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ABSTRACT 
Protective relaying systems employed at wind parks need to be appropriate for the critical infrastructure 
they are protecting.  Over 3,000 MW of new wind generation is forecast to be developed in the US each 
of the next several years.  Wind generation is growing in importance, both as a generation resource for the 
power purchaser and as an economic asset for the wind park owner.  Because of their growing size and 
importance in the overall generation mix, wind parks are now expected to ride through system 
disturbances.  It is now quite common to interconnect wind parks into transmission systems at the 345 kV 
voltage level. 
 
Wind park collector systems and substations have a number of attributes in common with distribution 
systems and large distribution substations.  There are also a number of differences which must be 
considered.  Additionally, the characteristics of wind turbine generators (WTGs) have some impact on the 
protection of transmission lines serving wind parks. 
 
This paper discusses the similarities wind parks share with more typical protective relaying applications, 
as well as their differences, and describes protective relaying schemes that have been used successfully.  
It draws upon experience with wind parks ranging from a few megawatts through several hundred 
megawatts of nameplate capacity and with interconnecting voltages ranging from 20 kV through 345 kV. 
 
The paper explores protection of: 

• Interfaces with the interconnecting utility 
• Interconnecting transmission lines 
• Collector substation power transformers 
• Collector substation buses 
• Collector circuits 
• Power factor correction capacitor banks 
 

The application of technologies to improve the operability and maintainability of the substation will also 
be discussed. 
 

INTRODUCTION 
Protective relaying for wind park collector substations and the transmission lines associated with them is 
similar to that presently applied in the utility industry.  However, the presence of wind turbine generators 
(WTGs) and the valuable nature of the resources being served by these substations result in some 
differences and unique concerns.  This paper addresses those differences and concerns, and offers an 
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overall discussion of wind park protective relaying practices.  Refer to Figure 1 for an illustration of a 
typical wind park collector substation topology.     
 
 
 

XFMR 1
138/184/230 

MVA

34.5kV COLLECTOR BUS

345kV

34.5kV

52C1 52C2

52CAP

SW1 SW2 SW3 SW4 SW5 SW6

52C3 52C4 52C5 52C6 52C7 52C8

34.5kV CAPACITOR BUS

To Utility Tie

Collector
1

Collector
2

Collector
3

Collector
4

Collector
5

Collector
6

Collector
7

Collector
8

 
 
Figure 1:  Representative Wind Park Collector Substation 

PROTECTIVE RELAYING DISCUSSION 

Industry Background 
The generation of electrical power from wind turbine generators (WTGs) connected to the grid has grown 
and changed dramatically over the last two decades.  What began with relatively small developments has 
now grown to projects where the planned build out of wind parks are routinely several hundred MW 
(1000 MW in one instance).  WTGs have grown from simple induction machines as small as 50 kW to 
units having sophisticated power electronics and ratings in excess of 2 MW.  The design and protective 
relaying of the interconnection substations and lines and the collection systems has grown in capacity, 
capability, and complexity to keep up with the increased size and sophistication of wind generation 
projects.  Interconnections with 345 kV transmission systems are now commonplace and WTGs are 
required to ride through system disturbances. 

Protective Relaying Objectives 
The basic objectives of protective relaying have been defined as [1]: 
 

• Reliability 
o Dependability – Protective relays will always operate when needed. 
o Security – Protective relays will operate only when needed. 

• Selectivity 
• Speed 
• Simplicity 
• Economics 

 
These objectives are as applicable to wind generation facilities as they are to any other electrical system.   
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The economic importance of the energy generated and the high cost and repair/replacement time required 
for equipment (transformers in particular) make an argument for very capable protective relaying systems.   
 
Specific relay applications will be discussed in more detail, however two principles that will apply in all 
cases are: 
 

1. The failure of any single device (including auxiliary devices, such as lock out relays) should 
not result in loss of protection, and  

2. The multi-function capability of modern numerical relays should be taken into account to 
minimize the number of protective relays used.  

