AC/DC Auxiliary System

Section 5.0 Design of Substation DC System

5.1 Design Criteria

Prior to the start of the DC System design the designer should consider several factors that are crucial to successful implementation. Typically in substation applications, the primary purpose of DC auxiliary systems is to provide a reliable power source for the power system protection.  DC systems provide power to operate protective relays, monitoring equipment, and control circuits that operate power circuit breakers or other fault isolating equipment.  The DC systems are designed to provide power for these protection systems during outages and when the power systems are intact.    Several key factors are listed below.  
a) Reliability- 
The reliability requirements of the power system are typically defined by the system protection design.  For example the design requirements for transmission equipment is likely different than the requirements for distribution equipment.  These designs determine the robustness requirements for the systems.  System reliability standards should be reviewed to determine if back-up equipment or automatic switching is required in the event of one piece of equipment failing.
b) Redundancy- 
The redundancy requirements of the power system can be viewed as components of the power system protection.  Typical components include: AC current and voltage sources to relays, protective relaying, DC power supply, DC circuit protection, auxiliary relays (lockout relays), breaker trip coils, and control circuitry.   This philosophy is illustrated in typical transmission protection systems compared to distribution protection systems.  For example, transmission systems typically are designed with redundancy throughout the components listed above while distribution systems are typically designed with single components.   

The redundancy design can also be illustrated by examining what would happen if the battery (or DC source) failed during a fault condition on the power system.  In a typical transmission system, the over-reaching distance elements of the line relaying on the remote ends would trip the breakers at the remote ends to isolate a fault located within the reach of the distance element (typically 120% of line).  This provides some redundancy, however, it typically would not provide complete redundancy for the line protection as only one end would trip for a fault beyond 120% of line length.  Thus, the batteries and relaying on the remote ends provide some redundancy for the battery (or DC source).  Compared to the distribution system, unless there are ties to another substation, there typically is no redundancy for failure of the battery in the substation.  The example above illustrates that it is important to design the DC system for the protection requirements.  If the local substation has only a few transmission lines, the tripping of remote ends to isolate the fault during loss of DC source at the local substation may or may not result in a system stability condition.  It is more likely to be a stability concern for large transmission substations.  Thus, design of the DC system should coordinate with system protection and system stability requirements.  

In regard for the distribution system design, consideration for system back-up for failed equipment such as mobile substations or field ties to an alternate source provide a more economical or acceptable solution to system redundancy requirements.  

There may be regulatory requirements requiring redundancy.
c) Environment- 
The environment that a battery is exposed to can impact the reliability of battery performance, the capacity of the battery, and the life of the battery.  Key environmental components include: temperature variations, vibration, special requirements, cleanliness, and ventilation.    Some applications may be susceptible to seismic considerations.
d)   Design considerations- 
The DC system design should be based on capacity and performance, it is of great importance that all applicable criterion is reviewed to insure that the most reliable, cost affective equipment has been selected for the life of the installation.   
Factors to consider:


Load on the DC system when the maximum output of the battery charger is exceeded.


Demand on the battery when the output of the charger is interrupted.


Duration of the battery carry over, when auxiliary AC power is lost.


Battery Life - What is the projected minimum life of the installation?


Cost/Reliability - What was the cost and quality of the battery initially selected?


Operating Temperatures - Will the battery be subjected to temperature extremes?


Maintenance Intervals - The overall reliability of the battery depends on proper maintenance.


Location - Will the battery be located where required maintenance can be completed?  Is the battery properly ventilated?  Will any associated equipment be susceptible to damage from corrosive lead acid fumes?


Vibration/Shock - Will the battery be located near rotating equipment?  Lead-acid batteries easily shed their active materials from the surface of the plates, affecting battery life.


