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ABSTRACT 

In the ANSI market, we can distinguish two types of 

medium voltage circuit breakers based on the connections 

to the switchgear: fixed circuit breaker and withdrawable 

circuit breaker. In the air insulated medium voltage 

vacuum bottle circuit breakers ANSI market, the 

withdrawable type of the circuit breaker is typically 

breaker of choice. Both types of the circuit breakers offer 

valuable features to the customers; however, our 

experience with the customers owning the modern high 

power density facilities and applying stringent safety 

procedures, tells us that some of the features that breakers 

and the switchgear offer, end up unused. The complexity 

of the switchgear and breaker design, in that case, is seen 

as a reliability factor with the high-cost tag. This paper is 

discussing the new breaker design, so-called plug-in 

circuit breaker for the indoor applications, that will satisfy 

the unique market needs, and on multiple levels affects 

switchgear design by reducing the cost of the switchgear, 

increasing system reliability, and not compromise safety. 

The plug-in circuit breaker offers compactness of the fixed 

circuit breaker but also withdrawable feature. The 

intention of the plug-in circuit breaker is not to replace 

fixed or withdrawable circuit breakers, but to offer a 

competitive edge to specifically targeted customers and 

markets. 

INTRODUCTION 

A modern high power density facilities typically have a 

need for equipment with a high number of operations, 

quick access to the circuit breaker, and a small switchgear 

footprint. The power loads have multiple sources of power 

and performance of the equipment is inspected regularly. 

The number of the circuit breakers can be relatively large. 

The breaker of choice is withdrawable circuit breaker 

selected mainly for the ability to be quickly withdrawn 

from the cell during circuit breaker bench tests, or for 

quick replacement during service. In rare instances, a fixed 

circuit breaker is used, but in those occasions, the ability 

of quick replacement of an entire switchgear section 

becomes essential and relatively more expensive. 

  

The arc-flash incidents in such facilities can have an 

enormous impact on personnel and equipment due to the 

presence of the high energy density. An arc flash resistance 

equipment and stringent safety rules are enforced to 

minimize such risk. One of such safety rules is that 

maintenance of the equipment that requires racking the 

circuit breaker in or out of the cell is performed in an 

entirely de-energized line-up. That is somehow contrary to 

one of the primary design requirement of the withdrawable 

circuit breaker, ability to be racked in or out from the cell 

while switchgear is energized. However, recent accidents 

mainly due to inadequate operator ability imposed such 

practice, and multiple sources of power allows quick de-

energizing of the line-up for the maintenance purpose, 

while the secondary power source carries the loads. 

 

Looking from the design perspective, the withdrawable 

breaker components that are related for racking the breaker 

inside and outside of the cell, such are movable shutters, 

shutter mechanism, insulation components, rail system, 

etc., provide minimum value add. Presence of such 

elements decrease the reliability of the system and increase 

costs.  

 

On the other side, using a fixed circuit breaker might sound 

like a better option, it has relatively less movable 

components, high reliability; however, replacement 

requires accessing the busbars located inside of the 

switchgear, often behind the circuit breaker [1]. Removing 

the busbars connection bolts can put a lot of stress on the 

operator. The risk of arc flash incidents upon energizing 

equipment exists due to the possibility of forgotten tools, 

cell phones, the insufficient contact pressure of the busbars 

connections, leaving switchgear open for a period that 

allows animal intrusion. 

 

As we will see from the paper, the new plug-in type circuit 

breaker satisfies the needs of easily circuit breaker 

removal, and it has a comparable size with the fixed circuit 

breaker. The plug-in circuit breaker from operational 

requirements and applicable safety standards is not 

different from fixed circuit breaker; however, it has self-

aligning tulip style contacts, wheels, and simplified 

racking mechanism that allows plugging the circuit 

breaker inside of the switchgear using very short travel 

distance. An absence of the movable shutters increases its 

reliability and reduce the overall cost of ownership. 

