of the proposed approach. The results reveal smooth startup dynamics,
with significant reductions in electrical stress, operational complexity, and converter sizing
requirements compared to existing methods. Notably, the magnetizing current is supplied
directly by the power system through the stator, reducing the burden on the rotor con-
verter by 60% compared to the previous method. The conclusions highlight the method’s
robustness and its potential as a superior alternative to existing DFIM starting techniques.

Keywords: doubly fed induction generators; hydroelectric power generation; pumped-
storage hydropower; renewable energy; starting; synchronization

1. Introduction

Pumped-storage hydropower systems are among the most efficient and widely im-
plemented methods for large-scale energy storage [1-3], particularly in the context of
renewable energy integration [4]. Furthermore, these systems can provide critical services,
such as grid balancing, frequency regulation, and peak load management [5,6]. At the heart
of these systems lies the energy conversion machinery, which allows to reversibly work
in pumping mode (water transfer from the lower reservoir to the upper reservoir) and
turbine mode (the opposite) according to the operating requirements. Among the electrical
rotating machinery used for this purpose, the induction machine [7], specifically the doubly
fed induction machine (DFIM), has gained prominence due to its distinct advantages in
variable-speed operation and controllability [8].
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The DFIM [9] is suited for variable-speed pumped storage due to its capability to
operate efficiently over a broad range of rotational speeds while maintaining precise
control of active and reactive power. By interfacing the rotor circuit with a back-to-back
converter, the DFIM allows bidirectional power flow and reactive power support, which are
essential in both pumping and generating modes. Furthermore, the use of partial-capacity
converters—typically 20-30% of the machine’s rated power, only rated to provide the
slip power—significantly reduces the cost and losses associated with power electronics,
compared to fully rated converter-based systems.

A defining characteristic of pumped storage power plants is the operating requirement
of transitioning between generating and pumping modes [10]. Generally, when starting the
unit in pumping mode, the wicket gates are closed. Then, a depressed tailwater level is
achieved through the application of pressurized air to lower the water level at the runner
chamber. This dewatering allows for a lower starting torque requirement. This process
can take several minutes (5-10 min) [11]. Once completed, the machine is started under
no-load conditions. In conventional starting methods, the motor is accelerated up to its
operating speed, and then the synchronization with the power system is achieved. The
pressurized air is released to allow the filling of the chamber with water, priming the pump.
Subsequently, the gates are gradually opened to initiate the pumping process, enabling the
transfer of water to the upper reservoir.

Within the process, the starting of the DFIM from standstill to the rated speed is a
notable aspect. Effective methods to accelerate the motor for pumping are needed. Most of
the existing approaches [12-31] to DFIM starting involve multiple switchgear maneuvers
throughout the process, such as stator or rotor short-circuits, or require additional compo-
nents, such as auxiliary power converters and switches. This poses a technical challenge
and impairs the operating efficiency of pumped hydro storage units.

This paper proposes an improvement to a soft start-up approach previously presented
by the authors [32], consisting of the stator-side synchronization of the machine with
the power system at standstill conditions and subsequent acceleration by rotor voltage
and frequency control. In the improved method, the synchronization is proposed on the
rotor side, ensuring that the initial current is drawn from the grid by the stator circuit.
Therefore, the main contribution of the proposed method compared to the previous method
is the avoidance of electrical stress on the converter. This avoidance expands the converter
lifespan, from the operational point of view, and allows lower converter sizing requirements,
from the system design point of view. Also, pulsed stress on the stator winding before
synchronization is an undesirable effect, which is avoided by the proposed approach.

Furthermore, the proposed method eliminates the need for complex maneuvers in the
starting process, such as stator or rotor short-circuits, as well as the need for additional
equipment for the start-up process, such as autotransformers, resistor, or auxiliary power
converters. Consequently, the approach is simpler and more cost-effective than state-of-
the-art methods for the same purpose. The method presents smooth starting dynamics,
avoiding high inrush currents and voltage sags, and contributing to grid stability.

This paper is structured as follows: Section 2 presents the existing DFIM start-up
techniques. Section 3 describes the operating principles of the proposed method. Section 4
reports the results from the computer simulations conducted to verify the operability of
the proposed method. Section 5 presents the experimental results conducted on a grid-
connected testbench comprising a 7.5 kW DFIM. Based on the results, Section 6 provides
a discussion comparing the proposed method with other techniques, highlighting the
contributions of the present work. Finally, Section 7 closes the paper, summarizing the
main points and opening avenues for future work.
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2. State of the Art

The existing methods for DFIM starting have been divided into three main categories:
opposite-phase sequence-based methods, reduced voltage-based methods, and auxiliary
converter-based methods. In the following, each category will be described, pointing out
their technical advantages and drawbacks. The electrical schemes for each type of method
are illustrated in Figure 1.
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Figure 1. State-of-the-art start-up methods: (a) Opposite sequence; (b) Autotransformer and variable
resistors; (c) Stator short-circuit; (d) Rotor short-circuit; (e) Auxiliary converter on the stator side;
(f) Auxiliary converter between stator and main converter DC bus.
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2.1. Opposite-Phase Sequence-Based Methods

In this approach [12], the stator and rotor are fed in parallel from the converter with
opposite-phase sequence, as depicted in Figure 1a. The opposite-phase sequence is achieved
by swapping two phases in the connection between stator and rotor. This connection
includes an additional switch (S1), which is initially closed. Under these conditions, the
machine is brought to the operating speed, S1 is opened, and the machine is connected to
the grid by closing the main circuit breaker (CB).

The main advantage of this method is that the starting time is largely shortened
in comparison with other methods. However, the technique is characterized by a high
torsional stress imposed on the shaft between the opening of S1 and the closing of the CB,
associated with the high oscillating electromagnetic torque produced by the machine. As a
result, this method is not generally used for start-ups.

2.2. Reduced Voltage-Based Methods
2.2.1. Autotransformer and Variable Resistors in the Rotor

As illustrated in Figure 1b, the method employs an autotransformer (AT) connected
to the stator terminals and a variable resistor (Ry;,) inserted in the rotor circuit [13]. The
setup requires two additional switches, S2 and S3, which are initially closed to integrate
and later disconnect the resistors during the starting process. The variable resistor enables
a gradual and controlled start-up. Once the machine reaches approximately 95% of its
operating speed, S2 is opened, transitioning the AT to operate as a current-limiting device.
Simultaneously, S3 is disconnected, and S1 is closed to supply the rotor with the excitation
through the power converter, leading the machine to the full operating speed. Finally, the
CB is closed, bypassing the AT and completing the start-up procedure.

This process allows for gradual, smoother start-up compared to other methods. The
procedure does not allow for a fast start-up as required in power plants. Furthermore,
additional components (autotransformer and rotor resistances) are required to perform
the start-up.