Weight/Size - Physical size and weight can play a significant role in determining the type of battery to be selected.  Is there enough room for the battery and rack in the proposed location? Can the location of the battery accept the floor loading.
The design considerations need to accommodate both the owner’s requirements and those of any regulatory agency, Authority Having Jurisdiction (AHJ), or quasi-regulatory agency. Other considerations may include those of any insurer or transmission operator (e.g. black start plans).
5.2 Typical equipment Served by the DC System

The DC system in a substation serves many critical and non critical functions and equipment. Some typical equipment served are circuit breakers, circuit switchers,  motor operators, protective  relay systems, SCADA, fire protection/detection, emergency lighting, security systems, pumps, radio or other communication systems. While most of the equipment is required to be operational at all times some may defined as non-critical and may be segregated to reduce loads in the event where the battery of the DC system is required to carry substation loads without the battery charger available. The equipment may require DC voltages at different values such as 125 VDC for circuit breaker controls while a radio communication system may require 12 VDC or 24 VDC. The designer will have to determine the best method to supply the various voltages. It is not generally recommended to tap a larger voltage battery for lower voltages (i.e. 24 volt tap on a 125 VDC battery).   If alternate voltages are required to be supplied from a single battery, DC-DC converters are typically utilized for smaller non-critical loads at a lower voltage.  It is not recommended to install many DC-DC converters to provide different voltages and the load should be minimal.  
Consideration should be given to limit the amount of not critical loads connected to the battery to provide reliability to the system protection and to limit the size of the battery.  
5.3 Design Process

To start the design process it is recommended the designer create a one-line diagram showing the battery (or batteries), charger and all connected loads. Consideration should also be given for future load growth. A review of the substation ultimate one-line may aid in determining future possible additions. 
5.3.1. DC Batteries

5.3.1.1 Battery types

Battery types and their characteristics are discussed extensively in other guides (list  names). However a brief discussion of them will be held so the designer can make themselves aware of the issues. The most common battery types used in substation applications are flooded Lead-Acid batteries.   
Lead Calcium

Lead Selenium

Lead-Antimony 
Plante’

Other types of batteries include: valve-regulated (also known as VLRA or sealed cell), and nickel-cadmium (NI-CAD). The designer thru the use of the referenced IEEE guides and owner’s preference should familiarize themselves with the impact of each type of battery on the design of the overall DC system. Considerations for selecting different types of batteries should include, battery load requirements, environmental conditions exposed to the battery (temperature ranges, moisture), battery life, design, duty cycle, and capacity. 
In substation applications, the battery is not typically exposed to many cycles so this may not be as important compared to other factors such as battery life and maintenance.   

Typically the battery charger will support substation loads with the battery available to supply energy for short duration activities such as breaker trips and closes where the battery charger response time cannot support the transient.

5.3.1.2 Criterion for Battery Rating

The referenced IEEE guides (485 etc- need to list formal titles) list the requirements a designer needs to consider for obtaining the battery rating. However to aid the designer some considerations will be repeated here.
5.3.2.1.1 Continuous Loads

 First using the one-line or equivalent document he designer should review all the continuous loads such as protective relays, SCADA systems, emergency lighting, indicating lights, communication equipment (power line carrier, radio, telecom, microwave), security systems, fire protection, etc. Continuous loads can be obtained for new substations by reviewing vendor literature or calculations from previous designs. For upgrades at existing facilities, the data may need to be obtained by field testing as vendor data may not be available. When reviewing the literature the continuous loads should be evaluated at the final battery voltage selected (i.e. 105 volts). For example if a device has a load of 125 watts one may be tempted to have the load at 1 Amp for a 125 VDC system. However at final battery voltage of 105 volts the load would be 1.19 Amps. Care should be taken to tabulate all known loads. The designer should also review the design for “phantom” loads that may be added by personnel other than the substation designer. For example the control building may be designed by another person who includes a fire protection system to meet local codes and also add DC emergency lighting. Future additions should be considered in the battery design for at least half the battery design life to prevent battery from being replaced uneconomically.  Substation designers should consider limiting loads connected to substation batteries used primarily for protection purposes to provide a more reliable source to the protective system.  If emergency lighting is required with no other available source, timers should be installed to reduce the time the lights are connected to the battery.  This will keep the continuous loads and the battery size to a reasonable limit.  
5.3.2.1.2 Momentary Loads

