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1 Introduction

Protection engineers have been working on addressing protection issues related to doubly fed induction
generators (DFIGs) for several decades now. These generators allow a wide range of rotor speeds,
making them well-suited for use in wind turbine generation (WTG) applications. Over the years, these
machines have grown in size from a 1 MW range to several megawatts. The focus so far has been on
protecting the network in the vicinity of DFIGs. The DFIG itself is typically protected by the manufacturer
with only basic protection applied at the stator side and proprietary protection built into the converter on
the rotor side [1]. This minimalistic approach is partially justified by the small power rating of DFIGs in
WTG applications and the economic pressures on the WTG projects.

Recently, DFIG technology has been used or proposed for new applications where adjustable speed is
beneficial. These applications include pumped storage hydro (PSH) generation and synchronous
condenser (SC) installations. In these applications, the machines are rated at tens or hundreds of
megawatts. We refer to these machines as wound-rotor asynchronous generators (WRAG), a name
that is technically more correct than DFIG. DFIGs force the rotor currents by using converters rather
than allow the currents to be induced by the rotor slip.

Section 2 discusses the benefits of using large-sized wound-rotor asynchronous generators in pumped
storage hydro and synchronous condenser applications. We are not advocating for replacing
synchronous generators with power-electronic-controlled wound-rotor asynchronous generators, but
we recognize that if substantial operational benefits can be obtained at little or no additional cost, the
industry is likely to adopt the new technology even if it causes new problems for network and generator
protection. The short-circuit current contribution of such large-scale wound-rotor asynchronous
generators and the network protection considerations are outside the scope of this paper.

Instead, this paper focuses on protecting the generator itself. Section 3 summarizes the requirements
and challenges when protecting wound-rotor asynchronous generators, including turn faults in the stator
and rotor.

Section 4 introduces a new type of differential protection element that spans both the stator and rotor.
Based on the ampere-turn balance between the stator and rotor, the new protection element detects
phase and turn faults in either of the windings. The element does not need voltages to obtain the rotating
reference frames for the stator and rotor. Neither does it need the rotor position encoder to further align
the stator and rotor reference frames. Section 4 discusses several application considerations, such as
current measurement, current polarity, current transformer (CT) saturation during external faults, and
obtaining the turn-ratio setting.

Section 5 describes test results based on a scaled-down 220 V, 10 hp physical model of a wound-rotor
asynchronous machine. We use the physical model to validate and illustrate the new protection
element. This section is primarily focused on protection security because of our limited ability to place
internal faults in the physical model.

Section 6 describes test results based on a digital model of a 333 MW wound-rotor asynchronous
machine. Taking advantage of the digital model, we simulated a wide range of scenarios, including
internal faults.

Section 7 summarizes the paper and our findings.
2 Drivers for Large Wound-Rotor Asynchronous Generators

The development of adjustable-speed machines in WTG applications has played an important role in
the growth of wind energy over the last two decades. The technology used by an adjustable-speed PSH
unit is essentially the same as that used by a WTG unit. PSH units, however, have much larger MVA
ratings than the WTG units that are based on the DFIGs, and the PSH units involve both the turbine
(generating) and pumping (motoring) modes of operation. The advantages of adjustable-speed PSH
units are described in [2] and briefly summarized below.



2.1 Adjustable-Speed PSH Unit Applications

The adjustable-speed PSH units share some similarities with conventional PSH units. For example, in
order to transition from generating to pumping, the adjustable-speed PSH unit needs to disconnect from
the grid and come to a complete stop. A reversing switch at the stator terminals is then used to
transpose two phases to change the rotation direction.

Also, both conventional and adjustable-speed PSH units need a starting method when in the pumping
mode. A variety of methods have been used to start conventional PSH units. A converter link operated
as an adjustable-speed drive (ASD) is often used. The adjustable-speed PSH unit trades this converter
link for a larger converter link that feeds the rotor of the wound-rotor asynchronous machine, as shown
in Fig. 1.

The stator-side and rotor-side converters in Fig. 1 have individual controllers. Typically, these
controllers use the d-axis and g-axis of Park’s transform currents to decouple the regulation of real and
reactive power [3]. The details of converter controls are out of scope for this paper except to say that
rotor speed, dc link voltage, as well as real and imaginary components of the rotor currents are all
controllable via the converter control loops.

Fig. 1. Adjustable-speed PSH unit application using a wound-rotor asynchronous machine.

Adjustable-speed PSH unit applications with wound-rotor asynchronous machines provide the following
benefits over PSH unit applications that use traditional synchronous machines.

2.1.1 Increased Efficiency

In the PSH unit generating mode for a given rotor speed, there is a specific flow of water through the
turbine that results in the most efficient transfer of power to the generator. Fig. 2 plots the contours of
constant turbine efficiency on a per-unit speed and per-unit flow plane. These lines define a turbine
“efficiency hill”. For maximum efficiency in fixed-speed PSH units, the turbine must be operated at the
speed corresponding to the peak of the hill (vertical dashed line shown in Fig. 2). The same is true in
the PSH unit pumping mode.

Adjustable-speed PSH units maximize efficiency by using an optimal speed for a given flow (power set
point and reservoir water level) in both generating and pumping modes [4]. A variable-speed PSH unit
follows the ridge of the efficiency hill (blue solid line shown in Fig. 2) by changing the speed when the
flow changes.

Storage systems, including PSH systems, are evaluated according to their round-trip efficiency, which
is the product of the achieved efficiencies during generating and pumping. The adjustable-speed PSH
units benefit even more from the round-trip efficiency. For example, if the generating and pumping
efficiencies are each 0.8 pu, the round-trip efficiency is 0.64 pu. Improving the efficiency by 0.1 pu in
both the generating and pumping modes results in the round-trip efficiency of 0.81 pu — a gain of
0.17 pu.