2.2.2. Stator Short-Circuit

Other methods utilize the power converter to control the variable speed drive, facil-
itating a reduced-voltage start-up without requiring the AT and variable resistors as in
the previous method. One such approach, commonly used in the industry for large units,
involves short-circuiting the stator windings [14-28], as shown in Figure 1c. The stator
short-circuit is implemented with an additional switch, S1, which is initially closed. The
machine is accelerated up to the required speed by exciting the rotor windings. Once the
machine reaches its operating speed, S1 is opened, clearing the short-circuit. The machine
rotates freely. When the synchronization conditions are met while exciting the rotor wind-
ing, the synchronization with the power system is conducted by closing the CB. The time
between the opening of 51 and the closing of the CB should be minimized in order to avoid
significant parameter differences that could lead to abrupt synchronizations.

Alternatively [29], as also depicted in Figure 1d, the machine can be accelerated
up to half speed by exciting the rotor windings under the stator-short circuit condition,
inducing full stator frequency. Then, the short-circuit is cleared by opening S1, and the
stator is synchronized to the secondary side of the excitation transformer by closing S2.
Subsequently, the converter is controlled to accelerate the machine up to the operating
speed. Afterward, 52 is opened, the machine rotates freely, and when the synchronization
conditions are met while exciting the rotor winding, the synchronization with the power
system is conducted by closing the CB.
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Generally, during the start-up, the rotor-side converter (RSC) must deliver a voltage
proportional to the rotor frequency, maintaining a constant voltage-to-frequency (V/Hz) ra-
tio and ensuring that the air-gap flux remains stable throughout the start-up process [14-18].
Nevertheless, given that magnetizing and torque currents cannot be managed indepen-
dently under the constant V/Hz control, vector controls based on stator flux orientation
(field-oriented control, FOC) have been proposed to accelerate the machine [19-25], compar-
atively improving the starting time [26]. Recent additional improvements to the stator-short
circuit start-up include injecting a low-voltage DC signal into the stator windings to provide
the required reactive power. This eliminates slip losses and cuts down the magnetizing
current requirement, reducing the energy consumption [27,28].

This method is characterized by lower power losses during the start-up process
compared to other methods. However, the starting torque is limited, and high-power
commutation switches capable of withstanding the short-circuit currents are needed as
additional components.

2.2.3. Rotor Short-Circuit

Alternatively, the short-circuit can be applied to the rotor windings [14,18,30], as
illustrated in Figure 1d. The rotor short-circuit is implemented with an additional switch,
51, which is initially closed, and the excitation power is fed into the stator terminals
from the converter through S2, which is also initially closed, all while S3 and the CB
are open. This approach allows the machine to operate during start-up similarly to a
squirrel-cage induction machine driven by a variable frequency drive. The machine is
accelerated up to the operating speed by constant V/Hz control [14] or field-oriented vector
control [30]. Once the machine attains the required operating speed, the short-circuit is
cleared by opening S1, disconnecting the power converter from the stator by opening S2,
and connecting the converter to the rotor by closing S3. The machine rotates freely. Once
the synchronization conditions are achieved by exciting the rotor windings, the CB is closed.
The stator is directly connected to the grid, while the converter assumes control of the rotor.

This method enables faster, and more energy-efficient start-ups compared to other
methods, particularly the stator short-circuit method. However, the power converter must
be able to bring the machine up to the operating speed by feeding the stator, which can
increase the required converter voltage power rating. Moreover, additional high-power
commutation switches are required to withstand the rotor short-circuit currents.

2.3. Auxiliary Converted-Based Methods

In the method detailed in [29], an auxiliary power converter is connected to the
stator terminals to perform the start-up of the DFIM, as illustrated in Figure le. Initially,
switches S1 and S2 are closed, enabling the auxiliary converter to supply the stator with
full-frequency power while simultaneously exciting the rotor to achieve the required speed.
Once the machine reaches the operating speed, synchronization with the power system is
achieved by closing the CB, thereby bypassing the auxiliary converter. Finally, switches S1
and S2 are opened, completing the starting sequence.

An alternative approach was reported in [31], depicted in Figure 1f, which involves
an auxiliary voltage source converter (VSC) and an additional switch, 51, to supply the
stator from the main converter DC bus, which is initially closed. The vector control for the
VSC and the RSC are combined, ensuring a smooth acceleration process. Once the machine
reaches the operating speed, S1 is opened, the machine rotates freely, and while the rotor
windings are being excited, the machine is synchronized to the power system by closing
the CB.
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Auxiliary converter-based methods provide smoother start-up compared to the earlier
techniques but necessitate additional electronic components and switches, which consider-
ably increases the system’s complexity and cost.

2.4. Previous Standstill Synchronization-Based Method

Previously, in [32], the authors presented a soft-starting method for DFIMs based on
the synchronization of the machine with the power system at standstill conditions. The
configuration of the proposed system is illustrated in Figure 2. The synchronization was
proposed on the stator side, via the closing of the main CB.

AU
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Transformer
GRID > - < DF1M>>—
CB .
|
| —
Excitation
Transformer
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T UZ,
S/
AC/AC Power Converter

Figure 2. Previous soft-starting method based on standstill synchronization on the stator side.

At the initial conditions, the machine is at standstill conditions and the main CB is
initially open. The RSC ensures that the electromotive force (EMF) induced on the stator
windings matches the magnitude and frequency conditions required on the stator side
of the CB before synchronization. Once these conditions are met, the CB is closed. Then,
the RSC gradually reduces its output frequency, causing the rotor to accelerate. The RSC
control during the acceleration process is proposed under the constant flux strategy.

The main benefits of this method over state-of-the-art methods are that no other com-
ponents than the CB are required. Complex switchgear maneuvers are avoided throughout
the starting procedures. The method is simple, secure, and cost-effective.

However, several drawbacks of this method have been identified. The main disadvan-
tage is that the magnetizing current is fully provided by the rotor circuit. As a consequence,
the rotor power converter must be able to supply the full magnetizing current until the
start of the acceleration process. This requires larger sizing requirements for the power
converter. Moreover, the high-frequency pulses generated by the RSC, due to pulse-width
modulation (PWM), are induced in the stator winding before grid synchronization, result-
ing in increased stress on the insulation. The motivation of the present work is to effectively
address these limitations.

In summary, the advantages and limitations of each state-of-the-art method for DFIM
starting are provided in Table 1.
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Table 1. DFIM starting methods: state of the art sum-up.