Momentary Loads are those such as breaker open or close that occur at various times through the load cycle (see IEEE-485). Many substation momentary loads such as breaker operations, lockout relays, communication system operations operate in times frames of several cycles and careful analysis using IEEE and the battery manufacturer may be required. For example an EHV system may detect a fault in ¼ cycle initiate communications for 1 cycle, operate protective devices in ½ cycle and open the circuit breaker(s) in 2 cycles). The whole operation is over in less than 5 cycles form detection. Typical sizing per IEEE 485 looks at loads of 1 minute as the shortest period. After all momentary loads and initial battery size selected, it may be advisable to work with the battery vendor to ensure the selected battery can respond to the expected loads and duration of the load. Newer computer analysis programs are available to assist in the analysis. As described in IEEE 485, all load cases should be carefully analyzed to ensure the proper case is identified. A traditional load case that may have been used over an eight hour period for example may not be applicable in a situation where the substation may be required to cycle multiple loads or an extended period in order to restore the system after a blackout.  When sizing momentary loads for motor operated disconnects, the locked rotor value should be used for the DC load of the motor operator to accommodate for conditions that prevent the operation of the disconnect from opening or closing under typical force such as iced switches or switches that have not been operated for a while the blade may be stuck in the switch jaw due to corrosion or other obstruction.  
Another important issue when determining the worse case momentary load is whether to consider a breaker-failure situation where a breaker fail relay can operate a group of devices around a failed breaker to isolate the fault. This is a second contingency operation.  In many cases, the breaker-fail operation may put a larger load on the battery and both loads would occur within a minute time frame, because the breaker fail would occur in a matter of cycles. This would exceed the more normal typical worse case.  If the original trip included a motor operated device, it would still be operating when breaker fail occurred and thus should be included in both conditions prior and after the breaker fail operation to determine the worse case scenario.
As mentioned above, restoration from “black-start” scenario may need to be considered.  During “black-start several trip and close cycles may be required to restore the transmission system after a collapse. It would not be uncommon for two or three attempts to be made to get the system to hold. As part of the black start all the station breakers would be opened prior to closing in a selected transmission path.     

5.3.2.1.3 Battery voltage and number of cells

The normal DC operating voltages at most utilities are:  54 volts, for 48 volt nominal systems and 130 volts, for 125 volt nominal systems.  The float voltages (voltage in the nominal charged condition) for an individual cell will vary from approximately 2.17 volts per cell to 2.25 volts per cell depending on the type of battery.  In most cases, these batteries are equalize charged (continuation of the regular charge at a higher voltage to bring the battery back to a fully recharged condition) at approximately 2.33 volts per cell.

The number of cells connected in series is based on the required minimum and maximum voltages of the battery load.  Typical lead calcium and lead selenium battery individual nominal cell voltage is approximately 2.25 volts per cell.  These batteries require 23 or 24 cells for the 48 volt system and 58 or 60 cells for a 125 volt system.  

The maximum acceptable cell voltage is approximately 2.33 volts per cell.  At this point excessive battery gassing (evolution of hydrogen and oxygen) occurs and the maximum voltage limits of the connected equipment is approached.  The minimum voltage for these battery cells is typically 1.75 volts per cell, which is normally considered fully discharged.  As the voltage falls to this level the ability of connected equipment to operate may become questionable.  Typically, breaker trip coils will operate at half their rated voltage but other DC operated equipment may not function properly at or around 1.75 volts per cell.  Make sure to check connected equipment ratings if there are any questions. For a 58 cell 125 volt system a minimum voltage of 1.81 volts per cell is used to maintain minimum terminal voltage of 105 VDC.
The voltage of the battery is calculated by using the following formula:


[image: image1.wmf]Voltage

System

Battery

Series

in

Cells

of

Cell

the

of

Voltage

=

)

(#

*

)

(


The number of cells and the end voltage of a battery system can be calculated using the following formulas:
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5.3.2.1.4 Duty Cycle 

