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Abstract: With the escalating proliferation of wind power plants, the imperative focus on system
robustness and stability intensifies. Doubly fed induction machines (DFIMs) are extensively
employed as generating units in land-based wind power plants due to their performance
advantages. While the stator windings of DFIMs are directly connected to the power system, the
three-phase rotor windings are connected via power converters, rendering these units highly
vulnerable to voltage disturbances. During faults, voltage drops at the stator terminals lead to
elevated voltages and currents on the rotor side due to electromagnetic coupling between stator and
rotor, potentially damaging rotor insulation and costly power electronics. Historically, to safeguard
equipment, wind power plants employing distributed energy resources such as DFIMs were
disconnected from the grid during faults—an unsatisfactory solution given the burgeoning number
of these installations. Consequently, grid operators and IEEE standard 2800 mandate fault ride-
through or low voltage ride-through capabilities to maintain supply adequacy during recovery from
disturbances and voltage fluctuations. This paper provides an overview of diverse techniques
devised to enable fault ride-through for DFIMs. Additionally, it scrutinizes existing approaches in
modeling DFIM behavior during faults and introduces an approach tailored specifically for DFIMs,
detailing its comparative advantages and limitations vis-a-vis established models. A conclusion
about the necessity for more precise models in comparison to the existing ones is provided.

Keywords: doubly fed induction machines; short circuit modeling; short circuit calculation; fault
calculation; distribution systems

1. Introduction

The demand for renewable energy sources has surged due to escalating power consumption and
the pressing need for carbon-free energy [1]. Wind power, a pivotal renewable source, has witnessed
substantial growth, and has emerged as a dominant energy contributor in some regions supplanting
conventional power generating plants. Various types of generators are employed in wind power
plants [2]:

Synchronous machine (SM);

Squirrel-cage induction machine (SCIM);

Wound rotor induction machine (WRIM) with variable rotor resistances
Doubly fed induction machine (DFIM);

Brushless doubly fed induction machine (BDFIM);

Permanent magnet synchronous machine (PMSM).
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Wind power plants are divided into four categories (types) based on turbine operating speed
and power electronic conversion:
1. Type1l-SCIM;
2. Type 2 - Wound Rotor IM with variable rotor resistance directly connected to the grid;
3.  Type 3 - DFIM connected to the grid (partially) using power electronics;
4. Type 4 — Fully Inverter Based Distributed Energy Resources (IBDER).

Among these, Type 3 (DFIMs), owing to their wider variable speed operational advantages and
limited need for capacitive compensation, are prominently utilized as generating units in land-based
wind power plants. Type 4 (IBDERs) are the wind turbine of choice for offshore wind applications
because of reduced maintenance needs and they do not require slip rings and gear boxes.

The architecture of a DFIM wind turbine, as illustrated in Figure 1, emphasizes its key elements
that influence how it behaves during voltage drops [3].
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Figure 1. The architecture of a Wind turbine with DFIM.

In Figure 1, there is a direct connection of the DFIM stator to the AC system supply, while the
rotor windings are fed by a power converter responsible for regulating DFIM power generation
which can exchange power with the ac system through a second converter. This back-to-back
converter, if placed between the stator and the grid, needs to be sized appropriately to handle the
entire generator’s power output, as is the case in an IBDER. In contrast, the rotor-side converter (RSC)
is designed to handle 25-30% of the generator’s power, making it cost-effective and more widely
utilized in land-based applications than its stator-side counterpart.

The rotor-based power converter has two main segments: the rotor-side converter (RSC),
directly connected to the rotor and controlling rotor currents, and the grid-side converter (GSC)
connected to the grid. These converters are interconnected by a DC link, with the GSC regulating the
DC voltage that is crucial for DFIM controllability. A chopper is integrated into the system to manage
and safeguard the DC link during voltage disturbances. Additionally, a set of resistors, often termed
as a crowbar, is included as a part of the DFIM configuration, providing additional (last resort)
protection for the converter. The RSC converter controls in modern type 3 wind turbines are at the
point where the crowbars are much less likely to fire if they are even installed. Modifications to the
configuration in Figure 1 are implemented depending on the control or protection strategies that are
used.

The direct connection of the stator side to the grid implies partial control of the generator,
rendering it susceptible to grid disturbances. Consequently, voltage dips can result in substantial
over currents. While these currents may aid in circuit breaker activation and isolation of faulty
network segments, the electromagnetic coupling between the stator and rotor windings could induce
high currents and voltages in the rotor windings, potentially overheating the rotor with overcurrent
and damaging rotor insulation or the sensitive semiconductor components due to overvoltage in the
rotor-side converters [4].