Type Method References Advantages Limitations
Opposite-phase sequence-based [12] v/ Fast starting High oscillation torque and torsional forces on the shaft
. . . Slow starting
With autotransformer [13] ; gum%% ct);tliezgrtlal winding starting Additional autotransformer and rotor
resistances required
High power commutation switch required to support
N v Low power losses
Stator short-circuited [14-29] p . the stator short-circuit currents
Reduced voltage-based v Acceptable soft starting Reduced starting torque
Increased converter power rating required to carry the
Rotor short-circuited [14,18,30] /  Fast startin mgchine up to its rated.speed by feedir}g the stator
T 8 High-power commutation switch required to support
the rotor short-circuit currents
v Soft-starting
Auxiliary converter-based [29,31] v Auxiliary converters can be used for power Additional power electronic devices and
’ enhancement in case of low load switches required
Simple synchronization
Increased converter power rating (design), or increased
v/  Simple execution electrical stress on the converter (operation) in order to
Stator-side [32] v No additional devices needed i:lllpply t}l1e mag?etlzlrﬁtc‘ivc&rra}t ffocting th
synchronization v Soft starting with no torque pulses and low ectrical stress from PWM pulses affecting the stator
inrush currents winding before synchronization
Slow starting as a consequence of the soft-starting
process
Standstill v Simple execution
synchronization-based v Noadditional devices needed Slow starting as a consequence of the
v Soft starting with no torque pulses and low ft-starti 8 d
‘ ; h currents soft-starting process .
Rotor-side v glorlelzsconverter ower rating (design), or low Additional switch required on the rotor side
synchronization - P & gn), ot The voltage during the initial moments of the startin.
electrical stress on the converter (operation), & & &
(proposed method) as the magnetizing current is provided from process must be higher than th.a.t ofa converter
the stator fed from the grid operating in steady-state conditions with small
v Reduced electrical stress on the stator slip values.

windings before synchronization
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3. Operating Principles of the Proposed Starting Method
3.1. General Method Outline

The simplified electrical configuration of the system to start-up the DFIM is shown in
Figure 3. The stator of the DFIM is connected to the power system through a main step-up
power transformer and the main CB, while the rotor windings are connected through
back-to-back power converters (RSC and GSC). The rotor-side connection is equipped with
an additional switch (S1), which is provided with an automatic synchronizing relay. The
rotor is mechanically coupled to the hydro turbine.

AU
Af
Main Power ) 1 Ap L
Transformer fg"d S i
Ugn'd ot Us Us/rtf/ Ur
GRID > T DF[M>> /
. T .
CB : fsos1 S
|
|
Excitation
Transformer
Power Converter
AC/DC DC/AC
T UZ,
7

Figure 3. Electrical scheme for the proposed starting method (ug”‘d: power system voltage; Us: stator
voltage; U,: converter-fed rotor voltage; fo,is: power system frequency; fs: stator currents frequency;
frt converter-fed rotor currents frequency; ry: stator-to-rotor transformation ratio; AU: voltage mag-
nitude difference; Af: frequency difference; A@: phase difference). Manageable variables presented
in blue.

The proposed method is based on the synchronization of the DFIM to the power
system under standstill conditions on the rotor side. To this end, the machine is initially
fed through the stator windings directly from the power system, i.e., the CB is initially
closed. The rotor windings are initially open, i.e., S1 is initially open, implying that the
rotor will be found at standstill conditions unless an external torque is applied to the shaft.
The converter is controlled to ensure that the rotor-side synchronization conditions are
met. Once the synchronization conditions are met and S1 is closed, the power converter
performs variable voltage and frequency control to accelerate the machine from standstill
to the rated speed.

The main advantage of the proposed method lies in the reduction in the complexity
and costs compared to state-of-the-art methods. No additional switchgear (breakers,
autotransformers, resistors, auxiliary converters), other than the main CB and the switch
are required for soft-starting of the DFIM. Moreover, if IGBT switching control in the RSC
is leveraged with conventional grid synchronization methods, such as phase-locked loops
(PLL), the additional switch can be avoided.

Furthermore, the method enhances security in the operation of DFIMs, as the need for
short-circuits is eliminated. Inrush currents and potential voltage sags during the starting
process are avoided, which signifies notable benefits for power system stability, especially
for weaker systems.
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3.2. Detailed Method Description

Initially, the machine is found in standstill conditions, including the case of transition
from generating to pumping mode. In these conditions, the rotor mechanical speed is zero
(wm = 0), and the main CB is in the closed state, i.e., the stator is connected to the power
system; therefore, Us = Ug,y and fs = f¢;4- The initial status of S1 is open. The voltage on the
converter side of S1 corresponds to U,, while the actual rotor voltage, on the machine side
of S1, is imposed by the voltage ratio as Us/r;. Based on this initial scenario, the control
of the power converter is conducted in order to achieve the rotor-side synchronization

conditions. The flowchart of the proposed starting method is presented in Figure 4.

The CB is closed and S1 is
open (Us and f; are defined by
the power system)

The stator is fed from the power
system. The power converter brings |«
frtofyand U, to Uy/ 1,

v

Af=fi—fr=0
AU=|Uy/ 1| -|U| =0
Ap=ps—0,=0

Synchronize by closing S1, and then,
reduce f, and U, according to U,/f,
constant control until rated conditions

End

Figure 4. Flowchart of the proposed starting method. Manageable variables presented in blue.

To achieve the rotor-side synchronization conditions, the power converter must control
its terminal voltage magnitude U, and frequency f,. The frequency of the rotor currents, for
a DFIM with p pole pairs, should be set using Equation (1):

W = cus (fs = fr) 1
p

From Equation (1), with initial standstill conditions (w;; = 0), and the stator windings
fed from the power system (fs = foi4), it is derived that the converter’s frequency (fy) should
be driven to the grid frequency (f; = fs = f¢i4)- This allows to satisfy the first synchronization
condition (Af = 0), as shown in Figure 4.

Furthermore, the converter’s output voltage (U;) should be driven to the equivalent
rotor voltage (U, = Us /1t = Ugrid/ rt), with r; being the stator/rotor voltage ratio. This
condition ensures that the induced EMF in the rotor windings matches the rotor voltage

at the synchronization instant, allowing to satisfy the second synchronization condition
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(AU = 0), as per Figure 4. Failing to achieve this condition would lead to an unnecessary
reactive power flow, disrupting the transient smoothness of the proposed method. The
constant flux or V/Hz control is proposed in this process.

It shall be noted that if the shalft is initially rotating (w;, # 0), as occurs for starting in
the turbine mode, the converter should impose a rotor frequency f; that corresponds to the
difference between the mechanical rotation frequency and the stator frequency, following
Equation (1). However, the developments are carried out assuming starting in the pumping
mode, as the counter torque present in this mode of operation makes it more critical.

Once the converter has matched the rotor voltage U, and frequency f; to the mentioned
values, the voltage magnitude difference condition (AU = |Us/ri| — U, | = 0) and the
frequency difference condition (Af = fs — f, = 0) are met. Provided that the phase sequence is
the same on both sides of the CB, the CB is closed when the third synchronization condition
is met: when the phase shift between voltage phasors is zero (A¢ = 0). The machine,
previously fed from the stator, has been synchronized to the power system on the rotor
side, at standstill conditions. Then, given that the rotor’s frequency is equal to the stator’s
(fs = fr), fluxes match. Therefore, no EMFs or torque are produced. Consequently, the shaft
remains at standstill conditions (w;, = 0) after synchronization.