The duty cycle of a battery is defined in IEEE485 as the loads a battery is expected to supply during a specified time period.  The duration of the duty cycle and the specific loads on the battery during that time period determines the size of a battery based on IEEE485 battery sizing.  An important consideration for determining the length of the duty cycle is the response time required to replace a failed battery charger.  For example, a typical sequence of events that would follow a battery charger failure may include the following:

i. Charger fails and initiates an alarm to SCADA

ii. Dispatcher notices alarm

iii. Dispatcher attempts to contact substation personnel

iv. Substation personnel drives to substation

v. Substation personnel investigates alarm

vi. Substation personnel determines that charger has failed and notifies dispatcher that a technician is needed to repair the charger

vii. Dispatcher attempts to contact technician
viii. Technician drives to substation

ix. Technician attempts to repair charger

x. Technician determines that the charger cannot be repaired and the substation supervisor is notified

xi. Substation supervisor locates spare charger

xii. Substation supervisor attempts to contact additional substation personnel

xiii. Additional substation personnel report to service center to pick up vehicle and charger

xiv. Additional substation personnel drives to substation

xv. Charger is replaced

It is not difficult to imagine this process taking longer than the 8 hour duration that seems to be an industry standard practice.   Under certain circumstances (particularly during major storms where multiple outages are being worked at the same time) the acknowledgement of the initial alarm is likely delayed due to other priorities thus increasing the battery duty cycle duration.  The availability of personnel to respond to an alarm may also increase the duration especially during weekends or holidays.  The battery may function properly supporting continuous load during an extended time to replace the charger but may not fulfill its design basis if called upon. Remote devices may be needed to clear a fault having a greater impact.

Another important impact is loss of AC to the control house. Similar to loss of the charger the battery will be called upon to support all station loads. However many control houses may not have not have been designed to limit temperature minimums or maximums without the heating or cooling systems available. The designer should review the building capability to ensure battery can meet its duty cycle. 
5.3.2.1.5 Number of Battery Systems

The designer should evaluate the criticality of the substation facilities and owner’s preference or regulatory requirements. Protective relay systems are normally deigned with two independent systems. The systems are inclusive from the DC feeds to independent trip coils in the circuit breakers. The designer should review whether separate battery systems and panels are required, a single battery system with independent DC panels or one battery system and panel. With independent systems there are better opportunities for maintenance or replacement in the event of equipment failure or the need to upgrade in the future. The number of battery systems will also depend on the voltage level of the equipment. For example, if a communication system requires 48 VDC and the substation equipment is 125 VDC, the designer needs to consider whether the communication equipment would be supplied by its own battery and charger or be supplied by a DC-DC converter. The decision will have to consider reliability and control building space among other issues. The number of battery systems has a direct impact on the size of the control house as battery systems typically occupy wall space that can dictate building size. Depending on local requirements, additional preventative measures may be required with multiple battery systems.
5.3.2.1.6 Load transfer

The designer needs review any requirements for load transfer requirements. Load transfer could be automatic to back up one DC system in the event of a charger failure from another system or similar event. Load transfer can be manual via the use of a manual disconnect. The need to transfer can be dictated by owner’s preference or design criteria, criticality of the substation, or other similar reasons. (NEED to flesh out in more detail)
Possibly NERC or other redundancy requirements may dictate the need for load transfer capability.  
5.3.3 Design considerations

5.3.3.1 Battery monitoring
The battery and DC system has many options for monitoring. The battery charger itself may be equipped with monitoring functions such as loss of DC, low DC, battery grounds, and loss of charger AC. Many microprocessor based relays have the option to monitor the DC source to the relay and can provide additional alarm capability.  An auxiliary relay may be used to monitor for systems where automatic monitoring may not be available. Through the use of communication links continuous loads may be monitored from the charger directly to a SCADA RTU or other similar device. A DC shunt may be used to measure battery current directly and connect to a monitoring device.
5.3.3.2 Battery installation