 
 

Electric Utility Interface 
Some utilities will require a circuit breaker owned and operated by the wind park and located at the point 
of interconnection with the transmission system.  Other utilities may allow a wind park line to be 
interconnected directly into a terminal owned by the utility.  In either case, the electric utility will 
normally have requirements for the protective relaying and associated communications at the interface 
between the project and the utility.  
 
Early coordination between the utility and developer will minimize misunderstandings and maximize time 
to select, design, and procure protection, communication, and control equipment required by the utility. 
 
Some utilities will accept a breaker failure trip from the first park circuit breaker and will likewise pass a 
breaker failure trip signal to the first park circuit breaker.  Utility-provided critical fault clearing times 
may dictate the setting of breaker failure relays and inform the selection of transmission line protection 
schemes.   
 

Transmission Line Protection 
It is not unusual for transmission lines to be included in park developments to span the distance from the 
wind park site to the desired transmission interconnect corridor.  In one instance, the park line is almost 
90 miles in length.  Transmission interconnect voltages range from 345 kV to 138 kV.  Protection 
challenges, including reduced total fault clearing time requirements, increase as the interconnect voltage 
increases. 
 
In general, the practices for line protection do not change because the line serves a wind park.  However, 
WTGs do have characteristics that should be taken into account. 
 

• WTGs may not provide large amounts of fault current and the fault current will be short lived.  
To mitigate this effect, use weak in-feed logic with permissive overreaching transfer trip (POTT) 
schemes to help assure tripping in communication-aided time even with minimal fault current 
contribution from the wind park.  Directional comparison blocking (DCB) schemes and line 
current differential relaying are not affected by low fault current contribution from the wind park.   

• WTGs typically depend on the utility system for excitation and will drop off line when utility 
power is interrupted.  They should be re-energized by the park operator and not by remote 
automatic reclosing action.   The wind park operator may desire to restore the line to service 
(assuming a temporary fault) through automatic reclosing from the utility end.  There is no 
requirement for high-speed reclosing.  Interlocks or time-delays should be in place to prevent 
reclosing until it is assured that the collector circuits will not be re-energized upon reclosing.  
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This may require communication between the collector substation and the interconnection 
substation.   

 
In some cases, the park transmission line may add a third terminal to an existing two-terminal line.  In 
these instances, protective relays at the existing line terminals may require upgrade to meet the demands 
of three-terminal line protection.   
 
In at least two instances, the authors have seen new transmission lines serve multiple collector 
substations, evolving to become three-terminal lines as the latter wind park is brought on line.  In these 
cases, dual-redundant line current differential protection was employed to improve the likelihood of fast, 
sensitive fault clearing under all conditions. 
 
Park transmission lines are frequently new and may include an optical ground wire (OPGW).  The OPGW 
provides an economical and easy to use path for protective relaying communication.  It also facilitates the 
use of line differential relays.  
 
Because of the presence of an OPGW, park transmission lines can usually be provided with at least one 
communication-aided or communication-based relaying scheme (such as line current differential) with 
minimal additional cost and effort.  For 345 kV lines in many instances, two high-speed communication-
aided schemes with independent communications paths have been required by the interconnecting utility.   
 
In all cases, a protection scheme that does not require a communication channel—such as step-distance 
with directional ground overcurrent relaying—should be used.  In the case of a protection system using 
two communication aided schemes, the time-stepped scheme will provide protection in case of complete 
communication system failure.  In the case of a single communication aided scheme, it will serve as 
backup relaying.   
 
If the line is connected directly into the interconnecting utility terminal then the line protection will be 
normally be determined by the utility practices.  If necessary, those practices should be modified to meet 
park needs.  This may involve some level of negotiation between the concerned parties. 
 
Most modern line protection relays support reclosing and breaker failure logic in addition to their line 
protection functions.  This makes it possible for two relays to provide a complete line terminal protection 
package.  Because the wind park may not be a dependable current source during long, three-phase faults, 
selection of a sensitive breaker failure fault detector pickup setting is important and a breaker failure 
scheme having a component that is independent of current magnitude (such as is employed for generator 
circuit breakers) may be appropriate. 
  