BACKGROUND 

Historically, a circuit breaker is seen as the most critical 

component of the power distribution system. Composed of 

many small movable parts, insulation, busbar connection 

contacts, control electronics, the current switching 

contacts, etc. a circuit breaker is by far one of the most 

significant factors of the system reliability.  

 

Among various mediums used for switching the current, 

such are air, oil, and SF6; a vacuum technology showed 

some of the best performance. Some advantages are better 
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recovery strength, durability, compactness and 

environmentally friendly. A relative absence of the 

particles inside of the vacuum bottle reduced travel gap of 

the current carrying contacts to only 6 to 10 mm for 

medium voltage ratings; which improved design and 

reduced size of the circuit breakers. For the available data 

from 2010, vacuum technology dominate worldwide 

circuit breakers market for 3kv-38kV applications, holding 

80% of the market share, the remaining 20% is divided 

among SF6, oil and air [2]. 

 

The vacuum technology is considered superior, reliable, 

with a proven record, and very often marketed as 

“maintenance free,” but a circuit breaker as a whole is an 

electro-mechanical device not immune to aging, poor 

quality, or impact of the operational and human error [3].  

 

Also, a system expansion, high voltage transients that can 

reduce the performance of the vacuum bottles, reaching a 

maximum number of operation sooner than planned, are 

some other reasons why circuit breaker can fail or need to 

be replaced.  

 

In the facilities where preventive maintenance procedures 

are placed to minimize a chance of unplanned power 

outages, the circuit breaker bench tests are designed to 

discover any performance weakness and access to the 

circuit breakers becomes essential. 

WITHDRAWABLE VS. FIXED CIRCUIT 

BREAKER 

Withdrawable Circuit Breaker 

A withdrawable circuit breaker offers greater flexibility 

then equivalent fixed circuit breaker model, due to the 

ability of a quick disconnect from the busbars, but all at 

the expense of larger footprint, complexity of 

withdrawable elements, movable shutter elements, 

insulators for dielectric clearance, circuit breaker distance 

travel. A withdrawable circuit breaker is considered a 

premium device and as such usually is paired with metal 

clad switchgear with arc resistance rating. With a relatively 

large footprint, the total cost of ownership can be 

substantial. The ANSI related standards for metal clad 

switchgear is IEEE C37.20.2. 

  

A withdrawable circuit breaker has self-aligning tulips or 

blade type contacts mounted on the circuit breaker arms 

that are extending from the vacuum bottle poles. 

Depending on the voltage rating, breaker arms needs to 

satisfy dielectric clearance, making the overall dimensions 

of the circuit breaker longer and switchgear deeper. For 

example, the arm length of the selected circuit breaker 

model 15kV, 31.5kA 1200A is 260 mm. 

 

A withdrawable circuit breaker is manually or electrically 

racked inside of the cell with a worm-drive mechanism that 

is placed inside of the withdrawable cart mounted on the 

wheels. The travel distance is roughly the length between 

the shutters and stationary busbar contacts. For example: 

for the 15kV, 31.5kA 1200A circuit breaker the travel 

distance is 200mm.  

 

If we add travel distance and breaker arm length, we can 

see how much additional space withdrawable circuit 

breaker take inside of the switchgear when compared to an 

equivalent fixed version. Selecting a fixed circuit breaker 

over the withdrawable could reduce footprint, 30% for the 

mentioned example. For a high power density facility, 

space saving can be the most valuable asset. However, a 

fixed version of the circuit breaker comes with its 

drawbacks. 

 

Fixed Circuit Breaker 

The fixed circuit breaker connection offers compactness, 

simplicity, lower busbar resistivity, but on the other side 

inability for quick access and a circuit breaker withdrawal. 