5.3.3.2.1 Battery location

5.3.3.2.1.1 Fire Considerations

While the battery is not normally a direct fire hazard, several conditions may present hazards.  If the battery main terminals become shorted between the main terminals there is no protection (fuse or circuit breaker) as allowed by IEEE-1375 for overcurrent, the short circuited battery would become a fire hazard.  Thermal runaway conditions also present fire hazards.(more)  The third and most common hazard occurs during charging especially when an equalizing charge is applied hydrogen gas is generated by lead –acid batteries (not applicable to VRLA batteries or NI-CAD). Removal of any potential hydrogen build-up should be considered by the designer. This build-up may be removed through normally building exhaust or leakage, direct exhaust of the battery area or by inclusion of fresh air into building ventilation system. IEEE-485 notes several other recommendations. The designer should be aware of any restrictions imposed by the AHJ in regards to battery ventilation.  IEEE 979 provides guidance for fire protection in substation applications.  
The battery charger also does not present any direct fire hazard. However they generate heat as part of the AC-DC conversion and care should be taken to not post flammable material above the vent openings.

Working clearance meeting the requirements of the NESC Table 125-1 (or local codes) should be used to provide safe access to the equipment for workers and in the event of an emergency.

5.3.3.2.1.2 Safety considerations
As discussed in section 5.3.3.2.1.1, working space meeting the requirements of NESC Table 125-1 or local codes should be maintained. The designer should be aware that in retrofit designs in older stations to check clearances that may have been inadvertently compromised over the life of the substation or in replacing equipment that was installed prior to code applicability. Consideration should also be given to a method for removing cells in the future. Space for a lifting device or permanent device may be needed. Typical substation cells weigh 20-70 kg (44-154 pounds). Lifting cells of that weight can be very difficult for maintenance from upper steps or tiers of a battery rack.  An eyewash station that conforms to local codes should be installed to support workers in the event of acid contact. Provisions should be made depending on owner’s requirement for storing the specific gravity tester and an acid resistant cloak. For building safety, Acid resistant paint should be used in the battery area to prevent damage to walls and floor.
5.3.3.2.1.3 Reliability Considerations
The designer should review owner’s preference or local codes for separation of multiple battery systems. Physical separation or barriers may be required for multiple systems to ensure that in event of a catastrophic event (e.g. fire or short circuit_ on one battery system that it does not readily propagate to the other battery system(s). This can include physical separation by air gap or installation of a barrier such as a wall or batteries in separate rooms. As the battery system is crucial in allowing most substation equipment to successfully operate, care should be given to provide as much as reasonably possible protection to the battery system. Reliability is also dependent on battery area temperature. Battery area temperature should be monitored and kept constant (more in section 5.3.3.2.1.5). Owners operating practice for response to building high or low temperature should be reviewed to determine effect on battery performance and reliability. Low or high temperatures outside the design of the battery load profile can affect reliability. Reliability of the DC system is also affected by placement of DC panels. Separation of batteries and chargers does no good if the DC panels are side by side based on past practice. A single panel fire could take out both systems. Cable routing should also be reviewed. It is common to separate the DC system cable to prevent a single event form taking multiple DC systems out of service.
5.3.3.2.1.4 Battery room door requirements

If the battery is placed in its own room due to owner’s preference or local codes, the battery room door should have a fire rating equal to or exceeding fire rating of the walls of the walls. The battery room door should also incorporate all necessary signage to inform workers of potential hazards of the area, such as acid containing, explosive mixtures etc as required by AHJ. Depending on room design and local codes the battery room door may also need to incorporate a blast lover to relive pressure in the event of a hydrogen build-up and explosion. The battery room door should have a panic par on the inside and open outward into the control room or outside to allow safe egress of personnel in the event of an emergency. Interior signage should ensure that personnel can identify and find the door. Requirements for securing the door such as locks should be reviewed by the designer.
5.3.3.2.1.5 Battery Area Temperature

As discussed in IEEE-485 (ADD VRLA specs etc) battery temperature plays a key role in battery performance. Battery specs are published at 25°C (77°F). Room temperatures that vary from this can affect performance. During the load calculation the designer should consider the minimum and maximum the battery area could reach. For example in a northern climate in winter  during a loss of AC to the substation the battery area could easily reach 13°C (55°F) depending on building insulation levels during the needed response time. Conversely in a southern climate during the summer having the same loss of AC could drive the building to over 40°C (104°F) internal building temperature. Normal operating practices should also be reviewed to determine baseline conditions as part of the battery calculation. If the owner keeps the battery area at 18.3°C (65°F) during winter months as an energy conservation method, battery performance will be below published data and needs to be accounted for in the design calculation.