Even small imbalances in the stator voltage, within the converter’s operating limits, can lead to
highly unbalanced stator currents, causing torque fluctuations that produce acoustic noise and, at


https://doi.org/10.20944/preprints202409.1746.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 September 2024

higher levels, may even cause damage to the rotor shaft, gearbox, and blade assembly [5]. Over the
years, various techniques have been developed to keep DFIMs in service during recovery from grid
faults (low voltage periods). However, traditional practices involved disconnecting DFIMs during
severe faults, exacerbating grid instability.

The modeling of DFIMs during fault conditions is important for industrial software that relies
on simplistic yet effective models. This aspect is of critical importance for effective grid management.
Acquiring knowledge and foreseeing grid behavior amid such instability periods is an imperative
prerequisite for designing and overseeing protective measures, thereby maintaining grid stability.

The complexity and diversity of protection techniques, some of which will be presented in this
paper, contribute to the challenge of accurately modeling DFIM behavior. This challenge can be
extremely complex and very difficult to overcome. In this paper, we will present and analyze existing
DFIM models, and assess their efficacy in delineating fault conditions. Consistent with recent trends,
our objective is to explore the need for models with improved precision by evaluating the benefits of
more sophisticated and detailed modeling techniques.

This paper consists of seven parts. The first section provides an introduction to the paper. The
second section describes Fault Ride Through requirements. The third and fourth sections present
passive and active protection techniques for DFIM, respectively. The fifth section discusses the
modeling of DFIM during faults. A representative use case and results are provided in the sixth
section, followed by future work and conclusions.

2. Fault Ride Through Requirements

Wind power plants contribute a substantial portion of total electrical energy in certain power
systems at certain times of day, so they must remain connected to the grid during faults or sudden
voltage fluctuations to ensure system recovery. This “ride through” requirement ensures they
continue to support system stability without risking damage to their own infrastructure. Grid
operators mandate this continuous operation during faults, known as fault ride-through (FRT) or low
voltage ride-through (LVRT) regulations. IEEE standard 2800 has further strengthened these
requirements.

As DFIMs are frequently employed as generators in wind power plants, grid operators require
DFIM generators to remain connected and supply power to the network during faults, thus helping
to maintain stable operation through the faulted period. Previously, wind generators with DFIMs
were disconnected from the grid to protect the costly rotor-side converters from increased voltages
and currents. However, modern grid codes demand that DFIMs have FRT capabilities [6].

Figure 2 illustrates a simple FRT diagram with two distinctive areas designating where DFIMs
should remain connected or may be disconnected [5]. Each grid code prescribes the values that
determine the borders between these two areas.
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Figure 2. Typical FRT diagram.

FRT implementation for wind power plants with DFIM generators addresses the following key
aspects [6]:
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e  Safeguarding rotor power converter components against over currents and voltages;

e  Minimizing mechanical stress on gears and drive shafts;

e  Adhering to applicable grid codes concerning active and reactive power injection for supporting
grid stability.

FRT requirements dictate that DFIMs, or any other generation source, should remain connected
during low voltage periods, contributing to voltage stabilization by injecting active and reactive
power into the electrical network. The injection of reactive power can positively impact other voltage-
dependent generating units (such as —type 1 wind turbines) to protect them from tripping, and assist
them in supporting grid stabilization [7].

Numerous techniques aimed at achieving FRT have been devised, all reliant on the limitations
of the RSC within the DFIM. These various methods, categorized according to the equipment and
control employed, fall into two distinct groups: passive and active techniques [5]. This significantly
impacts DFIM’s fault response, and consequently the fault model required for calculations.

3. Passive Fault Ride Trough Techniques

Passive FRT techniques involve enhancing the DFIM with additional equipment designed to
respond when specific variables (such as rotor current or voltage) exceed predefined limits, thereby
safeguarding the expensive equipment from potential damage. These techniques can result in DFIM
operation without its usual control, mimicking the behavior of a classical induction machine with
altered parameters. Various passive FRT techniques will be introduced next.