After synchronization, the actual rotor voltage (U,) and frequency (f;) are imposed by
the power converter. The converter smoothly reduces the output frequency f;, causing the
shaft to rotate according to Equation (1). In this process, a constant flux or V/Hz control is
also proposed; thus, the rotor voltage (U,) should be reduced proportionally to the rotor
frequency (f;). This process is conducted until the rotor frequency matches the rated value,
and therefore the machine attains the rated speed. Throughout this process, the machine
accelerates from standstill up to the rated speed, ramping down from a unitary slip (s = 1)
to the rated slip. The softness of this process is directly related to the rate of change of
frequency applied by the converter.

3.3. Theoretical Considerations
3.3.1. General Description of the DFIM

The DFIM can be described with voltage equations, flux linkage equations, and
mechanical equations [33], under the assumption of sinusoidal field distribution along
the airgap periphery and phase balance; thus, no zero-sequence currents, and constant
magnetic saturation during the process. The equations addressed in this section, in the per-
unit (p.u.) system, completely define the transient behavior of the DFIM’s state variables.

First, the general phasor equations for the stator and rotor voltages in a DFIM can be
written in the stator-flux reference frame as per Equations (2) and (3), respectively:

d¥, .
U, = 775 + jwo ¥s + Rs )
dv¥, .
Qr = (Er + ](wo - Wmec)zy + err (3)

where ¥; is the stator flux, ¥; is the rotor flux, wy is the angular speed, R; is the sta-
tor resistance, R, is the rotor resistance, and I; and I, are the stator and rotor currents,
respectively.

Secondly, the general expressions for the stator and rotor flux linkages in a DFIM can
be written, in the same reference frame, as per Equations (4) and (5), respectively:

wo¥s = Xsls + X (Ls + L) (4)

wo ¥, = XeL, + X (L + 1) ()
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where X; is the stator leakage reactance, X;, is the magnetizing reactance, and X, is the
rotor leakage reactance of the DFIM.

By introducing Equations (4) and (5) into Equations (2) and (3), the following
Equations (6) and (7) are derived:

_ . (Xs + Xom) dl da . Xm

U, = [Rs + j(Xs + X)L + TE + 7 + jwo w—ol, (6)
B . (Xr + Xi) dI, da . Xm

u, = [Rr +]S(Xr+Xm)]lr+Tﬁ+ E—l—]SWO w—OLQ (7)

Finally, the mechanical equations, including the motion equation and the expression
of the mechanical torque, are provided in Equations (8) and (9), respectively:

AWmec Ty — T,

it  2H ®)

Ty = Xmlm{lsl:} )

where T}, is the mechanical torque, T is the mechanical counter-torque applied to the rotor,
and H is the rotor inertia constant.

3.3.2. Rotor-Side Synchronization Analysis

In the proposed method, the grid provides the magnetizing current and imposes
the rotor-side synchronization voltage. The magnetization takes place following a flux
creation transient. According to Equation (6), and assuming that the rotor is open-circuited,
Equation (10) expresses the evolution of the stator current:

Re

L=x +j<§<[§ Ty e e e (10)

Given the typical values of the motor parameters, the maximum value of the stator

current is below 1 p.u. Once the magnetization transient finishes, synchronization is

possible. In order to achieve this as smoothly as possible, the rotor current should ideally be

zero (I, ~ 0) at the synchronization instant. The particularization of Equations (6) and (7)
for I, = 0, fs = f; and the null time derivatives yields Equations (11) and (12):

Uy
Rs + j(Xs + Xm)

Ls|sync -

(11)

_ j X
Qr|sync - Rs +](Xs i Xm)gs (12)

As derived from Equations (11) and (12), the magnetizing current is fully drawn from
the grid. Given that for an infinitely rigid power system Uj is constant at its rated value
(Us = Ugyig = 1 p-u.), and that the grid voltage is taken as phase reference (¢s = ¢g,ig = 0),
Equation (11) turns into Equation (13):

1= [RS +j(XS + Xm)] IS|sync (13)

Consequently, the magnitude of the current drawn from the grid I; at the synchroniza-
tion instant is given by Equation (14), while the rotor voltage magnitude (U;) which should
be provided by the converter on the converter side of the switch before synchronization is

given by Equation (15):

Llpne = ! (14)

sync
\/Rg (X + Xon)?
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X
Ur: n >
\/R§+(X5+Xm)

(15)

Therefore, the rotor voltage will be lower than its rated value as the denominator of
Equation (15) is larger than its numerator. The synchronization can be conducted without a
transient at the switching of the rotor-side switch.

3.3.3. Acceleration Analysis

Once the DFIM has been synchronized to the power system, the rotor is accelerated.
In this process, the magnetizing current provided by the grid is gradually reduced as the
converter assumes part of this current.

To analyze the acceleration process, the starting electromagnetic transients will
be neglected because the starting is assumed to be smooth, i.e., the electrical param-
eters will change slowly, and their time decay is fast. Thereby, the time derivatives
in Equations (6) and (7) will be considered zero. In addition, under a constant flux or
V/Hz strategy, the ratio between U, and f, will remain constant throughout the process
(Uf/ fr = constant = 1 p.u.). Under these considerations, I, and I; can be calculated according
to Equations (16) and (17), respectively:

I — U, [Rs + j(Xs + Xin)| — jsXmUs
T X2+ [Re + js(Xp 4+ Xn)[Rs + j(Xs + Xim)]

(16)

L U jXul,
TR+ j(Xs + Xim)

Equations (16) and (17), along with the mechanical characteristics expressed in

(17)

Equations (8) and (9) characterize the DFIM’s starting dynamics. The acceleration process
ends when the rated rotor frequency is achieved, i.e., the machine slip is ramped down
from unity to the rated slip. This progression should be smooth, as if this ramp is too steep,
there is a risk of overcurrent associated to the DFIM’s inertia.

4. Computer Simulations

Extensive computer simulations were performed using the Matlab-Simulink® (version
R2024a) environment, with the objective of verifying the proposed DFIM soft-starting
method. For these simulations, a model comprising a 0.52 kW DFIM is employed. In this
section, this model and the results obtained from the simulations are presented.

4.1. Simulation Model

The simulation model is based on a 0.52 kW DFIM, connected to a 400 V, 50 Hz, three-
phase infinite bus through the main CB. This CB is initially closed, feeding the machine
from the stator side, directly from the power system.

On the grid side of the rotor circuit, the power converter is fed from a 120 V three-phase
system, representing the secondary side of the excitation transformer. The GSC is controlled
to sustain the voltage at the DC stage (V;.), which is equipped with a C = 1600 uF capacitor.
The setpoint for V. depends on the rotor frequency f;. It should be noted that the capacitor
is sized to stabilize the DC bus voltage and ensure converter functionality. As long as C is
appropriately sized, it does not influence the performance of the proposed starting method.