5.3.3.2.2 Acid Spill Containment 

The designer should review applicable local codes regarding acid containment. It is typical practice to install a spill containment system that contains the acid to an area immediately adjacent to the battery and neutralizes it for safe handling and disposal. The designer should review the footprint required for the containment system.  To ensure adequate worker access is maintained. The designer should review any tripping hazard that may be presented by installation of a mechanical containment system. Use of acid resistant paint on the floors and walls of the battery area is also recommended to minimize any damage to the building in the event of a spill. If a permanent spill containment is not installed, the designer should review local codes or owners preference to determine if on-site temporary acid adsorbent material or temporary containment is required (Need to review NFPA-1 more, I think containment is now required. Can’t find my copy.)
5.3.3.2.3 Battery Racks

Battery racks generally come is three types, step tier, or stepped tier. A step rack is designed so the battery levels are “stepped" from one another usually the depth of a cell , while a tiered rack has the levels of batteries on top of each other, and a stepped tier is a combination of the two.  (see figure below for details).  For substation applications, steps and tiers are usually limited to two or three levels. Step racks generally have a larger floor footprint than an equivalent tiered rack and cells can be easier to access. Tiered racks with their smaller footprint tend to save space.  Both types of racks should have an acid resistant coating applied to the structural frame to preserve its integrity. It may also be advantageous to have a liner on the support rails of polyethylene or similar material to further protect the rails from damage and provide electrical isolation.
A concern with battery racks should be to reduce height variations between upper and lower racks.  Height variations will cause differences in cell temperatures within the same battery system.  Since temperature can have such a drastic effect on battery characteristics, interconnecting cells at different temperatures can lead to an early failure of the battery system.  As a general rule, temperature gradients in excess of 5 degrees Fahrenheit should be avoided.  

When selecting a battery rack, there are several things including temperature differences, weight of the battery, available space and maintenance requirements that should be considered. 
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In areas of seismic concern, the battery rack should be specified as to its correct seismic zone (do we want to list out the zones????) so the correct bracing can be applied. A seismic rack has the same basic design as a non-seismic rack with additional bracing applied to hold the rack and cells in place. Cross bracing is used on the rack and an additional set of bracing is applied around the tops of the jars to prevent the jars from shifting in the seismic event.
5.3.3.3 Circuit Considerations

5.3.3.3.1 Grounded versus ungrounded systems

Substation batteries used for operation and control of interrupting devises and protection system, SCADA etc are typically ungrounded. Communication systems such as those used by telecom companies are typically a positively grounded 24 or 48 VDC systems. The designer should be aware of the difference and not mix the two. Direct contact input to opposite systems should be avoided and use of interposing relays or devices should be used. Addition of unintentional grounds should be reviewed during the design and installation process.
5.3.3.3.3.2 Isolation of Main DC cables

As discussed further in section XXXXX, the battery is the source of fault current for the DC system.  The cables between the main battery terminals and the first overcurrent protection (battery or fuse) are unprotected (unless using a mid-point fuse).  Thus designs should place the main battery overcurrent protection as close to the main terminals as possible to reduce this exposure.  A short to any portion of the battery main terminals can produce extreme heat and fire hazard for a shorted battery.  Any damage to the cables from the battery can subject a worker to the full short circuit capability of the battery. The designer should review the owner’s preference to separate the positive and negative cables of the battery to reduce the possibility of a direct short circuit being applied to the battery. When separating the cables they should be placed in a non magnetic conduit to prevent induced fields from causing other potential hazards. If the cables are not run in separate conduits, the designer should try and minimize the cable length to the DC load center to prevent risk of damage. With multiple battery designers care should be taken to avoid routing main DC cables near one another to preserve independence and reliability.
5.3.3.4 DC Panels

The DC panels can come in many varieties. The can come with over current protection on the main feed or main lug only (where the main DC feed connects directly to the DC bus. Branch circuits can be protected by circuit breakers, fuses, fuses with knife blade isolation, or combinations of these such as a circuit breaker in the positive leg and knife switch isolation in the negative. The designer should review applicable local codes and owner’s preference as to what type should be used.