Fig. 2. Turbine efficiency plot example.
2.1.2 Improved Dynamic Response

The wound-rotor asynchronous generator torque (Te) is a function of the product of the stator and rotor
currents [5]:

Tg =2+ P Ly - (isq " ira — isa  irg) (1)
where:
is¢ and isq are stator d-axis and g-axis currents.
ira @and irq are rotor d-axis and g-axis currents referred to the stator by using the turns ratio.
P is the number of poles.
Lm is the magnetizing inductance.

The controllers of the rotor-side converter regulate the rotor d-axis and g-axis current components
almost instantaneously. Therefore, based on (1), we can control the electric torque and the output power
almost instantaneously to match a sudden load change. The rotor slows down or speeds up following
the load change and rotor-side control action, at which point the governor re-establishes the desired
speed by adjusting the gates [4]. The fast response of the converter controls allows the governor
response to be relaxed. The result is much better frequency regulation. Effectively, the rotor current
frequency acts as an elastic buffer between the system frequency and the rotor speed during dynamic
changes in the load.

2.1.3 Reduced Turbine Blade Wear

Blade cavitation and draft tube pulsations can occur when a conventional PSH unit operates at the high
or low end of its output power range [6]. Therefore, the high and low operating regions are avoided to
limit turbine wear. Adjustable-speed PSH unit operation allows for the speed to be varied with load,
which provides improved operation over a wider range of speeds. Again, the rotor current frequency
acts as an elastic buffer between the system frequency and the mechanical speed, allowing the speed
to remain within the desired turbine wear limits regardless of the output power.

In addition, conventional PSH units rely completely on gate control to regulate speed and real power.
As already mentioned, the wound-rotor asynchronous generator provides a second control method, via
the regulation of the rotor currents, which is faster and nonmechanical. As a result, the gates in the
adjustable-speed units are not required to move as quickly or as frequently as those in conventional
PSH units, reducing the duty on the gates and their actuators.

Of course, in PSH installations composed of several small units, the above benefits are less significant
because individual units can be dispatched as the load changes. However, in PSH installations
comprising large units, the listed benefits are quite compelling, potentially driving adoption of the
adjustable-speed PSH units.



2.2 Synchronous Condensers

Historically, SCs have been used to provide reactive power for voltage support. Rotor inertia also helps
to improve transient stability. Recently, to alleviate the impact of inverter-based resources (IBRs) on
system inertia and fault currents, SCs have been deployed to improve transient stability and increase
fault current to aid correct protection operation. In these applications, SC inertia may be further
increased with the addition of a flywheel.

Asynchronous condensers have been proposed in the literature [7] [8] [9]. These applications use a
wound-rotor asynchronous generator rather than a synchronous generator. We are not aware of any
asynchronous condensers installed in actual power systems.

In addition to the provision of reactive power, adjustable-speed operation allows the condenser to
exchange real power between the power system and the rotating mass while operating within the rotor
(and flywheel, if installed) speed limits. Consequently, although the asynchronous condenser cannot
regulate frequency, it can improve transient stability in low-inertia power systems.

It is worth pointing out that the converters reduce the wound-rotor asynchronous generator fault-current
contribution during system faults and make the fault current different than that of a synchronous
generator. As a result, asynchronous condensers are not a solution to the IBR-reduced fault-current
contribution problem.

3 General Protection Considerations for Large Wound-Rotor Asynchronous Generators

Wound-rotor asynchronous generators can be rated at upwards of several hundred megawatts.
Therefore, fast, secure, and dependable protection of these generators is critical. Until recently,
research into protection methods for machines of this type has been sparce. This lack of research can
be attributed to the relatively recent appearance of these generators in the power system, their small
size, and the cost pressures on WTG projects.

3.1  Overview

Protection of synchronous generators is a well-established field. Because of the similarities between
synchronous generators and wound-rotor asynchronous generators, we can protect the latter by
applying or adapting many synchronous generator protection schemes, such as the one shown in Fig. 3.
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Fig. 3. Adjustable-speed PSH unit one-line protection diagram (rotor protection not shown).
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The stator differential protection element and the stator ground fault protection element provide
protection for phase and ground faults on the stator. In addition, conventional protection functions detect
motoring, overexcitation, system faults, abnormal frequency, and unbalanced currents.

3.2 Rotor Protection Challenges

Because the rotor circuit is supplied via brushes and slip rings, only one end of the rotor winding is
accessible for rotor current measurement. This lack of access to currents on both ends of the rotor
prevents the application of a conventional differential protection element based on Kirchhoff's current
law.

The rotor speed in wound-rotor asynchronous generators is expected to be at or near synchronous
speed for extended periods, resulting in rotor currents being dc currents or of very low frequency. Rotor
current measurement is therefore another challenge.

3.3 Turn Faults

Turn faults in generators are difficult to detect because they do not upset the current balance in a
differential protection element that is based on Kirchhoff's current law. In [10], we proposed a method
for detecting stator and rotor turn faults in synchronous generators. In the following section, we propose
a similar method for wound-rotor asynchronous generators.

4 Stator-Rotor Differential Protection

The stator and rotor windings in a wound-rotor asynchronous generator are magnetically coupled. The
air gap between their magnetic cores and the rotation of one winding against the other make the
formulation of the ampere-turn balance equations more complex than in other applications.
Nonetheless, this ampere-turn balance allows us to devise a protection element that spans both the
stator and rotor and is capable of detecting phase and turn faults in either winding.