3.1. Blade Pitch Angle Control Technique

In the case of faults or low voltage scenarios, the standard transfer of active power from the
generator to the grid diminishes or halts, leading to an accumulation of excessive active power within
the generating unit. This surge in active power leads to overloading of the power converter. Pitch
control restricts the input mechanical power and can mitigate the build-up of active power in the
generating unit. Pitch control operates by adjusting the angle of attack of each blade, thereby reducing
the mechanical power and consequently constraining the rotor speed and reactive power
consumption post-fault. Figure 3 illustrates the fundamental concept of a pitch angle controller,
where theta denotes the pitch angle [5].
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Figure 3. Blade pitch angle control.

3.2. Crowbar Technique

The primary safeguarding method for DFIMs during periods of voltage disturbances involves a
collection of resistors termed a “crowbar.” This assembly of resistors is shown in Figure 1. Under
regular grid operating conditions, the crowbar is disconnected from the rotor windings. However,
when voltage imbalances arise, resulting in excessive rotor currents and voltages, the rotor side
power converter (RSC) disconnects the rotor from the grid, and the crowbar is activated. This action
serves to shield the rotor from hazardous currents and voltages but renders the DFIM without
control, causing it to function as a traditional induction machine.

The DFIM absorbs a significant amount of reactive power from the grid during the period
without DFIM control, further contributing to grid voltage degradation. Excessively high crowbar
resistance poses the risk of generating excessive transient rotor current, torque, and reactive power
when the crowbar is disconnected [8].

To ensure adequate damping and minimal energy consumption, the crowbar resistance can be
up to 20 times the rotor resistance. Addressing the drawbacks associated with the traditional crowbar
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approach, an alternative crowbar arrangement was proposed in [9], positioning the crowbar in series
with the stator windings. Nevertheless, this configuration introduces conduction losses through
bidirectional switches during normal operation.

To mitigate these losses with a stator crowbar, a Stator Damping Resistor (SDR) positioned in
series with the stator windings and comprising three resistors in parallel with three bidirectional
bypass static switches, as depicted in Figure 4, was proposed. In standard conditions, the
bidirectional static switches remain closed, preventing stator current from flowing through the SDR.
Although stator crowbar techniques have demonstrated higher efficiency compared to rotor
crowbars, they entail higher costs due to elevated current and voltage ratings. Careful consideration
is essential when designing power electronics to minimize losses, a principle reason driving the
proposal for the SDR.

PCC

Figure 4. DIFM with Stator Damping Resistor.

3.3. Energy Capacitor and Energy Storage System Technique

As an option to recover energy dissipated in the dc link the Energy Capacitor System (ECS) and
Energy Storage System (ESS) are methodologies rooted in storing and releasing surplus energy from
the DC link using an extra capacitor or dedicated energy storage device. Their primary function is to
safeguard the Insulated Gate Bipolar Transistors (IGBTs) and dc link capacitor against overvoltage
situations. However, these techniques do not provide protection against high rotor currents.
Therefore, the rotor converters need to be designed to handle these currents adequately to ensure
continued controllability.

While ECS and ESS effectively smoothen the output power, they do not entirely eliminate the
issues related to overcurrent and oscillations in electromagnetic torque. The incorporation of
supplementary equipment and the need for oversizing the RSC result in increased costs [5].

4. Active Fault Ride Trough Techniques

Active FRT methodologies include various control strategies complementing passive hardware
solutions. These strategies mainly involve implementing feed-forward transient current control
schemes for the RSC within the DFIM, often coupled with a crowbar. The crowbar serves as a
protective measure of last resort for the converter, triggered in those cases when the control strategy
fails to maintain rotor voltages and currents within acceptable limits.

4.1. RSC compensation

This technique involves proactive operations of the rotor converter aimed at regulating rotor
voltages and currents. This control mechanism counteracts transient rotor voltages and currents,
ensuring they remain within permissible limits in combination with the converter’s capabilities.
However, to detect changes in voltage and current values promptly, precise measurement equipment
sensitive to rotor voltage and current disruptions is imperative.

In a proposed Feed-Forward Transient Current Control (FFTCC) scheme outlined in [10], the
injection of feed-forward current into the rotor windings compensates for low-voltage transients.
Although the conventional rating of the RSC may not entirely offset all transient-induced voltages,
this method minimizes transient rotor currents, thereby reducing instances of crowbar interventions.
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Nonetheless, this technique primarily aims at mitigation of transient rotor overcurrent rather than
mitigating torque ripple.