5.3.3.4.1 Critical versus non critical loads

The designer should review if there is separation required by local codes or owner’s preference or design criteria to whether there is a need to separate loads as critical or non critical. Critical loads are those that would be required to have DC power under unusual system conditions such as loss of power to the site, black start path, loss of the charger, etc. for example it may be determined that during a black start condition that it may be beneficial to only have close DC and available and only DC for one trip circuit/protective relay system. Panels would then be segregated with a main DC breaker being tripped by a contact from some system input such as SCADA or the charger loss of AC. Other non-critical loads could be fire detection, HAVC controls etc. While non-critical loads would play a vital role under normal conditions, during severe events they may be overlooked until the system is stable.

5.3.3.4.2 Circuit Size

The designer should size the panel to accommodate the required number of circuits needed for planned load growth. Branch circuits should be sized in accordance with the NEC, local codes or owners design criteria as applicable. branch circuits should coordinate with any downstream devices such as fuses of circuit breakers within the downstream device such as a transformer or circuit breaker. The circuit side should match with installed cable to prevent a miscoordination between sizes such as a #14 AWG cable on a 30 Amp breaker. Circuit size should also accommodate for any voltage drop. Voltage drop includes the current thru all interconnecting cable to and from the remote device. This is different from AC sizing where the impedance only one way needs to be considered. The cable should be sized so the device can operate at minimum battery voltage (i.e 105 VDC on a 125 VDC battery) so that the minimum device voltage ( 90 VDC in this example) is available at the remote device. It may be prudent to build some conservatism in the design calculation to allow for variations in field conditions due to cable lengths, device tolerances etc.

5.3.3.5 Circuit Protection and coordination
5.3.3.5.1 Circuit Size

The designer needs to review the coordination between all devices in the DC circuit in accordance with the NEC, local codes or owner’s design criteria. It is imperative for the successful operation that an upstream device not trip for a downstream operation. For example if a panel fuse operates for the protective relays and it is fed from the same dc panel circuit that feeds the breaker trip coil circuit, it would not be prudent to have the panel breaker or fuse operate as well due to mis-coordination. 
5.3.3.5.2 Short Circuit Levels

Since the battery is the primary source of the short circuit, the battery document or manufacturer should be consulted to determine available fault current. The interrupting devices should be reviewed for their DC ratings. Many devices although they may appear to have sufficient interrupting capability do not have the appropriate Asymmetrical Interruption Current (AIC). Without proper AIC a breaker may interrupt the current. Weld closed, or open but not be able to dissipate the energy. These conditions could result in damage to equipment, injury to personnel and/or other un-intended operations. Similar conditions apply to fuses used for interrupting faults. The designer should consider protection of the main DC feed by use of circuit breakers of fuses to protect the battery itself. Battery protection can be done by use of overcurrent devices on the entire battery output or by the use of mid-point fuse or breaker. Use of a mid-point overcurrent device reduces the available short circuit current to ½ of the entire battery rating and can save costs on the interrupting device.
5.3.3.5.3 Fuse versus circuit breakers for circuit protection

The designer should consider owner's preference or design criteria when selecting circuit breakers or fuses. Local codes need also be reviewed. Fuses may have a lower initial installed cost but may require additional spare material to be stored on site to allow for replacement in the event of a transient fault when they operate. Fuses may also require a fuse monitor to be installed to detect and provide indication they have operated. Circuit breakers may have a higher initial installed cost but provide indication they have operated and usually do not require replacement after they have operated.
5.3.3.6 Equipment rating

5.3.3.6.1 Indoor versus outdoor rated equipment

The DC panels should be selected to be of the proper rating for their intended location. Outdoor rated equipment may be installed within the substation control house but not the reverse. It may be advantageous to have some DC panels placed closer to the loads they support such as circuit breakers in a large transmission substation. In this application outdoor rated equipment is required (do we reference the NEMA standards?)
5.3.3.6.2 Equipment Rating

As discussed previously, the DC equipment should be rated for interruption of DC faults. If a main breaker is used it should be able to interrupt the max short circuit available form the DC battery for the life of the battery. The designer should review interrupting capability on a battery replacement. Continuous current rating should match or exceed the loads and allow for future growth. Voltage rating should match or exceed battery voltage (i.e. 250 VDC for a 1255 VDC battery).