Transmission Voltage Bus Protection 
Due to the configuration of the interconnection and collection substations, separate transmission voltage 
bus differential relays are often not required.  However, when bus protection is required, there is no 
difference between a wind generation project application and a typical utility application.  A variety of 
proven relays are available for these purposes and in most cases a high-impedance bus differential relay is 
a simple, fast, and economic choice. 
 

Collection Station Transformer Protection 
The main step-up transformers located in the collection substations are relatively large.  Recent projects 
have involved top ratings from 100 MVA to 230 MVA with low voltages of 34.5 kV and high voltages 
ranging from 362.5 kV to 138 kV.  Wye-delta-wye connections have been encountered most often; 
however in at least one instance the utility required a 34.5 kV delta connection and a wye-grounded 
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transmission voltage connection.  This arrangement required a 34.5 kV grounding transformer added to 
the low-side bus. On line tap changers (OLTCs) are often used. 
 
These transformers represent a large capital investment and can take months to repair if damaged during a 
fault. Presently, manufacturing lead times greater than twelve months are typical.  Consequently, two 
separate transformer differential relays are usually applied, taking current inputs from independent CTs.  
This approach provides redundant, high-speed protection and minimizes the likelihood of extensive 
damage to the transformer in case of an internal fault.  In some cases, a single transformer differential 
relay plus a separate backup overcurrent relay have been used.  We point out that the installed cost 
difference between the backup overcurrent relay and a second differential relay is small in comparison to 
the value of the GSU transformer and the economic loss resulting from an extended transformer repair 
outage. 
 
Many modern transformer differential relays include a restricted earth fault (REF) element.  While 
differences exist among the various implementations, an REF element essentially operates by comparing 
the difference between the transformer wye-winding neutral current measured by a neutral CT and the 
residual current of the same winding phase CTs.  An excessive difference yields a trip.  These REF 
elements provide more sensitive high-speed protection for ground faults on wye windings, and bus work 
included in the differential zone.  These elements are particularly effective at detecting transformer 
ground faults low in the wye-connected winding.  These faults produce appreciable amounts of neutral 
current, but low values of phase current so may be difficult for traditional transformer differential 
elements to detect [2]. 
 
Non-electrical trips, such as sudden pressure or Buchholz relays, should be routed to or through the 
transformer differential relay for reporting to the SCADA system and inclusion in the sequence of events 
and event reports. 
 
Backup overcurrent relaying for the low voltage bus can be embedded within the transformer differential 
relays, as can the logic for zone interlock low voltage bus protection schemes. 
 

Collector-Voltage Bus Protection 
These busses are typically configured in a single-bus, single-breaker arrangement, frequently with a main 
circuit breaker.  Both metal-clad switchgear and open bus construction are used.  High-speed bus 
protection is usually provided and is justified by the desire to minimize both stress on the main step-up 
transformer and the extent of damage caused directly by the bus fault.  The latter concern is of particular 
importance in switchgear installations where damage may be more extensive and repair may be more 
difficult and time consuming.  Minimization of arc flash energy provides another incentive for high-speed 
bus protection at 34.5 kV.  
  
High-impedance differential relays are simple, fast, and economic.  Because CT ratios and C-ratings 
should be matched for all inputs to the relay, special attention should be paid when specifying/ordering 
collector circuit breakers and substation transformers.  It may be necessary, for example, to use bushing 
CTs on the transformer low voltage terminals with a lower than normal CT ratio (but with a higher 
thermal rating factor) to match the CTs on the collector circuit breakers, or, alternatively, to specify 
collector circuit breaker CTs with a higher than usual ratio to match the transformer CTs.  Available space 
for mounting metal-clad switchgear CTs may be limited and CT requirements should be addressed when 
the equipment is specified.  Finally, avoid using low-ratio taps of multi-ratio CTs for high-impedance 
differential applications due to the reduction in effective C-rating and the high CT terminal voltage that 
can occur during bus faults due to the CT autotransformer effect [1]. 
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A zone interlock scheme (called a fast bus trip scheme by one manufacturer) is another alternative for 
collector voltage bus protection.  This scheme consists of overcurrent elements in the transformer low 
voltage (or main breaker, if one is used) CT circuits which are set to trip with a time delay of a few cycles 
unless a blocking signal is received from one of the collector circuit breaker relays.  The blocking signal 
is developed by an instantaneous directional overcurrent element that operates for a forward fault on the 
collector circuit and indicates to the bus relay that the fault is detected by one of the collector circuit 
breaker relays.  No collector relay detects a forward fault when the fault is on the bus, so the bus relay is 
not blocked and clears the bus fault with a short, definite-time delay.   
 