On the machine side of the converter, the RSC generates the required PWM signals to
ensure the necessary rotor voltage U, and frequency f; at each time. A switch S1 is located
between the RSC and the rotor winding, which is initially open. This switch is provided
with an automatic synchronizer. Once the RSC provides the required voltage magnitude
and frequency (this frequency is set at f, = 49.95 Hz to ensure seamless synchronization),
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S1is closed to synchronize the DFIM to the power system through the rotor circuit. After
synchronization, f, is smoothly ramped down to 2 Hz, accelerating the rotor. The total
acceleration time is set at t = 5 s to achieve soft starting.

Figure 5 shows the simulation model, while Table 2 lists the rated values of the DFIM’s
main rated parameters.

Measurements
il
L. .J AC Grid
el - 5
Synchronizer NP — | ] ‘i: i
: DFIM CcB A
. Aoa T—if' AC Grid (rotor side)
L 18 ‘
< m s
c L g R >
_ \" \@: c [ [ eSS
3 C gy
=t “ AC Filters
GSC
Figure 5. Simulation model.
Table 2. Simulated DFIM’s main rated parameters.
Parameter Magnitude Units
Real power (P) 0.52 kW
Stator voltage (Us) 400 \Y
Frequency (fs) 50 Hz
Stator/rotor voltage ratio (r¢) 10/1 V/V
Stator resistance (Rs) 30.0 Q
Stator inductance (Ls) 0.120 H
Equivalent rotor resistance (R,) 30.0 Q
Equivalent rotor inductance (L") 0.120 H
Mutual inductance (Ly,) 2432 H
Moment of inertia (J) 0.0015 kg-m?
Number of pole pairs (p) 2
Speed (1) 1400 rpm

4.2. Simulation Results

Figure 6 shows the evolution of the main machine variables involved during the
starting process (wm, T, Ir, Is, and U,). These variables are expressed in the per-unit (p.u.)
system based on the DFIM’s rated values.

As can be observed in Figure 6, before S1 is closed, the initial magnetizing current
is provided by the grid-fed stator, with a value of approximately Is ~ 0.50 p.u. The rotor
winding is initially open-circuited; thus, no current flows through this circuit, I, = 0. The
machine is, therefore, found under standstill conditions (w;, = 0). Furthermore, before
synchronization, the converter imposes the required rated rotor voltage on its side of S1
(U = 0.76 p.u. in this case). The rotor frequency imposed by the converter on its side of S1
was set at f, = 49.95 Hz, close to the grid frequency.

The synchronization is conducted, under standstill conditions, at ¢ = 0.34 s, and at this
time, the acceleration process starts and lasts for approximately 4 s. The initial flux creation
transient occurs after synchronization, with a stator current increase up to Is ~ 0.55 p.u. No
rotor current peaks are observed following synchronization, as the synchronizer enables the
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closing of S1 only when the voltage magnitude, frequency, and phase shift conditions are
achieved. However, transient oscillatory currents flow through the rotor circuit during the
initial stages of the acceleration process, attaining an overshoot slightly above I, ~ 0.60 p.u.,
as a result of the mechanical characteristics of the DFIM. This transient imposes a light
oscillatory effect on the torque during the initial stage of the acceleration process. After
these transients, the rotor current and torque achieve smoother conditions at approximately
t=1s.

o
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Figure 6. Simulation results for the proposed soft starting [mechanical rotor speed (wy,); torque (Ty,);
RMS values of rotor and stator currents (I, and I;, respectively); rotor voltage (U)].

The acceleration initiates when the converter control leaves the constant rotor voltage
setpoint. The rotor voltage imposed by the converter is ramped down smoothly from
U, = 0.76 p.u. to its rated value of U, = 0.05 p.u. under the V/Hz control strategy, i.e., from
fr =49.95 Hz to f, = 2.5 Hz, during approximately 4 s. As a consequence, the rotor initiates
its rotational motion (w,; > 0) and accelerates (dw, /dt > 0) up to the operating speed based
on the setting of f; (w;; = 0.95 p.u., i.e., final slip of s = 0.05). Throughout this process, the
magnetizing current is supplied by the stator and rotor circuits according to the behavior
of the machine’s characteristic impedances. At the end of the acceleration process, the
magnetizing current is partly drawn from each side: I, ~ 0.35 p.u. and I; ~ 0.40 p.u.

Finally, in Figure 7, the converter-side and machine-side rotor voltages are shown,
i.e., the voltages on both sides of S1. Before S1 is closed, the converter-side voltage pulses
in accordance with the PWM from the RSC, while the machine-side voltage is purely
sinusoidal, as it corresponds to the EMF induced on the rotor windings when feeding the
stator from the grid. After closing S1, the pulsed signal injection by the RSC to the rotor
windings is observed.
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Figure 7. Simulation results for the proposed soft-starting method [Rotor voltage (U;) on the converter
and machine sides].
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5. Experimental Tests
5.1. Experimental Setup

The experimental setup can be observed in Figure 8 in the form of an electrical
simplified scheme. The overview of the setup can be seen in Figure 9. The numbering in
Figures 8 and 9 is consistent. The setup comprises a 7.5 kW wound-rotor induction machine
(1) (160M4, Leroy Somer, Angouleme, France) with a 7.5 kW power converter (Vacon NXP,
Danfoss Drives, Nordborg, Denmark) connected to the rotor (2) via brushes and slip rings.
This power converter hosts both the RSC and the GSC. The DFIM’s main parameters are
listed in Table 3.

O] )
Only required to test different grid voltages @ @
Main Power Transformer ~ Autotransformer M )
400V /230V 230 V/0:230V, a 3
‘ g
GRID < > g
. (6) S1
|
) 6) 44(19
AC/DC DC/AC
T
4»’7 T
Q®) S (10)
GSC RSC

Figure 8. Experimental setup: electrical scheme [(1): DFIM; (2): Power converter; (3): Main power
transformer; (4): Autotransformer; (5): Oscilloscope; (6): CB; (7): Synchronizer; (8): Rotor-side
voltmeter; (9): RSC-side voltmeter; (10): Computer interface; (11): Ammeters].

Figure 9. Experimental setup: overview [(1): DFIM; (2): Power converter; (3): Main power trans-
former; (4): Autotransformer; (5): Oscilloscope; (6): CB; (7): Synchronizer; (8): Rotor-side voltmeter;
(9): RSC-side voltmeter; (10): Computer interface; (11): Ammeters].
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Table 3. Tested DFIM’s main parameters.