A method utilizing injected rotor current to nullify both the DC and negative sequence
components within the stator-flux linkage, achieving this without additional hardware or crowbar
interventions is introduced in [11]. A Feed-Forward Torque Control (FFTC) technique to effectively
reduce torque ripples is presented in [12]. A combined control strategy integrating a crowbar with a
demagnetizing current is proposed in [13]. While similar to the aforementioned feed-forward current,
the demagnetizing current focuses on regulating the machine’s magnetic flux within prescribed
limits. To stimulate reactive power production, a synchronous current must accompany this
demagnetizing current.

Further enhancements are suggested in [14], proposing the inclusion of virtual resistance and a
demagnetizing current to counter negative magnetic flux within the machine.

4.2. Reactive Power Support

Various additional controllers, measurements, or supplementary equipment can be leveraged to
support FRT capabilities. One such proposed approach involves the design and implementation of a
series converter situated on the stator, aimed at curtailing the rise in current within the rotor, as
detailed in [15]. This system encompasses an active DC/AC inverter, three series transformers, and a
DC bus capacitor. During voltage dips, this converter applies a decaying sinusoidal voltage rather
than a pure sinusoidal voltage. This adjustment lowers the component ratings, rendering the system
more feasible for practical applications while ensuring voltage and current values remain within
permissible limits.

Another configuration introduced in [16,17] advocates the utilization of a parallel grid-side
rectifier (PGSR) in tandem with a series grid-side converter (SGSC), illustrated in Figure 5. This
arrangement offers straightforward power processing capabilities and robust FRT features. The SGSC
injects DC-link power into the grid by allowing for effective power flow control within a typical
operational range, and it may not perform similarly at subsynchronous speeds. Consequently, a

PGSR rated at a fraction of the total power serves to optimize system utilization in such scenarios.
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Figure 5. Schematic of DFIG architecture with PGSR and SGSC.

4.3. Energy Storage in Rotating Masses

The rotating masses within a wind power generating plant provide the potential for the storage
for surplus energy. This approach, however, is somewhat limited due to the fact that the gear ratio
takes away a lot of the advantage. Employing a suitable control strategy for the power controllers
and the pitch angle of the blades minimizes crowbar interruption time, ensuring continued
controllability of the DFIM. These methodologies have been proposed in [18,19]. It's noteworthy that
[18] introduces an additional damping resistance to dissipate excess energy. Simulation outcomes
validate the efficacy of these approaches, even under high wind speeds.

4.4. BDFIM with an Advanced Control Strategy

Unlike an equivalent DFIM, the Brushless Doubly Fed Induction Machine (BDFIM) possesses a
larger series leakage reactance, resulting in diminished transient currents. This inherent characteristic
of the BDFIM allows it to withstand voltage dips without relying on a crowbar or any supplementary
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virtual impedance system. A unique control strategy enables FRT capabilities for the BDFIM,
facilitating the provision of reactive power for grid support [20].

4.5. Nonlinear Control

All the aforementioned active methodologies rely on linear control strategies, known for their
simplicity and cost-effectiveness, thus widely adopted in industrial settings. Nonetheless, these
techniques have limitations in addressing worst-case scenarios [5], and nonlinear control strategies
have emerged to address these limitations.

One such method is sliding mode control, a nonlinear control approach that modifies the
dynamics of a nonlinear system through the application of a discontinuous control signal. The control
signal drives the system trajectories to a “sliding surface” in the state space of the system to improve
robustness and regulation [21]. High Order Sliding Mode (HOSM) control, a derivative of this
approach, presents advantages such as reduced mechanical stress on the system, finite reaching time,
and improved robustness against unmodeled disturbances and dynamics [22-24].

5. DFIM Modeling during the Recovery Period after Short Circuits

In light of their increasing significance as major contributors to overall energy production,
DFIMs, as previously emphasized, play pivotal roles in the operational status of networks during
recovery following the clearing of faults. Developing dynamic models for these machines is of
significant importance. However, the simplicity and resilience of these models is necessary for their
effective incorporation in industry software tools designed for extensive network applications. The
wide array of passive and active FRT techniques complicates the establishment of a single model.
While the most accurate method entails employing a dynamic model for DFIMs, it involves solving
time-domain differential equations—a computationally demanding and time-intensive task,
particularly for industrial software solutions aimed for solving large-scale electrical systems with tens
of thousands of nodes. Therefore, striking a balance between precision and simplicity becomes
imperative. Historically, disconnecting DFIMs from the grid led to oversimplified models that
overlooked their substantial contributions to network stability during post-fault clearing conditions.