The zone interlock scheme trips more slowly by several cycles than a high-impedance differential relay.  
However, it does have the advantage that CTs do not need to be matched and it can be implemented 
without adding a dedicated bus protection relay.  In this scheme, the overcurrent relays protecting the 
collector circuits require directional element supervision due to the brief operation of the WTGs as a 
source for fault current on parallel collectors.  In those relays that offer a choice, employ positive-
sequence or negative-sequence directional polarization, since zero-sequence directional polarization does 
not provide a secure indication of fault direction due to the lack of zero-sequence current sources in the 
collector circuit. [WTG step-up transformers are typically delta-connected in their 34.5 kV winding.]  The 
tripping overcurrent element (which does not need to be directional) along with the logic to implement 
the scheme can be included in a multi-function transformer differential relay or, more typically, in the 
main breaker overcurrent relay if a main breaker is included.  These schemes can be implemented using 
simple control wiring to collect the blocking signals from collector relay outputs.  Alternatively, if more 
flexibility in the logic is needed, you can use peer-to-peer digital communications between the relays and 
a logic processor, and embed the zone interlock logic in the logic processor. 
 
Other bus protection approaches could be used; however these two alternatives are the ones that the 
authors have seen in practice. 
 
In addition, inverse-time overcurrent phase and ground backup elements should be applied.  These 
elements can be implemented in the transformer differential relays through overcurrent elements 
monitoring the 34.5 kV winding current measurements and/or in the main breaker overcurrent relay.  In 
some early projects this was the only bus protection provided, though we do not recommend this 
approach.  
 
Although the authors have not seen it in practice, using a high-impedance bus differential along with a 
zone interlock scheme would provide the benefit of a high-speed primary scheme and a backup scheme 
that was only slightly slower at minimum additional cost.  This approach would have merit, particularly if 
the 34.5 kV equipment consists of metal-clad switchgear. 
  

Collector Circuit Phase Fault Protection 
Typical protection for wind park collector circuits includes directionally supervised phase and ground 
overcurrent elements.  As mentioned above, WTG step-up transformer 34.5 kV windings are typically 
connected delta and are protected by fuses.  The fusing package often includes a back-up current limiting 
fuse.  Key collector coordination concerns are sensitivity to faults, coordination with the fuses used to 
protect each WTG step-up transformer, and protection of the underground cables when the collection 
system is underground. 
 
Collector phase overcurrent elements should coordinate with the WTG transformer 34.5 kV fuses.  When 
the nearest WTG is close to the collector substation, there may be little difference in the fault current 
magnitudes between the fault at the WTG transformer and the fault immediately in front of the collector 
breaker.  When this is the case, instantaneous overcurrent protection is not selective, so can not be applied 
unless required to protect a tapped cable (see below). 
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Phase inverse-time coordination with the nearest WTG transformer 34.5 kV fuse should be performed for 
the fault at that location assuming there is no fault current contribution from the other WTGs on the 
collector.  This approach predicts the slowest fuse clearing time, thus the most conservative coordination 
with the substation protection element.  In all cases where generation is operating, the actual fault duty for 
the WTG 34.5 kV transformer bushing fault will be initially higher, accelerating the fuse clearing time 
and improving the coordination between the fuse and the substation relay. 
 