Parameter Magnitude Units
Real power (P) 7.5 kW
Stator voltage (Us) 230/400 v
Stator current (I5) 32/18 A
Rotor voltage (U;) 190 \Y
Rotor current (I,) 24 A
Power factor (PF) 0.70
Frequency (fs) 50 Hz
Stator/rotor voltage ratio (r¢) 2.10/1 V/V
Stator resistance (Rs) 0.25 QO
Stator inductance (Ls) 0.875 mH
Equivalent rotor resistance (R;") 1.55 QO
Equivalent rotor inductance (L;") 5.425 mH
Mutual inductance (Ly,) 0.135 H
Moment of inertia (]) 0.0439 kg-m?
Number of pole pairs (p) 2
Rated speed (1) 1447 rpm
Mounting code B3
Weight 136 kg
Diameter/height ratio 6
Ingress protection (IP) code 55
Impact protection (IK) rating 08
Insulation class F
Duty type S3 (100%)
Maximum ambient temperature 40 °C
Bearings (driving end) 6309 Z C3
Bearings (non-driving end) 6309 C3 Q

On the stator side, the machine is directly fed from the AC grid (Ugs = 400 V,
feria = 50 Hz) through the 400/230 V main power transformer (3), and additionally, a
230/0:230 V variable autotransformer, i.e., variac (4), in order to test the proposed starting
methods at different voltage levels. However, this autotransformer is not required to con-
duct tests under conventional conditions, as the DFIM is commonly fed by providing the
rated voltage to the stator. A current probe connected to a 4-channel digital oscilloscope (5)
(PZ4000 Power Analyzer, Yokogawa Electric Corporation, Tokyo, Japan) is used to monitor
the stator current. Additionally, several network analyzers (11) are utilized to monitor the
stator- and rotor-side measurements during the start-up process.

On the rotor side, switch S1 is equipped with a synchronizer (7). The rotor voltage
is measured on the machine (8) and converter (9) sides of S1. Differential probes are also
installed on both sides of S1, to register the values via the 4-channel digital oscilloscope
(5). In addition, another current probe, also connected to (6), is employed to monitor the
rotor current. The power converter (2) is directly fed from the AC grid. This converter
comprises a 6-pulse bridge rectifier (GSC) to sustain the voltage at the DC bus, which is
rated at V;. =540V, and a controlled 6-pulse IGBT inverter (RSC), allowing for constant
V/Hz control. The rotor converter is controlled through a computer interface (10). The
rotor voltage is initially set at U, = 190 V with a frequency of f; = f¢;iy = 50 Hz. During the
start-up process, they are progressively reduced to U, = 20 V and f, = 5 Hz, respectively,
which are the values at the end of the acceleration process.

5.2. Experimental Results

The results of the experimental implementation of the proposed soft-starting method
are presented in Figure 10. This figure depicts the evolution of the main machine variables
involved during the starting process (wy;, T, Ir, Is, and U,). These variables are expressed
in the per-unit (p.u.) system based on the DFIM’s rated values.
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Figure 10. Experimental results for the proposed soft starting [mechanical rotor speed (w;); torque
(Tm); RMS values of rotor and stator currents (I, and I, respectively); rotor voltage (U;)].

In Figure 10, before S1 is closed, the initial magnetizing current is provided by the
grid-fed stator, with a value of approximately I; ~ 0.50 p.u. The rotor winding is initially
open-circuited; thus, no current flows through this circuit, I, ~ 0. The machine is, therefore,
found under standstill conditions (w,; = 0). Furthermore, during this initial stage, the
converter imposes the rated rotor voltage on its side of S1 (U, = 1 p.u.). The rotor frequency
imposed by the converter on its side of S1 was set at f, = 49.95 Hz, close to the grid frequency.

The synchronization is performed, under standstill conditions, at t = 2.825 s. At
this time, the initial flux creation transient occurs, with a stator current increase up to
Is = 0.70 p.u., followed by a stabilization around Is ~ 0.60 p.u., which corresponds to the
magnetizing current required by the machine to continue being constantly supplied by
the stator. Following the synchronization, given that the voltage magnitude, frequency,
and phase shift conditions are accurately achieved at synchronization, the rotor current
deviates very slightly from its zero theoretical value, due to ordinary transients related to
slight parameter shifts. This current does not surpass 0.15 p.u. (I; < 0.15 p.u.). Following
the rotor current behavior, the mechanical torque applied by the machine on the rotor is
also very low throughout this stage (T); < 0.05 p.u.). The converter control is set to sustain
the rotor voltage constant at the rated value (U, = 1 p.u.). As after synchronization f, = f;,
the machine remains at standstill conditions (wy, = 0).

The acceleration initiates at t = 28.50 s, as at this time the converter control leaves the
constant rotor voltage setpoint. The rotor voltage imposed by the converter is ramped
down smoothly from U, =1 p.u. (190 V) to its rated value of U, = 0.1 p.u. (20 V) under
the V/Hz control strategy, i.e., from f, = 49.95 Hz to f, = 5 Hz, during approximately
60 s. As a consequence, the rotor initiates its rotational motion (w,, > 0) and accelerates
(dwy, /dt > 0), up to the operating speed based on the setting of f, (w, = 0.90 p.u., i.e., final
slip of s = 0.10). Gradually, the current drawn by the stator from the grid I; decreases, while
the rotor current I, increases. The rotor side provides the accelerating current, as well as
progressively an increasing part of the magnetizing current to the detriment of the stator
side. After the acceleration process ends, the magnetizing current is partly drawn from
each side: I, ~ 0.30 p.u. and Is ~ 0.40 p.u.

Therefore, throughout the whole starting process, the experimental results are con-
sistent with the results obtained from the computer simulations. However, the process
observed in the experimental approach is smoother than the one in the computer simula-
tions, as the current and torque transients observed in Figure 6 are not present in Figure 10.
This evidences that the transients in the computer simulations did not respond to actual
physical phenomena but to simulation issues.
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Finally, in Figure 11, the waveforms of both the machine-side and converter-side rotor
voltages are provided. Also, similarly to the simulations, during the pre-synchronization
stage the machine-side voltage responds to the EMF induced on the rotor windings as a
result of the stator-side feeding from the grid. The converter-side voltage is pulsed due to
the PWM feeding. After closing S1, the power converter injects the pulsed voltage signal to
the rotor windings.
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Figure 11. Experimental results for the proposed soft-starting method [Rotor voltage (U;) on the
converter and machine sides].

6. Discussion
6.1. Findings

An improved DFIM starting method has been proposed and verified through both
computer simulations and experimental tests, under free shaft conditions, which is typical
in hydro pumped-storage units in the pumping mode. The proposed technique is signif-
icantly simpler and more cost-effective than alternative methods aimed at achieving the
same objective, as it eliminates the need for complex maneuvers and additional equipment
as in mainstream state-of-the-art methods.

Beyond the aforementioned simplicity and cost-effectiveness, the findings derived
from the results presented in this work are related to the reduction in inrush currents, bene-
fiting both the DFIM and the grid stability. Experimental tests indicate that the proposed
method requires approximately I; = 0.6 p.u. stator current to provide the magnetizing
current during the initial stage. By the end of the acceleration process, the current required
from the RSC is only around I, =~ 0.4 p.u., which accounts for a portion of the magnetizing
current as well as the accelerating current. Meanwhile:

e  opposite phase sequence-based techniques reach up to 6 p.u. [12];

e reduced voltage-based techniques using autotransformers and variable resistors can
reduce the inrush current down to 0.8 p.u. [13];

e  stator short-circuit-based methods allow for stator currents that vary in the range from
0.6 to 1.5 p.u. [14-28];

e  rotor short-circuit-based methods obtain 1 p.u. [14,18,30];

e and auxiliary converter-based techniques achieve a lower range of the stator-short
circuit-based benchmark [31].