Two approaches found in the literature for modeling DFIMs during faults are:

1. DFIM as a Classical Induction Machine with heightened rotor resistance [25];
2.  DFIM as IBDER [26];

5.1. DFIM as a Classical IM with Heighten Rotor Resistance

Most common FRT techniques use a crowbar as a response of last resort. When employed,
crowbar resistance leads to short-circuiting rotor windings, redirecting the harmful high currents
away from the sensitive converter equipment thus leaving DFIM without control. During this period
the DFIM can be viewed as Type 2 wind turbine.

The short-circuit regime exhibits dynamic characteristics primarily influenced by alternating
current machines. This dynamic behavior can be elucidated by examining an asynchronous machine
undergoing a three-phase short circuit, previously operating in an idle state. The current waveforms
across all components of the power system experiencing a short circuit at a given node have the
following form:

i) =i (t) +i,(0), )

where i, (i) represents the periodic steady-state current and i (t) represents the direct current with
the following form:

i(t)=1e T, 3)

The total short circuit current is periodic with a decreasing magnitude with time constant T. To
simplify the short circuit representation and to be on the safe side, the current will be presented with
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two values in two time periods; representing the maximum values of the currents at the beginning of
each period including the sub transient and steady state currents:

x"'(t), o<t<t”
x(t) = {xstable(t), t> t” (3)

The graphical representation of this short circuit approximation is given in the following figure:

ity A

I max

> t[s)

Figure 6. Short circuit current approximations.

When dealing with asynchronous machines directly linked to the grid in calculations concerning
short-circuit network regimes, Thevenin’s (Norton's) equivalents are employed. Asynchronous
machines, unlike synchronous ones, lack a transient sequence [27]. For asynchronous machines,
excitation is sourced from the grid itself, and voltage alteration due to a short circuit swiftly leads to
the loss of excitation. Consequently, the model for an asynchronous machine lacks an ideal voltage
generator in the steady-state time sequence. The model for the inverse sequence of an asynchronous
machine remains identical to the direct axis model when viewed using Park’s transformation.
Additionally, the symmetric component of the zero-sequence regime may often not exist due to the
stator windings’ connection in a delta or ungrounded star configuration.

The representation of an asynchronous machine in calculations pertaining to short-circuit
network regimes, is depicted in Figure 7.
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Figure 7. Asynchronous Machine representation during short circuit regimes.

The impedances shown in Figure 7 in the situation with an active crowbar contain additional
resistance that refers to the activated crowbar resistance:

Z = (R + Rerowpar) + iX. (4)

5.2. DFIM as IBDER

In situations where a DFIM experiences a low-current short circuit (for instance, if the short
circuit occurs at a considerable distance from the DFIM connection point or some FRT technique
keeps the currents under control), and the currents are insufficient to cause damage to power
electronics, the crowbar mechanism remains inactive. This allows the inverter to retain control over
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the output current [28,29]. Under these circumstances and if required, the DFIM can be modeled in
the same manner as an IBDER [26] (IEEE 2800 has different response requirements during faults for
type 3 machines than for type 4 or PV).

In this paper, the assessment of a short circuit’s “severity” is based on the voltage measurement
at the specific node where the DFIM connects to the grid at the time of the fault event and the rotor
current levels during the short circuit. If the voltage at this connection point falls below a
predetermined threshold, it is assumed that the crowbar mechanism will activate. This situation
occurs when the short circuit is in close proximity to the DFIM-connected node, signifying a critical
scenario for the DFIM under consideration. Conversely, if the voltage at the DFIM connection point
remains above the threshold, it is assumed that the crowbar will remain inactive, allowing the
inverter to maintain control over the output current. This case arises when the short circuit is situated
at a considerable distance from the DFIM-connected node, indicating a less critical scenario for the
considered DFIM.

If the DFIM inverter is protected by a chopper, it allows for much better current control during
a short circuit event. The chopper ensures the inverter remains active, limiting the short-circuit
current, regardless of its proximity to the DFIM. Therefore, the chopper enables the inverter to
maintain control over the output current during a short circuit. A DFIM equipped with a chopper is
modeled in the same manner as an IBDER.

If any type of protection is applied to the DFIM to keep the machine under control (crowbar
inactive), the DFIM can be modeled as an IBDER. An IBDER has total control over the currents, same
as the DFIM has when not under a faulted state.