The principle of ampere-turn balance is commonly used when protecting power transformers [11]. When
the windings that are tied with the ampere-turn balance move against one another, such as in rotating
machines, writing the ampere-turn balance equation is not straightforward. In the case of a synchronous
generator, we balanced the ampere-turns between the negative-sequence current in the stator and the
double-frequency component in the field current (the term double-frequency refers to twice the
frequency of the stator voltages and currents) [10]. In this section, we derive the stator-rotor ampere-
turn balance differential protection element for a wound-rotor asynchronous generator.

4.1 Principle of Operation

In a wound-rotor asynchronous generator, both the stator and rotor windings are three-phase windings.
It is convenient to represent the three phase currents by their direct (d), quadrature (qg), and
zero-sequence (0) components in Park’s rotating reference frame. In a stator winding, the d-axis stator
current is decoupled from the g-axis stator current. Similarly, in a rotor winding, the d-axis rotor current
is decoupled from the g-axis rotor current. In Park’s rotating reference frame, the d-axis and g-axis
equivalent windings are stationary. We can select the rotating reference frames for the rotor and the
stator in such a way that the stationary d-axes in the stator and rotor align (the stationary g-axes in the
stator and rotor would also align as a result). In such a case, the stator d-axis current only couples with
the rotor d-axis current and the stator g-axis current only couples with the rotor g-axis current. As a
result, we can derive a differential protection element that balances the stator and rotor d-axis currents.
Additionally, we can derive a second differential protection element that balances the stator and rotor
g-axis currents. Of course, the balance must account for the stator and rotor turns ratio.

Reference [12] describes such d-axis and g-axis differential elements applied to a wound-rotor
asynchronous generator. The stator and rotor g-axis currents do not match perfectly because of the
magnetizing current. Reference [12] proposes using voltages to compensate for the difference.

A significant disadvantage of the method proposed in [12] is that it requires three angular position
signals to calculate the d-axis and g-axis current components in the common reference frame (to align
the stator d-axis with the rotor d-axis). These angular position signals include:

e The stator rotating field position respective to the stator.

e The rotor rotating field position respective to the rotor.

e The rotor position respective to the stator.



Voltage-based stator and rotor phase lock loops (PLLs) that work with the stator and rotor voltages,
respectively, can be used to obtain the first two angular position signals. A rotor position encoder can
be used to obtain the rotor position respective to the stator.

However, the rotor position encoder adds a failure mode to the protection scheme and the PLLs may
exhibit transient errors as the voltages change and shift during external faults. Also, the rotor voltage
that is supplied by an inverter is heavily distorted even during steady-state conditions, and it may
change and shift significantly when the crowbar (shorting device) in the rotor circuit closes or opens.
PLL errors can cause a spurious differential current in the differential element that balances currents
obtained by using the PLLs. Additionally, reliance on voltages from both the stator and rotor would make
the differential element less reliable (current-only differential elements are preferred).

4.2 Improved Principle of Operation

Our approach eliminates the need for angular position signals. We observe that the d-axis and g-axis
current components are orthogonal components of a rotating current vector and focus on the magnitude

of that vector:
is = /iéd +i§,, ir= ’i%{d +igg (2)

If, as we explained in Subsection 4.1, the d-axis current in the stator matches the d-axis current in the
rotor and the g-axis current in the stator matches the g-axis current in the rotor (neglecting the
magnetizing current), then the vector magnitudes given by (2) will also match between the stator and
rotor.

Because the expressions in (2) only encode magnitudes of the stator and rotor currents, we expect
them to be independent of the angular position signals and their individual reference frames. To prove
it, we use the general Park transformation equation for the stator phase currents ia, is, and ic:

(3)

[id] _z. [sin(@) sin(@ — 120°)  sin(@ + 120°)] . E%‘l
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where O is the angle of the rotating reference frame.

We calculate the is and ir current magnitudes per (2) and obtain the following equivalent current:

i= (541 =50~ 1) + (g~ i0) + (e — )2 (4)

Equation (4), illustrated with a flow chart in Fig. 4, has the following key properties:

e The equivalent current is independent of the angular position of the reference frame.

o The equivalent current ties together instantaneous values of the phase currents and therefore
does not require phasors and by extension does not require frequency measurements. This
advantage is especially important given 1) the vast difference between the stator and rotor
frequencies and 2) the possibility of the rotor operating at super-synchronous speed when the
rotor phase rotation is opposite to the phase rotation when the rotor operates at sub-
synchronous speed.

e The equivalent current excludes the zero-sequence component and therefore is independent
of the grounding method of the wye-connected winding to which it is applied (the stator may be
resistive-grounded, while the rotor is normally ungrounded; see Fig. 1).

Fig. 4. Flow chartrepresenting the current magnitude calculation (4).



To understand the scaling of the current (4), remember that during balanced three-phase conditions,
such as during normal load conditions, (4) gives the value equal to the peak of the phase currents.

Equation (4) allows us to formulate a current-only differential protection element independent of the
angular position signals (the stator and rotor voltage-based PLLs and the rotor position encoder).

4.3 Stator-Rotor Differential Protection Element

Fig. 5 shows a simplified logic diagram of the stator-rotor differential protection (87SR) element for
wound-rotor asynchronous generators. The element compares the equivalent currents of the stator (is)
and rotor (ir) obtained by using (4) and adjusted for the turns ratio between the stator and rotor (Nrs).
If we neglect the magnetizing current, these currents match, as long as both the stator and rotor currents
are healthy. Differences between the two currents signify an internal fault in either the stator or the rotor
(again, neglecting the magnetizing current).