Therefore, the findings demonstrate that the proposed method achieves one of the
lowest starting current values compared to the existing literature, near the lower range
of stator short-circuit-based methods and comparable to converter-based techniques, as
evidence of its suitability for DFIM starting. The initial magnetizing current provided by the
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stator windings, fed from the grid, and the portion of magnetizing current provided by the
converter during the process, are in the range of 0.4-0.6 p.u., well below the rated values.

The findings also highlight that the sinusoidal EMF induced on the rotor windings
can be smoothly synchronized with the pulsed voltage applied by the power converter.
The effects resemble grid synchronizations of synchronous machines, where the EMF
inducted on the rotor windings is analogous to the grid voltage and the converter output is
comparable to the synchronous machine output. However, here, voltage and frequency can
be managed by the converter and have a pulsed characteristic, while voltage and frequency
control under no-load conditions is performed, and a sinusoidal waveform is obtained, in
synchronous machines. The quality of the synchronization is crucial for the smoothness of
the method when the standstill synchronization is performed.

After synchronization, it is shown that the flux creation transient provided by the
stator windings remains largely below the rated value. It is further demonstrated that the
initial oscillatory currents at the initial stage of the acceleration, and the resulting oscillatory
effects on torque, are an outcome of the mechanical characteristics of the machine and
remain within tolerable limits. The soft acceleration is achieved with a gradual decrease
in rotor frequency. In order to avoid current peaks during the acceleration, the rotor
frequency reduction rate should be controlled to prevent the machine inertia from behaving
similarly to a load. Under no-load conditions, the machine only draws magnetizing
and accelerating currents throughout the acceleration process. The magnetizing current,
which is initially drawn entirely from the stator, is progressively distributed between the
stator and rotor. This distribution depends on the machine’s characteristic impedances
and follows the opposite evolution to the one shown in [32]. The accelerating current
is supplied by the rotor side as the machine accelerates, enabling the desired slip. This
balanced distribution of currents, coupled with the smooth synchronization and controlled
acceleration, underscores the effectiveness and practicality of the proposed method for
achieving reliable DFIM starting.

6.2. Analysis of Advantages and Limitations

As deduced from Section 2 and Table 1, the proposed method offers significant prac-
tical advantages over existing methods [12-32]. The high torsional stress on the rotor
caused by opposite-phase synchronizations [12] is avoided. Moreover, additional bulky
and costly power equipment, such as autotransformers and variable rotor resistances [13],
or electronic converters [29,31], is not required. Furthermore, stator and rotor short-circuit-
based methods [14-30] involve notable complexity and pose security risks due to the direct
short-circuit maneuver. Also, these techniques require high-power commutation switches
capable of withstanding short-circuit currents, and in the case of the rotor short-circuit, an
increased converter power rating is necessary to bring the machine up to the rated speed
by feeding the stator, all of which is avoided through the proposed approach.

In comparison with the previous standstill synchronization-based method proposed
by the authors [32], performing standstill synchronization on the rotor side of the DFIM
offers notable advantages, which will be analyzed in the following.

The main advantage lies in initially feeding the machine from the stator. This technique
allows the entire initial magnetizing current to be drawn from the grid, instead of relying on
the converter for this purpose, as in [32]. This reduces the electrical stress on the converter,
thereby extending its operational lifespan. From the system design perspective, it lowers
the converter’s rating requirements, resulting in reduced overall system costs. While the
method in [32] required an initial rotor current of approximately 1 p.u., the improvement
proposed in this work reduces that requirement to 0.4 p.u., attained at the end of the
acceleration stage, when a greater part of the magnetizing current is supplied through
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the rotor circuit. This represents a 60% reduction in the stress applied to the converter,
enhancing its longevity in operation, or alternatively, a 60% reduction in the converter’s
power converter rating requirement, leading to significant cost savings in system design.

Other benefits of the proposed method over the stator-side synchronization counter-
part [32] include that synchronizations conducted on the lower-voltage side of the DFIM
tend to be less abrupt than those on the opposite side. Moreover, by performing the syn-
chronization on the rotor side, another important advantage is that the high-frequency
commutation pulses due to PWM of the RSC present before synchronization in the method
proposed in [32] are avoided, as the DFIM’s stator windings are directly fed from the
power system before synchronization, with sinusoidal currents and voltages. This re-
sults in lower electrical stress on the stator winding insulation than in the stator-side
synchronization counterpart.

However, the most significant drawback of this method is the requirement for an
additional switch, S1, while the stator-side synchronization counterpart [32] only relies on
the main CB to carry out the starting process. Nevertheless, while if the synchronization
is conducted on the stator side, the CB is subjected to high PWM stress, the S1 switch
in the case of rotor-side synchronizations needs to withstand notably lower PWM stress,
specifically, at #; times lower voltage magnitude, which helps relieve the requirements on
switch S1.

The presence of higher converter output voltages during the initial stage of the starting
process, compared to the voltages applied by the converter in steady-state operation with
low slip values, is another noteworthy drawback of the method. Finally, it should be noted
that the starting speed is limited by the intended softness. In fact, the acceleration speed
is inversely proportional to the converter frequency decrease during the process. The
rotor frequency reduction rate should be moderated to prevent the machine inertia from
behaving similarly to a load and thereby causing excessive current and torque peaks that
can undermine the softness.

6.3. Influence of the Control Strategy

The proposed soft-starting method employs a scalar control strategy with constant
V/Hz during the acceleration phase after synchronization, for illustrative purposes. This
approach was selected for its simplicity and effectiveness in ensuring a smooth transition
to the desired slip frequency while maintaining constant magnetic flux and avoiding
saturation. Although scalar control is traditionally associated with steady-state analysis, it
has been successfully implemented in the transient processes presented in this work. Both
simulations and experimental results confirm that this control strategy adequately handles
transient dynamics, resulting in low starting currents, minimized torque oscillations, and a
seamless acceleration process. It is important to emphasize that the novelty of this work
lies not in the specific control strategy employed during the transient phase but in the
development of the rotor-side synchronization-based starting method. The method is
compatible with various control strategies, including field-oriented control (FOC) or direct
torque control (DTC), as long as they ensure smooth frequency and voltage transitions
during the acceleration phase.

6.4. Influence of the Modulation Technique

The simulations and experiments presented in this work employed unipolar PWM
modulation. This can be observed in the waveforms of the rotor voltage on the power
converter side (Figures 7 and 11), which exhibit three distinct voltage levels. The choice of
unipolar PWM was made to minimize harmonic distortion in the lower frequency range and
reduce dv/dt stress on the machine windings, which is beneficial for long-term reliability
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and insulation lifespan. However, it should be noted that the proposed synchronization
and starting method is independent of the modulation strategy used, such as unipolar
PWM, bipolar PWM, or space vector modulation (SVM). The synchronoscope, which
aligns the fundamental harmonic components of the stator and rotor voltages, ensures
that synchronization is governed by the first harmonic, making the method compatible
with any modulation strategy. This flexibility further underscores the practicality of the
proposed technique.

