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DC feeding is employed for conventional lines in the greater Tokyo 
area.  DC substations convert three-phase AC into 1,500V DC 
and supply that to contact wires via DC high-speed circuit breakers 
(HSCB).  In the four years from 2005 to 2009, four ground faults 
occurred at JR East DC substations (Table 1).  Those resulted in 
substation fires, causing serious transport disruption.  Among the 
four fire accidents that occurred, three were caused by a ground 
fault in the metal cabinet (“DC cubicle”) that accommodates an 
HSCB and other devices.

To detect ground faults at DC substations, we have used DC 
high-voltage grounding relays (“64P”) that monitor the voltage 
between rails and substation grounding lines.  However, 64P and 
control lines were damaged in such ground faults and became 
unable to appropriately protect the substation, causing substation 
fire accidents.

Fire accidents of substations due to a ground fault have serious 
impact on train operation and facilities.  In order to improve 
reliability in prevention of DC substation fires, it is important to 
detect signs of ground faults and prevent their occurrence.

As the majority of ground faults occurred in DC cubicles, we 
investigated a method of monitoring DC cubicles and detect signs 
of ground faults.  The fire accidents that have occurred are roughly 
categorized into accidents due to insulation damage (Oami 
Substation) and accidents due to overheating and insulation 
damage (Kajibashi and Kokubunji Substations), and it took some 
time until fire broke out other than in the accident at the Etchujima 
Substation.  We thus developed two types of fire prevention devices 
(a DC ground current relay and a fire sign detection system) with a 
focus on insulation deterioration and overheating.

Introduction1 DC Ground Current Relay (51GF)2
2.1 Signs of and Detection Method for DC Grounding
Grounding is an event where insulation is broken and current flows 
to the ground.  At Oami Substation in Table 1, insulation of DC 
cables was broken, and at Kajibashi and Kokubunji substations, 
insulation of high-voltage circuits was broken.

In a DC cubicle, a grounding wire of a device is connected 
to a grounding bus, and the grounding bus is connected to the 
grounding conductor of the substation by a wire at each of its ends, 
thus by two wires in total.  There are two DC cubicle grounding 
wires to prevent electrical shock to workers even in if one of the 
wires is severed.

If insulation of equipment deteriorates, leak current increases 
the current that flows in those grounding wires.  Current of tens 
of amps similarly flows in those at grounding as well.  Focusing 
on that, we developed a method of monitoring the current in the 
grounding wire and detecting signs of grounding (increase of leak 
current by a few mA) and ground current.  Fig. 1 shows the system 
configuration of 51GF.

When foundation bolts and bases and the frame of the 
substation building are connected at installation of a DC cubicle, a 
current circuit with a metal circuit other than the grounding wire 
is created, preventing identification of leak current.  That causes 
other problems as well, such as stray current in the ground being 
divided and flowing into the grounding wire.  We thus attached 
an insulation panel under the DC cubicle and limited the current 
route to only the grounding wires at each end.
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Date of occurrence Substation Cause of grounding Time till detection

Oami2005/9/26

2006/9/28

2008/4/10

2009/7/30

Grounding of a DC cable 10 days *1

Kajibashi Different wave mixing 
due to failure of control circuit 18 min. *2

Kokubunji Grounding caused by protruding HSCB 2 hours 34 min. *3

Etchujima Grounding by arcing spreading due to 
current breaking in an  accident Same time

Table 1  DC Grounding Accidents in 2005 - 2009
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Fig. 1  51GF System Configuration
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2.4 Evaluation of Functions of DC Ground Current Relay
There is large risk if we simulate grounding and signs of grounding 
using an actual system for function checks in the field.  Therefore, 
as a function check in the field, we evaluated whether unnecessary 
operation would occur when the relay detection current became 
almost 0 A without being affected by stray current with the 
substation operating.

Fig. 4 shows a current waveform detected by the grounding 
detection circuit.  This is a waveform when stray current flowed 
into or out of the two grounding wires shown (A and B) in Fig. 1.  
When the current in the two grounding wires flows in the opposite 
direction to each other, the current is negated and the detected 
current becomes almost 0 A.  The detected current is not affected 
by momentary current change.

The current waveform detected by the grounding sign detection 
circuit is shown in Fig.5 (with two current transformers) and Fig. 6 
(with one current transformer).  As mentioned in 2.1, the latter 
method could make the detected current on the relay side closer to 
0 mA.  This could be because, with only one current transformer, 
the error due to individual difference of transformers could be 
eliminated and the current detected by the transformer reduced.  
The current detected by the transformer was within a range of 
±50 mA in Fig. 5 and ±3 mA in Fig. 6.  The current on the relay 
side was also reduced to 2 mA in Fig. 6, while it was 8 mA in Fig. 5.

The target value of grounding sign detection is less than 20 mA; 
however, minimizing the detection threshold is desirable in terms 
of preventing a grounding accident.  We therefore adopted the 
method where one current transformer is installed.

The specifications of the DC ground current relay (51GF) are 
as follows.

Current detection range     
 DC ±100 A

Threshold value detection range    
 Grounding detection: 1 A to 100 A, 10 ms to 100 ms

 Grounding sign detection: 1 mA to 1 A, 10 s to 10 min.
Self-diagnosis      

 Checking soundness of the current transformer and the
 relay (every 24 hours)
Masking function     

 Allowable change of the grounding sign detection 
 current (1 mA/s)

2.5  Status of Introduction of DC Ground Current Relays 
(51GF)

Introduction of 51GF started at the end of fiscal 2013, and it has 
been introduced to eight substations as of the end of fiscal 2015.  
No detection errors have occurred so far and stable operation has 
been confirmed.