The currents that are injected into the grid during the faulted period depend on the FRT
requirements. One such model is presented in [26]. This model is based on Irish and German
distribution codes that mandate the DER (in our case DFIM) to provide reactive current at the
generator’s Point of Common Coupling (PCC) with a contribution of 2% of the nominal current per
percent of the voltage drop [30,31]. This implies that if the voltage drops by 50%, the IBDER’s reactive
current should be 100% of its nominal current. This is depicted in Figure 8. Nevertheless, IBDGs must
adhere to strictly defined current limits (not exceeding 120-150% of the nominal current depending
on the vendor) to safeguard vulnerable power electronic devices. Hence, in instances of severe
voltage drops (exceeding 75%), the reactive current from IBDGs cannot surpass this limit.

Additional required
reactive current Alg/In
Ly

Dead band
= %

%  20%  30% Decrease o rise in
/ voltage AU/Un

-80%

v

Figure 8. Requirements for a reactive current injection [32].

The proposed models involve ideal current sources with positive sequence symmetrical
currents, addressing a challenge related to the ratio of active and reactive components in the short-
circuit regime. The calculation of these components is performed based on the positive sequence
voltage values at the PCC of the DIFMs during the short-circuit event. With the system comprising
Norm DIFM, an iterative process is employed.
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In the initial short-circuit iteration, DIFMs are ideal current sources with pre-fault currents. The
system state is calculated using the IBFS procedure. Post-iteration, voltage approximations at all
DIFMs PCCs (Vigimiri = 1,2, ..., Npiy) are obtained. Reactive currents’ phase angles (I}, i =

1,2, ..., Nppy) are then calculated based on voltage phase angles as follows:
T
Sireacti = Oyi — DX =12, .., Nppm- ()

Where jreqcr; are phase angles of the DIFMs’ reactive currents, and 6y; are phase angles of
DIFMs’ voltages Vg ui-
The voltage ratio between Vp;,; and nominal voltage at node i are calculated as:

+
_ Vprimi
- +
Vni

A‘/L ,i = 1, 2, ""NDFIM‘ (6)
Then based on the calculated voltage ratio, the ratios between magnitudes of reactive currents
and nominal currents for all of the DIFMs are equal to:

B _ ) o
Tl—_ i'l - 1, 2""’NDFIM' (7)
IDFIMi

from which the magnitudes of reactive currents are calculated as follows:

Ipgints = 28Vil e 8 = 1,2, o, Npppag. 8)

Finally, the magnitudes of reactive currents for all DIFMs are compared to their current limits

(17 ). Subsequently, the fault currents for all IBDGs (I/%4") are calculated accordingly:

max pfault _ ymax _,—ié i
Jreact. _ { > IDRIM!' = IDRIMi = Ipgpyse "rreactt (9)
DRIMi — max pfault _ jact —i8y; react ,—i6 i’
< Ipgimi = Iprimi = Iprimi€™ Vi + Ipriy e~ Oreactt
act — max \2 __ cjreact \2
IDRIMi - \/(IDRIMi) (IDRIMi . (10)

6. Use Cases and Results

In this section, the proposed DFIM model presented in section 5 is used to obtain the results of
short circuit analysis for two simplified use (test) cases: using passive and active protection FRT
techniques for DFIM in a wind turbine. The calculations are performed on a simplified IEEE 13
distribution network, with the standard IEEE 13 test feeder data available in [33]. All the calculations
are performed within the ETAP software package.

For the short circuit studies conducted for these use cases, the following simplifying
assumptions are applied to the original data:

1. The network is balanced and symmetrically loaded:

a. All sections have three phases and are balanced;
b. Consumers have three phases that are equally loaded;

2. All nodes are connected with sections/lines; transformers, voltage regulators, and switches are
replaced by sections;

3. Cables with the same catalog specifications represent all sections;

All loads are represented as static loads;

5. Fault impedance is assumed to be zero.

-~
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Power Grid data is given in Table 1, the length and cable parameters are presented in Table 2

and the data for consumers that are represented as static loads is given in Table 3.

Table 1. Power Grid Input Data.

ID Node kV MV Asc R X R/X
U1 650 4.16 1000 0.99504 9.95037 0.1
Table 2. Section data.
ID First Second node Length r X
node (m) (ohm/m) (ohm/m)

cl 650 632 600 0.0878333 0.05621667
2 632 645 150 0.0878333 0.05621667
c3 645 646 100 0.0878333 0.05621667
c4 632 633 150 0.0878333 0.05621667
c5 633 634 150 0.0878333 0.05621667
c6 632 671 600 0.0878333 0.05621667
c7 671 684 100 0.0878333 0.05621667
c8 684 611 100 0.0878333 0.05621667
c9 671 692 150 0.0878333 0.05621667
c10 692 675 150 0.0878333 0.05621667
cl1 671 680 300 0.0878333 0.05621667
cl12 684 652 240 0.0878333 0.05621667

Table 3. Consumer data.