That mainly affects maintenance, bus isolation, 

performance inspection, and quick replacement of the 

circuit breaker [4]. The current and voltage transformers 

are hard to reach, and removal requires busbars and cables 

access. The switchgear enclosures are typically metal 

enclosed, often without arc flash resistance rating.  

 

To isolate the circuit, a visible disconnect switch is added. 

Its presence requires busbars arrangements that increase 

overall switchgear footprint, and its mechanism contains 

many small components that reduce reliability. In the 

facilities where access to the internal part of the switchgear 

requires a complete de-energized line-up, a visible 

disconnect switch provides minimum value. On the other 

hand, where accessing internal part of the switchgear is 

allowed, disconnect switch provides a visual indication of 

the open circuit, but not the arc flash protection; the line 

side of the switchgear is energized and any access to the 

internal areas of the switchgear under those conditions is 

considered dangerous. The exception is the arc resistance 

enclose with suffix “C” next to its type. An expensive and 

rare type “C” switchgear enclosure defeats the need of a 

compact and inexpensive product usually related with 

fixed circuit breaker. The ANSI related standards for 

metal-enclosed switchgear is IEEE C37.20.3, and guide 

for testing metal-enclosed switchgear rated up to 38 kV for 

internal arcing faults is IEEE C37.20.7. 

 

Some modern fixed circuit breaker switchgear has a circuit 

breaker and other components integrated with the 

enclosure to increase compactness. Removing the circuit 

breaker from the cell would require disassembly a good 

portion of the switchgear. Instead, customers rather 

replace an entire switchgear unit. That requires relatively 

more extended line-up downtime and cost increase.  

 

In general, replacing a fixed circuit breaker requires access 



 25th International Conference on Electricity Distribution Madrid, 3-6 June 2019 
 

Paper n°  2078 

 
 

CIRED 2019  3/5 

to the busbars located inside of switchgear. Reaching those 

points and allowing people working inside, is something 

that a few owners would allow. Accidents such as 

forgetting the tools inside, inadequately connected 

busbars, animal intrusion, could cause arc flash incidents 

upon energizing the equipment. 

 

This fixed type of circuit breakers gained popularity 

among specific applications and markets where 

withdrawing a circuit breaker from the cell is not a priority. 

In the ANSI market, switchgear with a fixed circuit 

breaker is seen as a cost-saving alternative to a 

withdrawable circuit breaker. 

 

PLUG-IN CIRCUIT BREAKER DESIGN  

The plug-in type of circuit breaker is a hybrid between 

fixed and withdrawable circuit breaker. The main 

characteristic of the design is its compact size, and its 

ability to be easily and quickly engaged and disengaged 

from the switchgear busbars connections.  

 

From the operational aspect, the breaker is fixed and the 

same safety procedure shall apply, but from a maintenance 

perspective the breaker is withdrawable from the cell. To 

be clearly distinguished from a truly fixed circuit breaker 

by having the ability to be quickly engaged or disengages 

from the switchgear, and having much smaller dimensions 

and different withdrawable features from a withdrawable 

circuit breaker, the new trade name is created plug-in 

circuit breaker.  

 

 
 
Figure 1 A plug-in circuit breaker with self-aligning tulip 

contacts. 

A plug-in circuit breaker is designed by using a fixed 

version of the circuit breaker and installing a very short 

breaker arms with self-aligning contacts, Figure 1. 

Mounted on the withdrawable cart or providing a sliding 

surface on the switchgear using rollers or similar means, 

the breaker can be “plugged” inside of the switchgear to 

establish a connection. Plugging the breaker is 

accomplished by turning the crankshaft on the 

withdrawable cart, using the lever rod, or similar means. 

Upon establishing the connection, the breaker is secured 

for the switchgear using a front accessible bolt(s) located 

on the front part of the breaker or switchgear. That way the 

circuit breaker is fixed for the switchgear but with 

distinguished feature: connection is front accessible; there 

is no access of the operator to the busbars.  