The 87SR element obtains the differential current (ioir) as the absolute value of the difference between
the stator and rotor currents. The element is permitted to operate if the differential current is greater
than the minimum pickup threshold, 87P.

To address current measurement errors, including saturation of the stator CTs during system faults, the
87SR element obtains the restraining current (irst) as the average of the stator and rotor currents. In
this application, both currents are always positive (see (4)), and therefore no magnitude or absolute
value operations are required when forming the restraining current. The role of the restraining current
is to reflect the stress put on the current-measuring devices and to estimate the measuring errors that
may result from that stress in order to use it as a variable threshold for the differential current. Several
approaches to restraining can be used, including the maximum value of the two currents or the product
of the two currents. Also, a more systematic approach can be taken that evaluates the level of each of
the six currents that form the two compared currents as per (4), as discussed in [13].

Additionally, the restraining current can track and hold its past peak value with a decaying time constant
on the order of 50 to 100 ms, as follows:

Irst = MAX(irsT(), & * TsT(o1)) ()]
where k is a sample index and o controls the decaying memory (a < 1).

Adding the decaying memory of the past peak values (5) improves protection security when the
instantaneous restraining current 1) temporarily decreases during an external fault because the
instantaneous input currents oscillate and 2) decreases after an external fault is cleared. Equation (5)
provides a magnitude-like response, allowing the 87SR element to ride through at the moment when
the instantaneous restraining current becomes very small. See the operation examples in Section 6 for
an illustration of (5).

The 87SR element applies a percentage slope characteristic by multiplying the igsr current by the
SLOPE factor and obtains the variable threshold (restraint) irt for the differential current. For simplicity,
Fig. 5 omits (5). The 87SR element operates if the differential current is greater than both the minimum
threshold (87P) and the restraint (irr).
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Fig. 5. Simplified 87SR element logic for wound-rotor asynchronous generators.

We recommend that the 87SR element use an external fault-detection (EFD) logic to enhance security
and sensitivity. The EFD logic detects external faults and controls the SLOPE multiplier to ensure
protection security. If the EFD bit is not asserted, such as during internal faults, the logic keeps the
SLOPE small, allowing high sensitivity. If the EFD bit asserts during external faults, the logic raises the
SLOPE multiplier to ensure security. Such an EFD-controlled variable-slope method is a better solution



than the fixed single- or dual-slope restraining methods because it allows high sensitivity for internal
faults while maintaining high security for external faults.

4.4 External Fault-Detection Logic

The EFD logic follows a tried-and-true principle that is based on the observation that CTs do not saturate
instantaneously but work correctly for at least the initial few milliseconds of a fault even if they
subsequently saturate. Therefore:

e During external faults, the differential current remains low while the restraining current rises.
The differential current may follow the restraining current if the CTs saturate, but it always lags
the restraining current.

e During internal faults, both the differential and restraining currents develop simultaneously.

Fig. 6 shows a simplified diagram of typical EFD logic. For improved performance, the logic responds
to the changes (A) in the instantaneous differential and restraining currents respective to their one-cycle
old values. In general applications to ac currents, the differential and restraining currents are periodic
in the steady state before the fault, and therefore the incremental (change) currents are zero before the
fault. In the application that uses (4), the differential and restraining currents are constant (dc) in the
steady state before the fault, also resulting in the incremental currents of zero.

The EFD logic verifies that the restraining current increased, such as by using a constant threshold Pr
of 1.5 pu (1.5 times the stator nominal peak current). The EFD logic verifies that the differential current
remains small, such as less than the percentage restraint when using the slope of the restraining
characteristic S. (e.g., 0.20). If the restraining current changes but the differential current does not follow
in a set time Terp (€.9., 3 Ms), the EFD logic asserts.

The EFD logic maintains the EFD bit by using the dropout timer Toro (€.9., 0.5 s). Additionally, the EFD
logic can seal-in the output and allow the EFD bit to reset only after the external fault is cleared (i.e., after
the restraining current drops below about 150 percent of the stator nominal peak current and the
differential current falls below the slope of the restraining characteristic). The EFD logic can also reset
the EFD bit to restore full sensitivity and dependability if the external fault is cleared before Toro expires.

When asserted, the EFD bit enforces high security in the 87SR element, such as by increasing the
percentage restraint slope in the 87SR element as shown in Fig. 5.
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Fig. 6. Typical EFD logic simplified diagram.
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The stator differential protection (87S) element can include its own EFD logic. This EFD logic asserts
during high-current external faults in the system. The relay can use this EFD logic to secure both the
878 and the 87SR elements.

4.5 Current Measurement and Polarity

The 87SR element uses CTs to measure the stator currents, i.e., currents in an ac system with
frequency near the system nominal frequency. In contrast, the bandwidth of the rotor currents spans
from dc (normal operation) to the nominal system frequency (start up from rotor standstill, considering
electrical frequency, irrespective of the number of poles for the stator and rotor). Therefore, the 87SR
element must use dc-coupled current-measuring devices for the rotor currents, such as resistive shunts
or Hall-effect transducers. During system faults, both the CTs and the rotor current-measuring devices
measure transient current components. Therefore, the frequency responses of the two types of sensors
(stator CTs and rotor devices) should be matched in the frequency band that the 87SR element uses.
Applying low-pass filters to the rotor and stator currents helps with matching the frequency responses
of the 87SR element current-measuring devices. These filters can be selected to have a cut-off
frequency of several hundred hertz without adversely impacting the 87SR element operating speed.