1D Node P Q
(kW) (kVar)
L1646 646 230 132
L645 645 170 125
1634 634 160 110
L611 611 170 80
L671 671 385 220
1692 692 170 151
L675 675 480 190
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L652 652 128 860

The following two subsections present the short circuit results obtained for the aforementioned
network with two different FRT techniques used to protect the wind turbine DFIM connected to bus
node 680. These are:

1. Passive FRT technique — DFIM with Crowbar as a protection system;
2. Active FRT technique — DFIM with FFTCC as a protection system.

In both cases a three-phase fault is simulated at bus 671 (close to the wind generator).

6.1. DFIM with Crowbar

In this test case, the wind turbine DFIM is protected with a crowbar. The crowbar resistance is
chosen to bound maximum DFIM currents at 125% of full load current. The proximity of the short
circuit ensures that the voltage levels at the wind generator connection point (bus 680) are sufficnetly
low so that the crowbar will be activated.

The following three tables present the results obtained through the short circuit calculations.

The peak short circuit current value is 17.265A. From Table 4 it can be seen that the majority of
the supply to the short circuit comes from the grid, and the DFIM only injects a small current into the
network during the short circuit. Most of the consumers are disconnected from any supply (either
from the grid or the DFIM) during the short circuit.

Table 6 presents the voltage conditions in the grid. The voltage drop is at 100% at all the nodes
that have been disconnected from any supply by the short circuit. Nodes closer to the grid supply
expectedly have better voltage conditions. The contribution of the wind generator can be seen at bus
node 680. The voltage drop is severe but not 100% due to the influence of the wind generator. This is
only a small contribution but DFIM presence can be observed.

Table 4. Node current contributions (fault and injected).

ID Current Real Imaginary Magnitude
type kA kA kA
650 Grid 9.316 -6.910 11.598
injection
671 Fault 9.335 -7.020 11.68
current
680 WTG 0.020 -0.110 0.112

Table 5. Initial Symmetrical Fault Current contributions through sections.

ID First Second node Real Imaginary kA Magnitude
node kA kA
cl 650 632 9.316 -6.910 11.598
cb 632 671 9.316 -6.910 11.598
cll 671 680 -0.020 0.110 0.112

Table 6. Voltage.

ID Voltage Voltage
% Magnitude
650 94.58 3.93
632 47.29 1.97
645 47.29 1.97
646 47.29 1.97
633 47.29 1.97
634 47.29 1.97

671 0 0
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6.2. DFIM with FFTCC

In this test case, the wind turbine DFIM is protected with an active FRT technique (FFTCC). It is
assumed that the active protection enables the DFIM to do a full FRT. This means that in this case,
the DFIM will be fully controlable during the fault and will act as an IBDER. The control strategy is
that the DFIM prioritizes injecting reactive power as much as possible.

The results of this test case are presented in the following three tables.

Table 7. Node current contributions (fault and injected).

ID Current Real Imaginary Magnitude
type kA kA kA
650 Grid 9.316 -6.910 11.598
injection
671 Fault 9.344 -7.378 11.906
current
680 WTG 0.028 -0.469 0.469

Table 8. Initial Symmetrical Fault Current contributions through sections.

ID First Second node Real Imaginary kA Magnitude
node kA kA

cl 650 632 9.344 -7.378 11.906

cb 632 671 9.316 -6.910 11.598

cl1 671 680 -0.028 0.469 0.469

Table 9. Voltage.

ID Voltage Voltage
% Magnitude

650 94.58 3.93
632 47.29 1.97
645 47.29 1.97
646 47.29 1.97
633 47.29 1.97
634 47.29 1.97
671 0 0
611 0 0
684 0 0
692 0 0
675 0 0
652 0 0
680 0.96 0.04

The peak short circuit current value is 18.205A.

Results in the part of the network supplied by the grid are the same as in the previous test case,
while a small but expected difference can be seen in the sections supplied by the DFIM.