 

The correct depth of self-aligning contacts engagement is 

ascertained with electro-mechanical interlocks inside of 

the withdrawable cart or with a provision on the switchgear 

door that will not allow door closing if the circuit breaker 

is not fully inserted. 

SWITCHGEAR FOR PLUG-IN CIRCUIT 

BREAKER 

By being “fixed” the plug-in circuit breaker does not need 

long breaker arms to satisfy dielectric clearance. Also, the 

switchgear has no shutters, and theoretically total distance 

from the breaker poles to the busbars connection points is 

zero; but practically, the circuit breaker has to be placed in 

the switchgear before it is plugged-in; therefore the travel 

distance should satisfy only the contacts engagement depth 

in addition to the necessary tolerance. For example: for 

15kV, 1200A 31.5kA circuit breaker, a distance of 30 mm 

should fulfill the criteria. The applicable standard for the 

enclosure is IEEE C37.20.3 metal-enclosed interrupter 

switchgear. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2 Side view of the connection depth of the same circuit 

breaker model in different versions a) withdrawable, b) plug-in, 

c) fixed  

As we can see from the example on Figure 2, conversion 

of a fixed circuit breaker to the plug-in version would 

require only 90 mm (3.5”) of additional switchgear depth; 

travel distance in addition to self-aligning contacts length. 

  856 mm 

520 mm 

430 mm 
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That difference is relatively negligible to the overall 

switchgear footprint, but the benefits of quick breaker 

access could be substantial for the owners. On the other 

hand, we can see that withdrawable version has much 

deeper connection points that directly increase switchgear 

footprint, with added reliability and costs factors of the 

components such are movable shutters, more extensive rail 

system, and insulation components.    

  

Different Types of Switchgear Design  

We can distinguish two types of switchgear design for the 

plug-in circuit breaker: 1) traditional and 2) compact plug-

in switchgear design, Figure 3. The traditional switchgear 

gear design is not different from a standard metal enclosed 

or metal clad switchgear with the fixed circuit breaker. The 

plug-in circuit breaker is paired with a visible disconnect 

switch; the overall architecture and the footprint remains 

the same, with the benefits of the ability of quick circuit 

breaker disconnect from the cell. Operational safety 

procedure remains the same as for the typical switchgear 

with fixed circuit breaker. However, due to limited busbar 

arrangements, and disconnect switch not being utilized for 

some applications, the compact plug-in switchgear design 

gained much more attraction. As we shall see, applying 

voltage and current sensor technology offers significant 

space saving. 

 
 
Figure 3 A proposed symbol for a plug-in circuit breaker with 

busbar one line diagram of a) traditional and b) compact plug-

in switchgear design 

Compact Plug-in Switchgear Design 

The first and foremost, this design could be used only in 

the applications where accessing the circuit breaker can be 

accomplished in an entirely de-energized switchgear 

lineup. Such feature might sound regressive but some 

market segments demonstrated precisely this need.  

 

Safety 

The compact plug-in version of the switchgear design is 

consisted from only a plug-in circuit breaker; a disconnect 

switch is absent. The simplicity of this design significantly 

reduce footprint and increase reliability by reducing a 

number of components associated with disconnect switch, 

or movable shutter elements in withdrawable version. 

However, the absence of the disconnect switch requires a 

stringent safety procedure, and limits the design to certain 

applications only, NEC 2017 Articles 230.204., and 

225.51.  

 

To prevent non-procedural circuit breaker access and 

removals, blocking the switchgear doors becomes 

essential. The plug-in circuit breaker can be removed from 

the normal operating position only with the door open, 

similarly as removing a fixed circuit breaker. The door 

access key can be obtained only if the main circuit breaker 

is open and safety procedure related to the main circuit 

breaker satisfied. The door access key shall guarantee that 

the circuit is de-energized.  