Because the 87SR element uses measuring devices for the stator and rotor currents that are different
in kind, it is beneficial that the percentage restraining operation in Fig. 5 develops separate restraining
components for the stator and rotor currents instead of using the average of the two currents to develop
a common restraining current. Reference [13] provides details on developing separate restraining
components from individual currents instead of developing one common restraining component.
Accounting separately for CT errors and rotor current-measuring device errors avoids over-restraining
and improves the 87SR element sensitivity without jeopardizing security.

Equation (4) calculates a current magnitude. Therefore, the two compared currents in the 87SR element
are always positive. As a result, the 87SR element is insensitive to the current measurement polarity
convention in the stator and rotor. Of course, all three phase current measurements must use the same
polarity, but the relative polarity convention between the stator and rotor is irrelevant. Also, the rotor
currents must be measured on the rotor side of the crowbar so that they always reflect currents in the
windings regardless of the position of the crowbar.

4.6 Determining the Turns Ratio

You can determine the turns ratio by using the machine nameplate data and verify it by using a recording
of a generator operation, calculating the currents (4), and obtaining their ratio. It is good practice to
capture records for two or more different conditions in order to verify the turns ratio (such as load and
external fault, or two different load conditions). Also, the 87SR element can provide an auto-set feature:
it can calculate the turns ratio automatically and use it as a setting after a one-time user command to
auto-set the 87SR element turns ratio. The auto-set command is sometimes used in capacitor bank
protective relays to effectively remove the standing unbalance in the sensitive capacitor bank protection
elements. If used in this application, the auto-set feature would remove the magnetizing current from
the 87SR differential current in the steady-state conditions.

4.7 Stator and Rotor Excitation and Saturation

We neglected the magnetic circuit of the machine when deriving the 87SR element. This is no different
than when deriving the transformer differential protection element. However, for the proper application
of the 87SR element, we need to address the magnetizing current challenge.

The excitation current that flows during normal operation is small, and the 87SR element addresses it
by using the minimum pickup threshold.

During external faults, the generator currents rise or exhibit a slowly decaying dc offset. Such a fault
response may cause the generator stator or rotor steel to saturate. After the fault is cleared, the
increased magnetizing current becomes a larger fraction of the measured currents and may jeopardize
the 87SR element security because of insufficient restraining. We address this challenge by using one
or more of the following solutions:

e Equation (5) maintains an elevated restraint even after the external fault is cleared. We may
use a slower decay with a time constant on the order of 0.5 s to maintain an elevated restraint
for a longer time period.

e The EFD logic extends the EFD bit for an extra time period, such as for 1 to 2 s, to force a high
SLOPE multiplier and to counter the spurious differential current caused by the saturated core.

e The 87SR element is active for a short time period following the external fault inception, such
as for 2 cycles, and is temporarily disabled afterward to avoid the spurious differential current
that follows the external fault clearance. An arming logic re-enables the 87SR element in 1 to
2 s following the post-fault steady-state condition.

e The differential and restraining currents are developed as integrals of the classical ior and irst
currents in Fig. 5 so that the high restraining current from the time of the fault continues to
boost the restraint after the fault is cleared. Of course, the integration should not be perfect,
and the integral should “forget” the old values in about 1 to 2 s in order to restore full sensitivity
for internal faults. Reference [13] explains this concept in detail.

5 Differential Element Evaluation Using a Physical Model

To verify the 87SR element principle of operation, we tested the ampere-turn balance concept on a
physical wound-rotor asynchronous machine. Because the machine is part of a student lab in a
university setting, we were restricted in the types of faults and unbalance conditions we could apply.
This restriction was to comply with equipment limitations as well as to prevent any undue stress or
damage to the machine or lab facilities.



5.1  Model Overview

We performed the laboratory tests on the 220 V, 10 hp (7.5 kW), 4-pole machine shown in Fig. 7. Fig. 8
shows the machine windings. The machine was not equipped yet with rotor- or stator-side converters.
Therefore, our options were to use the machine with the rotor short-circuited and operate it as an
induction generator or an induction motor.

Fig. 7. The 220 V, 10 hp wound-rotor asynchronous machine used for verifying the 87SR element principle of
operation.

Fig. 8. Windings of the 220 V, 10 hp wound-rotor asynchronous machine.

The machine draws a larger magnetizing current than is typical (the magnetizing reactance is 3 pu) and
exhibits a high slip under full load conditions (0.16). We originally tried operating the machine as an
induction generator that was feeding an isolated load (auto-excited generator), but the capacitor sizes
available for use in the lab either provided too little excitation for the machine or significantly overexcited
the machine. When overexcited, the machine drew a magnetizing current that was unreasonably high
and prevented an appropriate evaluation of the 87SR element. Given these circumstances, we operated
the machine as an induction motor. To avoid placing external faults on the stator side of the machine,
we created unbalance conditions in the rotor circuit to verify the ampere-turn balance principle and the
87SR element security that is based on it.

Because the physical machine was not constructed to allow modeling internal turn and winding faults,
and we did not want to create high-current faults at the stator terminals, we applied resistive phase-to-
phase faults at the stator terminals to upset the ampere-turn balance and demonstrate the 87SR
element dependability.

5.2 Rotor External Resistance Unbalance Test

While operating the machine as an induction motor, we inserted additional resistance into Phase A of
the rotor circuit. Fig. 9 shows the phase and equivalent stator and rotor currents. We do not plot stator
voltages because they do not change in any significant way during this event. Similarly, we do not plot
the rotor voltages because the rotor windings are short-circuited and the rotor voltages follow the rotor
currents and the shorting resistance.



Fig. 9. Currents during a rotor current unbalance condition.