An increase in reactive current injection at the DFIM connection point can be observed. This is
due to a different controlling strategy. A slight difference in current injection and voltage level at the
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wind generator connection point is also observed when using active protection instead of passive
protection. The voltage level is marginally higher (0.04 kV compared to 0.01 kV), though the voltage
drop remains significant. The current injected by the DFIM is predominantly reactive, adhering to
the given control during the short circuit, contrary to the previous test case (passive control -
crowbar). Additionally, it is noteworthy that in this test case, the DFIM injects reactive current into
the grid, whereas in the previous test case, it was consuming reactive current.

7. Lessons Learned and Future Work

The results of the test cases have illustrated that the DFIM (Doubly-Fed Induction Machine)
model used during short circuit analysis has a significant impact on the outcomes of the analysis. The
implications of this impact extend to all the applications that rely on short circuit calculations, such
as relay protection, fault location, fault isolation, supply restoration, the selection of protective
equipment, and other related functions in power systems. A short circuit event can trigger complex
dynamic behaviors in electrical machines like the DFIM, and oversimplifying the model can lead to
inaccurate analysis that directly affects system reliability and safety. Unfortunately, this issue has not
yet been adequately addressed in the existing body of literature, where most studies still employ
oversimplified models that do not accurately capture the complexities of different fault scenarios.
These simplifications can lead to results that are less reliable, and this can be particularly problematic
in applications where precise short circuit analysis is critical.

In our work, we have made an initial decision to represent the DFIM using two representative
models for the same fault scenario—one for each category: active and passive fault ride-through
(FRT) techniques. However, as indicated in [26], this choice should ideally be made during the short
circuit calculations themselves. A more adaptable approach is required, where the selection of the
appropriate model depends dynamically on the specific conditions and severity of the fault, as well
as the corresponding FRT technique. This highlights a critical need for further research in the area of
DFIM modeling. The goal would be to develop an adaptive modeling technique that can differentiate
between various levels of fault severity and select the appropriate model for more accurate analysis
during the calculation process.

The significance of having such an adaptive DFIM model becomes even more evident when
considering the consequences of misrepresentation of the results of the short circuit analysis. For
instance, underestimating the fault’s severity or incorrectly applying an FRT technique could lead to
improper functioning of relay protection, causing delays in isolating the fault or restoring the supply.
Moreover, the selection of protective equipment, such as circuit breakers, could also be errorenous if
the model does not accurately reflect the current conditions, leading to potential safety hazards or
costly equipment failures.

In light of this, our future work will focus on refining and extending the DFIM models used in
short circuit calculations, with an emphasis on enhancing accuracy and adaptability. We aim to
analyze the specific conditions under which different models should be applied and explore the
possibility of creating dynamic models that adaptin real-time as fault conditions change. This
approach could pave the way for more precise and reliable short circuit analysis that is crucial for
improving the performance of relay protection systems and ensuring the correct operation of
protective devices during fault events.

Additionally, we will investigate the development of guidelines for selecting the appropriate
DFIM model during fault conditions. These guidelines will help engineers and analysts make
informed decisions on how to represent DFIMs dynamically, depending on the nature of the fault
and the operational conditions of the power system. The goal is to ensure that short circuit analysis
produces meaningful and reliable results, which in turn enhances the overall resilience and stability
of power systems. As our test cases have demonstrated, the choice of the DFIM model can
significantly influence the results of short circuit analysis, and thus the reliability of the entire system.
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8. Conclusions

The increasing penetration of wind power plants in energy production has elevated expectations
for the reliability and stability of wind power generation. This necessitates that renewable energy
sources operate similarly to traditional power plants that use synchronous machines as generating
units. Many wind power plants use DFIM due to their benefits with variable wind speeds and their
cost-effectiveness. However, DFIMs are sensitive to voltage disturbances. Grid codes require DFIMs
to have FRT capabilities, ensuring they remain connected during faults and assist the grid during low
voltage periods. The main challenge for DFIM FRT is the expensive rotor converter, which is rated
for only 25% of the total DFIM power. Consequently, protection equipment for the DFIM rotor and
various controlling strategies are continuously being developed.

This paper discusses different equipment and control techniques designed to enable DFIM FRT.
These techniques differ in their equipment and control strategies. While more equipment and
complex strategies offer better protection for DFIMs, they also increase system costs, necessitating a
balance between protection and expense. A small test study using a particular DFIM model has
shown the that there is a small but yet noticeable difference in DFIM contribution to the grid state
during SCs when using passive and active protection techniques.

Acknowledgements: We would like to express our sincere gratitude to Brian K. Johnson for his invaluable
support and contributions to this paper.
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