When the collector system consists of underground cables, the phase inverse-time overcurrent element 
performance needs to adequately protect the cables.  In some situations, a small-gauge lateral cable might 
be connected directly to a heavier trunk cable to serve one or more WTGs situated away from the trunk 
cable.  If this tap is close to the collector substation, high fault duties may make it difficult to protect the 
cable and still coordinate with the WTG transformer fuse.  In this case, our philosophy emphasizes 
protection of the cable, with coordination a desirable, but not required, outcome.  When possible, we will 
employ a short, definite-time delay with the instantaneous element to provide high fault-duty coordination 
with the WTG transformer fuse.  If fault duties are quite high and the lateral cable small, an instantaneous 
overcurrent element may be required.  The miscoordination is accepted in that case. In some cases it may 
not be possible to fully protect a small cable applied near a substation with a high available bus fault 
current. 
 
The collector phase overcurrent element pickup does not need to account for cold-load pickup like a 
typical distribution feeder relay.  It does, however, need to account for the inrush current characteristics of 
the group of WTG step-up transformers served by the collector.  ANSI/IEEE 242 [4] describes the 
coordination of distribution feeder overcurrent elements with transformer inrush characteristics.  Typical 
pickup settings range from 1.5 to 3.0 times the full-load rating of the collector WTG transformers.  Note 
that the loading on the collector system conductors or cables is a function of the WTG output and is 
determined during the design of the collector system.  It need not be considered in the selection of phase 
overcurrent pickup values.  
 

Collector Circuit Ground Fault Protection 
Ground fault protection by collector residual overcurrent elements may be made more sensitive than on 
typical distribution feeders because collector current unbalance due to single-phase loads or single-phase 
lateral circuits need not be considered.  Pickup settings on the order of 10% to 20% of the full-load rating 
of collector are acceptable from a security perspective.  Note that this sensitive pickup may cause an 
apparent miscoordination with the WTG 34.5 kV transformer fuse characteristic.   
 
This compromise between coordination and sensitivity may be acceptable so long as the miscoordination 
occurs for trip times on the order of 1.0 second, or longer.  Typically, the collector has a high available 
fault duty and the 34.5 kV fuse has limited fault exposure.  The assumption is that faults with a current 
magnitude that would yield a miscoordinated trip are more likely to be a resistive ground fault on the 
collector circuit than a 34.5 kV transformer winding fault. 
   
An additional factor in ground fault protection is the allowable I2t rating of the collector system cable 
neutrals.  Collector system cable neutrals are often selected to be as small as practical (in one instance a 
1/12 concentric neutral was being considered).  Reducing the amount of copper in the neutral conductors 
can significantly reduce the collector system cost, so some effort in optimization is justified.  To avoid 
cable damage, set ground protection elements to clear ground faults quickly enough to avoid exceeding 
the neutral I2t capability.  Sometimes a definite-time ground overcurrent element with a short delay (a few 
cycles) is required to avoid damage to the cable neutrals for high fault currents while maintaining 
coordination with WTG transformer 34.5 kV fuses. 
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A further consideration in ground fault protection is the impact that the WTG sources have on ground 
fault duties.  Because the WTG step-up transformers are typically connected delta on the 34.5 kV side, it 
is tempting to assume that the WTGs have no impact on collector ground fault duties.  Figure 2 illustrates 
the sequence networks for a simplified, two-collector case.  Note that, while the collector is not a source 
for zero-sequence current, the WTG elevates the positive-sequence voltage at the substation bus, 
increasing the ground fault duty.  The minimum ground fault case is for zero-generation, fault at the end 
of the longest collector circuit.  The largest collector circuit ground fault is a close-in feeder fault at 
maximum-generation. 
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Figure 2:  Simplified Collector Substation Sequence Network for Single-Line-to-Ground Faults 
 

Substation Power Factor Correction Capacitor Protection 
WTG manufacturers are making strides in development of turbines having built-in ability to generate at or 
near unity power factor or even provide reactive power.  Even so, additional reactive power is often 
required to compensate for the reactive power losses in the collector substation transformer and 
transmission lines.  This reactive power can be supplied by shunt capacitor banks or by dynamic VAR 
systems such as STATCOMs or static VAR compensators (SVCs). 
 