The additional resistor inserted for about 1 s reduces the Phase A rotor current from 40 A peak to about
22 A peak. Because the rotor is ungrounded, the three rotor currents add up to zero at all times.
Therefore, when the Phase A current changed, the Phase B and Phase C currents changed slightly too
(the rotor zero-sequence current is zero at all times). The rotor current frequency changed from 10.0 Hz
before the event to 10.2 Hz after the event. The rotor slowed down from 1,500 rpm to 1,494 rpm, as
expected for a motor when the rotor current is temporarily unbalanced and includes the negative-
sequence component that produces torque opposing the rotation; we also noticed a change in the
sound signature resulting from the current unbalance.

We adjusted the rotor equivalent current (IR) by using a turns ratio of Nrs = 0.77 to match the stator
equivalent current (IS) prior to the resistor insertion (we measured the turns ratio as 0.73, but to provide
the best comparison of the transient performance of the 87SR element, we used 0.77 in the examples
in this section). The phase currents in the rotor are unbalanced and follow the slip frequency of
approximately 10 Hz. The phase currents in the stator are balanced, they follow the system frequency
of 60 Hz, but they are modulated at approximately twice the slip frequency, about 20 Hz (see Fig. 10).
Despite the differences in frequency, modulation, and symmetry of the stator and rotor phase currents,
the stator and rotor equivalent currents matched reasonably well during and after the event (see Fig. 9
and Fig. 10).

The peak difference between the instantaneous values of the equivalent stator and rotor currents is
about 17 percent of their peak values. We attribute the mismatch to the magnetizing current (we
repeated the test at different stator voltages, and the difference between the equivalent stator and rotor
currents follows the stator voltage magnitude).

Fig. 10. Zoomed in view of Fig. 9.



5.3 Rotor Open-Phase Test

While operating the machine as an induction motor, we opened Phase A of the rotor circuit. Fig. 11
shows the phase and equivalent stator and rotor currents. The rotor current frequency changed from
9.8 Hz before the event to 10.1 Hz after the event (the rotor slowed down from 1,506 rpm to 1,497 rpm;
we also noticed a change in the sound signature resulting from the current unbalance).

Fig. 11. Currents during a rotor open-phase condition.

Despite the differences in frequency, modulation, and symmetry of the stator and rotor phase currents,
the stator and rotor equivalent currents match reasonably well during and after the event (see Fig. 11
and Fig. 12). The peak difference between the instantaneous values of the equivalent stator and rotor
currents is about 24 percent of their peak values.

The mismatch is caused by the magnetizing current (we repeated the test at different stator voltages,
and the difference between the equivalent stator and rotor currents follows the stator voltage
magnitude).

Fig. 12. Zoomed in view of Fig. 11.

This case allows us to approximate the magnetizing current as follows. Because the rotor is
ungrounded, the three rotor currents add up to zero at all times. Because ira = 0 during the Phase A
open condition, then irs = —irc. In other words, during this specific unbalance, the Phase B and Phase
C rotor currents are identical but have opposite polarities. When these two currents cross zero, all three
rotor currents are zero and the equivalent rotor current becomes zero as well. Each time the rotor
equivalent current is zero (ira = irs = irc = 0, such as at 6 ms, 47 ms, 86 ms, and so on), the stator
equivalent current equals the magnetizing current. The stator equivalent current is at the level of 11.4



to 12.2 A when the rotor equivalent current is zero. Therefore, we can state in this case that the peak
magnetizing current is at least 11.4 to 12.2 A, or 8.1 to 8.6 A rms (we measured 8.5 A rms during the
stator excitation test for the same stator voltage).

5.4 Stator Phase Fault

While operating the machine as an induction motor, we applied an internal stator phase fault. To avoid
damage to the lab equipment and to make the fault detection more challenging, we reduced the fault
current by using a 20 Q resistor in the fault path. Fig. 13 shows the phase and equivalent stator and
rotor currents as well as the differential and restraining currents (the restraining current is as per Fig. 5
and uses a 100 percent slope). Before the fault, the rotor speed was 1,524 rpm, resulting in the rotor
current frequency of 9.2 Hz.

The stator currents in the faulted phases increase by about 10 A peak or 30 percent during the fault.
The rotor currents do not show any appreciable change in magnitude but exhibit a small oscillatory
component at about 110 Hz (2 - 60 Hz — 9.2 Hz). The stator and rotor equivalent currents differ
substantially. The maximum differential current is about 14 A peak, while the restraining current is about
34 A peak. The 87SR element would operate with a slope setting below 40 percent.

Fig. 13. Currents during a stator BC fault.
6 Differential Element Evaluation Using a Digital Simulator

To further verify the 87SR element and to illustrate its operation, we used a digital model of a 333 MW,
18 kV wound-rotor asynchronous machine within the Real Time Digital Simulator (RTDS) package [14]
following on the work covered in [15]. The model is capable of simulating internal faults. Our primary
focus, however, is on external faults and protection security. The 87SR element sensitivity — as in the
case of any protection element — is finite and is a result of the 87SR element design and applied settings.
Internal fault simulation results should be treated with caution because the model uses a simple
circuit-based method [16] to represent shorted windings and does not account for phenomena such as
local iron saturation due to high current in the turn-fault loop or dependance of mutual coupling on the
location of faulted turns within the winding. Also, if not cleared promptly, internal faults tend to evolve,
making their modeling even more difficult.

Fig. 14 shows the configuration of the modeled system.
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Fig. 14. System configuration and basic data for RTDS simulations.
6.1  Model Overview

Both the stator and rotor have two parallel branches per phase. The windings are divided in proportion
to the faulted turns to allow internal fault simulations of phase (winding-to-winding), turn, and ground
(winding-to-ground) faults. The stator is grounded through high resistance, while the rotor is
ungrounded. The machine model includes a nonlinear reactor to represent the magnetizing current.