5.3.4 Battery Chargers

Battery chargers are discussed in detail in other IEEE guides. The battery charger is normally used to provide the continuous loads of the station. And as a means to either maintain charge on the battery, recharge after an event, or to provide an equalize charge to bring the battery back into specification when specific voltages are outside manufacturer’s tolerances. (DO we discuss charger types???)
5.3.4.1 Battery Charger sizing

Battery charger sizing is based on the amount of continuous load plus constant times the ratio of discharge divided by recharge time as seen below:

A=L+1.1(C/H) where

A is charger capacity in Amperes

L=Continuous Load in Amperes

C= Discharge in Ampere-hours

H= Recharge time in hours

For C the designer should use the actual discharge in A-Hr if known. If not the designer should use the battery rating in Amp-hours. For H the designer should consider owners preference or design criteria. Typical times of 12-24 hours are used. While a faster recharge time may restore a fully discharged battery faster this may cause other problems. A faster recharge may lead to plate damage of the battery, due to overheating or charger being oversized for day to day operations the designer needs to review the probability of a worst case event happening during recharge and use that to help determine battery size. For large charger sizes the designer should consider installing two chargers operating in parallel. Since under normal operating conditions, the full capacity of wither charger is not needed, it can allow for routine maintenance or even a single charger failure to occur without an effect on battery performance.

5.3.4.2 Charger Circuit protection

Although the charger may be equipped with integral AC and Dc circuit breakers or fuses, the designer should consider external protection as well. The AC feed breaker form the main AC source should be protected in accordance with NEC ((Section???)  or other applicable local codes. The DC output may need to be connected with another over current device to coordinate with the overall DC system. This overcurrent device could be either a fuse or circuit breaker depending in owner preference, local codes, or coordination needs. Both the AC and DC external protection should be used to protect the external circuit and cabling.

5.3.5 Maintenance Provisions

5.3.5.1 Isolation switches

The designer should review with local codes or owners preference or design criteria the need to provide isolation switches for the battery and charger. Main isolation switches can allow a temporary battery to be installed during maintenance, upgrades, or replacement. Since a substation may be in-service for more than the 20 year design life of a battery, it is reasonable to assume that the battery will be changed at least once during the life of the substation. Since it is usually not feasible to shut down an entire substation during a battery change out, providing an isolation switch where a temporary battery can be connected can be advantageous to upgrades or an emergency where a battery has failed. Similar logic can be applied to chargers, though in a charger failure or replacement, it is usually easier to connect a charger temporarily than a battery.

5.3.5.2 Equipment accessibility

As discussed previously access per NESC table 125-1 should be maintained (or other local codes). Table 125-1 is minimum clearances and owners preference or design criteria should be reviewed as well. As also noted battery cells/jars can be or weights where ordinary workers may not be able to lift it without mechanical assistance. Access room may need to be maintained for mechanical lifting devices to install or remove battery cells/jars. Safe working clearances of 30 inches side to side and 36 inches between the battery and other equipment in front or behind. Overhead lifting devices may be need from building supports to remove the cells as well. Chargers weights may be such that provisions may need to be made for access for lifting devices to replace it as well as the charger may weight over 100 kg (220 lbs.).  The battery chargers also may generate a significant amount of heat and care should be taken to ensure that access may be made to service the equipment without risk of thermal damage.
5.3.5.3 Back-up Supplies

The designer should review owner’s preference for any back-ups. Based of the importance of the substation the need for back-up equipment wither charger or battery bank. As discussed previously, if provisions are made during design then back-up capability. If back-up supplies are required the design needs to account for the time frame requested as to the location of back-up or temporary connections to facilitate timely or permanent connection of any back-up supplies. Also the designer needs to review if automatic actions are required to place any back-up supplies in service.
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