A typical configuration for shunt capacitor banks at the collector bus voltage is to connect several shunt 
bank segments in parallel, each through its own load-break switch to a common capacitor bus.  The 
capacitor bus is then connected to the collector bus through a circuit breaker rated for the bus fault duty 
(Figure 1). 
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A number of protective relaying approaches are available and the means for detecting capacitor unit 
failures (seen through voltage imbalance) will vary depending upon the bank design and whether the 
capacitors are connected in a grounded wye or an ungrounded configuration.  Some form of voltage 
differential protection can be used for imbalance protection of grounded wye capacitors.  A common 
method for imbalance protection of ungrounded bank segments is through the use of a definite time 
overvoltage relay measuring the output of a VT connected between ground and the neutral point of the 
capacitor bank segment.   
 
When a capacitor unit (often referred to as a can) fails, the voltage drop across the remaining healthy units 
increases and the voltages and currents in the capacitor bank segment become unbalanced.  The 
imbalance protection elements are set to detect the imbalance voltage that is present when the next unit 
failure would place 110% of rated voltage across the remaining healthy units.  A tripping time delay of 
0.10 to 1.0 seconds is applied to prevent switching transient unbalance voltages from causing a relay 
operation.  The IEEE C37.99 Guide for the Protection of Shunt Capacitor Banks [5] includes equations to 
estimate the imbalance voltage present for capacitor can failures and the resulting can overvoltage.  
Descriptions are also provided of the protection schemes used for grounded and ungrounded banks.  At 
least two stages of imbalance detection are normally provided, the first to alarm when a capacitor unit 
failure is detected, and the second to trip before overvoltage damage to the remaining healthy units 
occurs. 
 
Imbalance protection trips do not usually involve current levels above normal load current and can be 
cleared by the load-break switches for the individual capacitor bank segments.  Automatic capacitor 
switching controls should be disabled for bank segments tripped due to voltage imbalance until after an 
inspection of the bank segment and any needed repairs or replacements can be performed. 
 
Faults from insulation failure usually have current levels well in excess of normal capacitor load current.  
These are detected by an overcurrent relay that trips the capacitor bus circuit breaker, clearing the fault 
and all the capacitor bank segments.  Reference [5] provides specific guidance for this protection. 
 
Bank overcurrent protection is set to coordinate with the capacitor fuses and trip the circuit breaker 
serving all the capacitor bank segments.  In this manner, only one fault-interrupting apparatus is required 
for the bank; the load-break switches need only be capable of interrupting the capacitive load of a single 
segment. 
 
There are a few design activities that are closely related to the protection of capacitors banks including 1) 
the rating of capacitor bank circuit breakers and switches for their expected duty, 2) the need for and 
sizing of inrush and outrush capacitors, and 3) setting up capacitor controls so they do not allow 
switching capacitor banks until they have had adequate time to discharge (typically five minutes).  
 

Dynamic VAR System Protection 
Dynamic VAR systems are applied to provide a continuously adjustable source of reactive power and to 
provide voltage support during transmission system disturbances.  They can be installed on the 34.5 kV 
bus through one or more circuit breakers.  For example a recent project employed a Statcom connected to 
the 34.5 kV collector bus through two 34.5 kV circuit breakers.   In that project, the STATCOM was 
modular in design, with a 2 MVA transformer protected by its own fuse for each stage of the STATCOM.  
The system also included shunt capacitors, some of which had rapid discharge VTs.  Phase and ground 
inverse-time relaying was used on the two circuit breakers.  The minimum pickup values required for the 
STATCOM were coordinated with the manufacturer, and time-current curves were selected to provide 
coordination with the 2 MVA transformer fuses.  The relay serving the capacitors was set to provide 
overcurrent protection as discussed in the previous section. 
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These systems are designed and protected on a project by project basis.  Consultation with the equipment 
supplier is necessary to establish protective relay settings for the circuit breakers connecting STATCOMs 
to the system. 
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