 

The second safety feature in protecting the door from the 

non-procedural door opening are voltage sensors that are 

mounted on both sides of the plug-in circuit breaker. The 

voltage sensors are connected to a protective relay that 

activates electro-mechanical interlock mounted on the 

switchgear door in a case of voltage presence.  

 

The third safety feature is a bolt(s) that is used to fix the 

breaker for the cell. Any removal of the connection would 

require a specialty tool and will be considered as an 

intentional attempt of the circuit breaker removal. 

 

Grounding the load side is accomplished with a hot stick 

or earthing truck.  

 

 
Figure 4 Side view of a compact switchgear design with plug-in 

circuit breaker 

a) b) 
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Current and Voltage Sensors 

One of the goals in the plug-in switchgear design is to 

create hardware-independent applications. In other words, 

a single set of components shall cover an entire range of 

application ratings. The area that significantly benefits this 

approach is current and voltage measurement. Contrary to 

the traditional design approach, where dozens of 

components are needed to satisfy various applications 

ratings, using voltage, and current sensors make hardware 

unique. For example, a single design of a voltage and a 

current sensor covers the medium voltage ratings up to 

15kV and 1200A. The only modifications needed for a 

specific application is accomplished by software. The 

communication protocol IEC 61850 must be used. 

  

Potential transformers are one of the most ineffective 

components in traditional switchgear design. Their 

replacement with voltage sensors provides multiple 

benefits [5]. Voltage sensors are designed as resistive or 

capacitive dividers. Lightweight, and highly accurate 

without saturation, if used in a standoff insulator shape, 

voltage sensors provide zero footprints inside of the 

switchgear. That makes switchgear design open, more 

reliable, with less active components. Moreover, voltage 

sensors can be placed on each side of the circuit breaker 

providing desirable system design feature, that also 

controls safety door interlocking.  

 

Replacing the current transformers with current sensors 

such is Rogowski coil is a desirable feature that reduces 

the footprint and simplifies model selection. With an 

absence of saturation and very compact dimensions, a 

single design of a current sensor can cover an entire range 

of current ratings providing metering and protection 

functions [5]. The current sensors are positioned for the 

front access. 

 

Dielectric Clearance and Heat Transfer 

A compact design naturally presents a challenge for 

dielectric and continuous current tests. With proper 

application of the insulation dielectric clearance issue can 

be solved effectively. Short breaker arms with self-

aligning contacts are areas where hot spots during 

continuous current tests can be created. Active cooling 

systems can address that issue, but a desirable market 

feature is a passive cooling method. To satisfy this 

requirement a proper design of the convection path for the 

heat as well as the selection of the circuit breakers that can 

conduct enough heat from the self-aligning contact areas 

becomes essential. Designing the busbars system with 

thicker busbars might be necessary. The benefit of metal-

enclosed enclosure provides an ability to remove 

compartment separators that further increases heat-

transfer. 

 

Arc Flash Resistance 

The enclosure of the plug-in switchgear can be arc flash 

resistant. The Type 2 enclosure with suffix “B” rating is 

seen as adequate, and industry recognized. This rating 

allows access to the switchgear from any side, and safely 

operating low voltage instruments and accessing the 

internal components of the low voltage section. System for 

venting hot gases is designed to direct hot gases outside of 

the building. 

CONCLUSION 

The specific market segments demonstrate a need for a 

compact switchgear design with withdrawable circuit 

breaker feature. A withdrawable circuit breaker comes 

with design complexity and features that often ends unused 

and with high-cost tag; on the other hand, a fixed circuit 

breaker cannot be readily removed from the switchgear. 

The plug-in circuit breaker and plug-in switchgear design 

satisfy those needs. With design comparable to a fixed 

circuit breaker, a plug-in circuit breaker has a 

withdrawable feature that allows quick access. As a new 

type of medium voltage switchgear, product safety is seen 

as the most challenging segment, and various functions are 

designed to solve that effectively. Standardization and 

listing the product is the next area of focus. 
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