6.5. Influence of Machine Parameters

The simulation and experimental analyses presented in this work were conducted on
two different DFIMs, each with unique design parameters and dynamic characteristics.
Despite these distinctions, the results from both simulations and experiments exhibit
consistent and comparable startup dynamics, including smooth acceleration, low starting
currents, minimized torque oscillations, and successful synchronization using the proposed
method. The observed differences between the machines primarily impact secondary
characteristics, such as the attenuation of oscillations and the duration of transient regimes,
which are governed by machine-specific factors, such as the rotor’s moment of inertia and
the RL circuit parameters. These variations underscore the robustness and adaptability of
the starting method, which demonstrates consistent performance across machines with
differing electrical and mechanical properties.

Particularly, in this work, the simulations and experiments were conducted using
two distinct DFIMs, each with a specific stator-to-rotor voltage ratio (r;), determined
by their design characteristics. The simulation model employed a smaller DFIM with
r¢ =10/1[V/V], while the machine used for experimental testing had r; = 2.10 [V/V],
derived from its nameplate specifications. This ratio is a constant value determined by
the winding configuration and voltage design of each machine, and it primarily affects
the voltage requirements of the RSC, with higher r; reducing converter costs by requiring
lower rotor voltages, and higher rotor currents, for the same power. However, grid stability
and power losses during starting are more closely related to the starting method than to
the value of ;. In the proposed method, with the magnetization performed from the stator
side, issues related to high r; values vanish.

6.6. Applicability to Higher Power Systems

The proposed soft-starting method demonstrates strong potential for application to
higher-rated DFIMs (e.g., >1 MW), with its advantages likely becoming more pronounced
in such systems. Larger machines typically require a smaller proportion of magnetizing
current relative to their total current, leading to reduced relative losses and inrush currents
during energization. In these cases, the smooth acceleration process inherent to the method
further minimizes the grid impact by keeping the inrush currents within a tolerable range,
typically between 0.2-0.4 p.u. Ensuring soft acceleration by moderating the rate of change
of frequency imposed by the converter is even more important in machines with large
inertia, in order to avoid excessive current peaks during the acceleration process. At the end
of the start-up, when the machine reaches the desired speed under unloaded conditions,
the injected currents stabilize as a combination of the magnetizing current and the current
required to overcome mechanical losses, with final currents approaching 1 p.u. under
nominal loaded conditions.

Moreover, scaling the method to larger machines introduces some practical challenges,
such as the need for power converters with higher voltage and current ratings and the
additional energy required to accelerate larger moments of inertia. These factors necessitate
robust converter designs and precise control strategies to maintain smooth voltage and
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frequency regulation during synchronization. Larger machines may also exhibit more
pronounced mechanical resonances or longer transient durations, which would need careful
handling to ensure optimal performance. Despite these considerations, the fundamental
principles of the proposed method remain robust and adaptable, making it well suited for
high-power applications.

7. Conclusions

This work presents an improved DFIM soft-starting method based on the synchro-
nization to the power system at standstill conditions. The improved method relies on
the synchronization performed on the rotor side. The stator of the DFIM is initially fed
from the power system, while the rotor converter adapts the voltage and frequency to
achieve the synchronization conditions. Once these conditions are met, the rotor breaker is
closed. Finally, the rotor converter frequency is decreased, and consequently the machine
is accelerated.

The method has been validated through both computer simulations and experimental
tests. The method demonstrates several general advantages:

e  Reduced complexity and cost: The need for additional components, such as auxiliary
converters, autotransformers, or short-circuiting switches, is eliminated, making the
system more straightforward and cost-effective.

e Enhanced grid stability: By minimizing inrush currents and avoiding voltage sags,
the method supports the stability of power systems, particularly those with weaker
configurations. The proposed technique achieves one of the lowest starting current
levels among existing methods, comparable to or better than state-of-the-art solutions.

e  Smooth startup: The results confirm that the proposed method ensures a seamless
acceleration process with reduced transient currents and torque oscillations.

Specifically, compared to the previous method, based on stator-side synchronization
at standstill conditions, the improved method presents remarkable advantages. The main
benefit is that as the magnetizing current is provided by the grid, the electrical stress on
the power converter is notably decreased. This enhances the durability and decreases the
operational costs of the converter over time. Moreover, the power rating requirements
for the converter can be significantly reduced. Additional benefits include smoother
synchronization, reduced stress on stator windings insulation, and lower-voltage high-
frequency commutation pulses affecting the switchgear.

The limitations of the method include the fact that the softness achieved is inversely
proportional to the operational speed, the use of an additional switch on the rotor side,
and the presence of higher converter output voltages during the initial stage of the process
compared to the voltages applied by the converter in steady-state operation with low
slip values.

The starting method has been assessed under free shaft conditions, which is the typical
situation in variable-speed hydro pumped storage units. Future works may explore the
integration of this method into large-scale hydropower systems, examining its performance
under different operational conditions, including loaded start-ups.
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Nomenclature

Ag Phase difference
Af Frequency difference
AU Voltage magnitude difference

C DC bus capacitance

feria  Grid frequency

fr Converter-fed rotor frequency
fs Stator frequency

H Inertia

I Converter-fed rotor current

I Stator current

] Moment of inertia

L Mutual inductance

L, Rotor inductance

L/ Rotor inductance referred to stator
Ls Stator inductance

Mechanical rotor speed

P Number of pole pairs

P Real power

R, Rotor resistance

R,/ Rotor resistance referred to stator
Rs Stator resistance

Tt Stator/rotor voltage ratio
Rysr  Variable resistance

s Slip

T Mechanical torque

T, Mechanical counter-torque
t Time

Upc DC bus voltage
Ugig  Grid voltage

u, Converter-fed rotor voltage
Us Stator voltage

Xm Magnetizing reactance

Xy Rotor leakage reactance

Xs Stator leakage reactance

@r Rotor phase angle

Qs Stator phase angle

Y, Rotor flux

¥ Stator flux

wo Angular speed

Wiy Mechanical rotor angular speed
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Abbreviations

AC Alternating current
AT Autotransformer
CB Circuit breaker

DC Direct current

DFIM  Doubly fed induction machine
DTC  Direct torque control

EMF  Electromotive force

FOC  Field-oriented control

GSC Grid-side converter

IGBT  Insulated-gate bipolar transistor

IK Impact protection
P Ingress protection
PF Power factor

PLL Phase-locked loop

PWM  Pulse-width modulation
RMS Root mean square

RSC Rotor-side converter
SVM  Space vector modulation
V/Hz Volts/hertz

VSsC Voltage source converter
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