The model includes a single turbine represented by using a multimass method with a shaft spring,
inertia, and damping constants congruent with the machine size and ratings.

The model incorporates multiple control loops, including real power regulation in the generating mode,
speed regulation in the pumping mode, reactive power regulation or voltage regulation in both the
generating and pumping modes, and finally, the dc bus voltage regulation. The order, time constants,
gains, and limiters of the controllers are default values of the RTDS library and are congruent with the
machine and turbine size and ratings.

The stator- and rotor-side converters are two-level converters. The model reproduces significant
high-frequency ripples in the machine currents that result from the converter switching operation (the
RTDS solver works with a 40 us time step).

The rotor crowbar circuit includes current-limiting resistors. When the crowbar operates, the rotor-side
converter ceases to inject the current. We operated the crowbar circuit arbitrarily in order to verify the
87SR element performance with and without the crowbar circuit.

We used the RTDS machine module “RTDS_PD_INDM_ FLT” and left all the model parameters at their
default values.

Before using the model to simulate external and internal faults, we used it to reproduce the events from
the physical model described in Section 5. We did not match the machine and system parameters and
therefore cannot expect the results to match exactly. However, we were able to reproduce all the key
characteristics of the stator and rotor currents. This gives us additional confidence in the validity of both
the physical model and the RTDS model.

6.2 External High-Current Unbalanced Fault

Fig. 15 plots stator and rotor voltages and currents for a metallic external AB fault at the machine
terminals. The ISF and IRF currents are the stator and rotor equivalent currents filtered (label F) with a



2 ms boxcar filter to remove the high-frequency ripple associated with converter switching. The rotor
current is referred to the stator side by using the turns ratio of 2.692. IDIF is the differential current and
IRST is the restraining current according to (5).

We modeled the following sequence of events:
e 0 ms: fault inception.
85 ms: crowbar closes.

e 150 ms: fault clears.
e 180 ms: crowbar opens.

The stator and rotor equivalent currents are constant in the steady state prior to the fault. They match
very well during the fault, both when the converter attempts to modulate the rotor currents (0 — 85 ms)
and when the rotor currents pass through the crowbar (85 — 150 ms). The stator and rotor currents
contain many transients, including high-frequency components and decaying dc components. The
resulting equivalent currents are time-varying and follow an irregular pattern. However, on a sample-
by-sample basis, the plot shows a nearly perfect match for the stator and rotor currents, as expected
based on the ampere-turn balance principle. The differential current remains very small compared with
the restraining current, ensuring protection security. The mismatch is slightly higher just after the fault
is cleared. We attribute this increased difference to the magnetizing current (the fault currents elevated
the flux, especially because they exhibit decaying dc components that offset some currents to the point
of not crossing zero, and the flux decays slowly after the fault is cleared).

The differential current does not change much after the restraining current changed at the beginning of
the fault, guaranteeing that the EFD logic does assert for this external fault.

Fig. 15. High-current external AB fault.



6.3 External Low-Current Unbalanced Fault

Fig. 16 plots stator and rotor voltages and currents for a low-current external AB fault at the machine
terminals. We reduced the fault current on purpose to explore the impact of magnetizing current. The
stator and rotor currents remain at the pre-fault level during this fault. The equivalent currents oscillate
because the currents are unbalanced. When the crowbar operates, the currents are less than the load
current. The stator and rotor equivalent currents match but not perfectly. We attribute the difference to
the magnetizing current. Because the fault current is small, the magnetizing current appears larger in
proportion to the restraining current. The 87SR element can be restrained with a slope on the order of
30 percent. The mismatch between the equivalent stator and rotor currents becomes slightly higher
when the crowbar is closed (after 85 ms).

Fig. 16. Low-current external AB fault.
6.4 Stator Winding Fault

Fig. 17 plots stator and rotor voltages and currents for a stator internal winding fault with A and B shorted
at 10 percent from the stator neutral point. Note that the stator has two windings per phase and the fault
involves only one winding. We modeled the crowbar operation and closed it 150 ms into the fault to
evaluate the 87SR element operation without and with the crowbar closed.

The fault does not change stator voltages to any significant degree. The rotor controllers maintain the
rotor voltage and current until the crowbar closes. After the crowbar closes, the rotor currents are
induced from the stator rather than modulated by the converter. The stator currents increase because
of the fault but decrease when the crowbar closes. The differences between the equivalent stator and
rotor currents are quite pronounced, and the differential current is greater than 30 percent of the
restraining current when the crowbar is open and greater than 100 percent after the crowbar closes.



The 87SR element operates if it is set with a slope less than 25 percent. In this case, the protection
operating conditions are more favorable if the crowbar is closed.

At the beginning of the fault, the differential and restraining currents change simultaneously,
guaranteeing that the EFD logic does not assert for this internal fault.

Of course, the 87S element would detect this phase fault, and the 87SR element would provide backup
protection.

Fig. 17. Stator winding fault.
6.5 Stator Turn Fault

Fig. 18 plots stator and rotor voltages and currents for a stator turn fault that involves 10 percent of the
turns in one of two parallel windings (Phase A). We modeled the crowbar operation and closed it 100 ms
into the fault to evaluate the 87SR element operation without and with the crowbar closed.

The fault does not change stator voltages to any significant degree. The rotor controllers maintain the
rotor voltage and current until the crowbar closes. After the crowbar closes, the rotor currents are
induced from the stator rather than modulated by the converter. The stator currents increase slightly
because of the fault but decrease when the crowbar closes. Subsequently, the stator currents show a
swing-like response due to rotor speed changes. The differences between the equivalent stator and
rotor currents are quite pronounced and the differential current is greater than 30 percent of the
restraining current when the crowbar is open, and temporarily greater than 100 percent after the
crowbar closes. The swell of stator currents increases the restraining current, but the differential current
is still greater than about 20 percent of the restraining current. The 87SR element operates if it is set
with a slope less than 25 percent and will remain asserted at all times if the slope is set less than



20 percent. In this case, the protection operating conditions are more favorable during the first few tens
of milliseconds after the crowbar closes.

Fig. 18. Stator turn fault.
6.6 Rotor Winding Fault

Fig. 19 plots stator and rotor voltages and currents for a rotor internal winding fault with A and B shorted
at 10 percent from the rotor neutral point. Note that the rotor has two windings per phase and the fault
involves only one winding. The fault does not change stator voltages. The rotor controllers maintain the
rotor voltage and current. The stator currents change as a result of the fault upsetting the flux. At 50 ms
into the fault, the differential current is about 27 percent of the restraining current. The 87SR element
operates if it is set with a slope less than 25 percent.

Fig. 20 shows the equivalent stator and rotor currents for a fault lasting 3 s, assuming the crowbar is
open and closed (two different simulations). The plot traces appear thick because of the 120 Hz ripple
in the currents (see Fig. 19).



Fig. 19. Rotor winding fault.

Fig. 20. Stator and rotor equivalent currents for the case of Fig. 19.

When the crowbar remains open, the controllers modulate the rotor current, attempting to keep it
constant regardless of the fault. The stator currents change in response to the flux changes caused by
the fault. As a result, the difference between the equivalent stator and rotor currents changes over time.
This change causes the 87SR element to pick up and drop out approximately every 0.5s. The
controllers are not capable of permanently “erasing” the symptoms of the internal fault, but they may
temporarily decrease the 87SR element differential current.

When the crowbar is closed, the system response changes dramatically. The difference between the
equivalent stator and rotor currents is more pronounced, resulting in better 87SR element dependability.
Both the stator and rotor equivalent currents oscillate, but in this case, the oscillation period is about



60 ms. If the 87SR element were to use an intentional time delay, that delay should not exceed about
20 ms.

6.7 Rotor Turn Fault

Fig. 21 plots stator and rotor voltages and currents for a rotor turn fault that involves 10 percent of the
turns in one of two parallel windings (Phase A). The fault does not change stator voltages. The rotor
controllers maintain the rotor voltage and current. The stator currents change slightly as a result of the
fault that upsets the flux. At 100 ms into the fault, the differential current is about 10 percent of the
restraining current. The 87SR element operates if it is set with a slope less than 10 percent.

Fig. 21. Rotor turn fault.

Fig. 22 shows the equivalent stator and rotor currents for a fault lasting 3 s, assuming the crowbar is
open and closed (two different simulations). The plot traces appear thick because of the 120 Hz ripple
in the currents (see Fig. 21).

When the crowbar remains open, the controllers modulate the rotor current, attempting to keep it
constant regardless of the fault. The stator currents change in response to the flux changes caused by
the fault. As a result, the difference between the equivalent stator and rotor currents changes over time.
This change will likely cause the 87SR element to pick up and drop out approximately every 0.5 s. The
controllers are not capable of “erasing” the symptoms of the internal fault, but they may temporarily
decrease the 87SR element differential current.

When the crowbar is closed, the system response changes dramatically. The difference between the
equivalent stator and rotor currents is less pronounced, resulting in a lower 87SR element dependability.
However, about 150 ms after the crowbar closed, the differential current increased to as much as



40 percent of the restraining current, giving the 87SR element a chance to operate. Subsequently, the
differential current decreased to 5 percent of the restraining current.

Fig. 22. Stator and rotor equivalent currents for the case of Fig. 21.
7 Conclusions

This paper introduced a novel stator-rotor differential protection element for wound-rotor asynchronous
generators. The element is based on the ampere-turn balance between the stator and rotor. Therefore,
it can detect both phase and turn faults in both the stator and rotor windings. The element balances the
magnitudes of Park’s (d- and g-axis) current vectors in the stator and rotor and as such avoids the need
for aligning the d-q frame references between the stator and rotor. As a result, the element is a
current-only element, and it does not require the stator and rotor voltages as references for the rotating
electromagnetic fields. The element also does not require the mechanical rotor position encoder to
reference the rotor position to the stator.

The paper derives the new protection element and discusses relevant application issues, such as
current measurement errors and restraining, security during external faults, current measurement
requirements, and magnetizing current.

The paper uses both a scaled-down physical model as well as an RTDS model to illustrate the operation
of the new protection element.

The new element is especially beneficial for detecting stator turn faults (the stator differential protection
element cannot detect turn faults) and detecting phase and turn faults in the rotor (the rotor differential
protection element cannot be applied because rotor currents are not measured at both ends of the rotor
winding).

The new protection element is simple and straightforward to implement and set. In applications to
smaller machines, such as WTGs, we suggest the machine manufacturer implements the new element
as a part of their control package (the WTG controller already has access to both the stator and rotor
currents and no new instrumentation or input is required). In applications to large machines, we suggest
the new element be included in standalone generator protective relays.
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Abstract—This paper focuses on rotor protection for wound-rotor asynchronous generators, often
referred to as doubly fed induction generators. This paper introduces and explains a new kind of
differential protection element that balances ampere-turns between the stator winding and the rotating
rotor winding. Because the differential element monitors ampere-turns, it is capable of detecting both
turn and phase faults in both of the windings. The presented differential element uses only currents and
requires neither the stator and rotor voltages nor an encoder for the rotor position. The differential
element is instantaneous and can operate on the order of one to two power cycles.
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