In order to negate stray current in the grounding wires, we 
connected the two grounding wires to a current transformer.  We 
initially used two transformers, but detection accuracy was higher 
with one transformer as shown in Fig. 1.  The details are explained 
in 2.4.

2.2 DC Transformer
Current in the grounding wires is detected by a dedicated 
current transformer (Fig. 2).  This is because a wide range 
of current—a few mA to tens of A—needs to be detected.  
We made a grounding detection zone and a grounding sign 
detection zone with different detection ranges and resolutions 
in the detector part of the transformer.

Two grounding wires are laid through the transformer window 
and do not connected to the body, so grounding wires and 
transformer are not in contact.  As high-voltage current does not 
flow into the current transformer body, the system is more reliable 
in terms of failure in comparison with 64P to which high-voltage 
is directly applied in the event of grounding.

2.3 Function of the Relay
This relay is an overcurrent relay that receives current transformer 
output and issues a warning and a breaker open signal when the 
current value exceeds the set threshold.  Other functions are as 
follows.

In the field environment, detected value of a current 
transformer current is not 0 mA; rather, it constantly varies within 
a range of tens of mA.  As the current to be detected in the event 
of grounding will be tens of A, it is not a problem as current of 
tens of mA is constantly detected.  However, from the perspective 
of detecting signs of grounding, results of the verification tests 
regarding the fire accident of Kajibashi Substation revealed that 
we had to detect leak current of less than 20 mA.  We thus added 
to the relay side of the grounding sign detection circuit a masking 
function where detection would not track a short-time current 
change.  Specifically, we set an allowable output change (1 mA/s) 
on the relay side to detect gradually increasing or decreasing 
current without tracking short-time small current changes the 
current transformer detects (Fig. 3).
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Fig. 3  Current Detected at Transformer and Current on Relay Side

Fig. 2  DC Transformer
Fig. 4  Grounding Detection Current
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by setting test samples such as control wires and copper strips in 
the test DC cubicle shown in Fig. 7.  A sampling pipe from which 
air is taken in to the high-sensitivity smoke detector was set to the 
opening of the ventilation duct, and change in smoke density in 
the DC cubicle was monitored.

Fig. 10 shows the detection values when the control wire in 
Fig. 8 was overheated by 100V 27 A current, which exceeds the 
rated current.  At 600 s after turning on electricity, smoke density 
rose at around the temperature of the outer coating of the control 
wire of 120 ºC.  In this condition, smoke and appearance change 
were not observed.  We were able to confirm that the high-
sensitivity smoke detector detected overheating we could not 
visually detect.

Fig. 11 shows the change of smoke density when discharge was 
generated as shown in Fig. 9 by applying DC 1,500V to a slight 
gap between copper strips.  At 20 s after turning on electricity, 
smoke density rose.  Even after stopping electricity, smoke density 
continued to rise to a range that exceeded the detection range 
of the high-sensitivity smoke detector (0.26%/m).  This proved 
that we could detect discharge by detecting the change of smoke 
density.

3.3 Development of a Thermosensitive Capsule
As the high-sensitivity smoke detector is a microparticle sensor, 
it cannot detect overheating events such as metal overheating 

An insulation panel needs to be installed under the cubicle 
for this relay, so we will introduce the relay in stages according to 
facilities updates of substations in the greater Tokyo area.

Fire Sign Detection System3
3.1 Detection of DC Cubicle Abnormalities 
The cause of all the aforementioned four fire accidents was DC 
grounding.  In preventing DC grounding from occurring, it 
is important to detect abnormalities in DC cubicles at an early 
stage.  The accidents suggest that the events to be detected as 
abnormalities in DC cubicles are as follows.
1) Overheating of control circuit, insulation and the like
2) Discharging at a part where usually no discharging occurs
3) Overheating of metal conductor connectors

We check signs of abnormality of equipment by visual check, 
abnormal sound check, abnormal smell check, and the like by 
workers when making rounds, so constant monitoring is not 
performed.  In order to detect those abnormalities using sensing 
technology, we carried out research and tests focusing on a high-
sensitivity smoke detector, a type of fine particle sensor, and 
developed a fire sign detector system.

The operational principle of the high-sensitivity smoke detector 
is to monitor light attenuation rate in the air (smoke density: 
%/m), the same as with ordinary smoke detectors.  However, 
its detection sensitivity is as high as 2,000 times that of ordinary 
smoke detectors.  By detecting invisible smoke, we can prevent fire 
accidents.

3.2 Events Detectable by High-Sensitivity Smoke Detector
In order to confirm events detectable by the high-sensitivity smoke 
detector, we carried out detection tests of overheating of the 
control wire (Fig. 8) and discharging between metal panels (Fig. 9) 
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Fig. 5  Grounding Sign Detection Current Using 2 Transformers

Fig. 6  Grounding Sign Detection Current Using 1 Transformer
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Fig. 7  System Configuration for Detection Test
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Fig. 10  Value Detected in Overheating of Control Wire
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where no microparticles are generated.  We thus thought up 
a metal overheating detection method using a medium that 
generates microparticles when overheated, and we developed a 
thermosensitive capsule (Fig. 12).  The size of the capsule is 15 mm 
width × 17 mm height × 20 mm depth, and we adopted copper as 
its material taking thermal conductivity into account.

At around 130 ºC, the initially closed cap of the thermosensitive 
capsule opens and discharges microparticles that can be detected 
by the high-sensitivity smoke detector.  Taking into account 
toxicity, electric insulation performance, and amount of smoke 
when overheated, we adopted a type of paraffin smoke generator.

Fig. 13 shows the values detected when a thermosensitive 
capsule was overheated by a heater in a test cubicle and made 
to operate.  The capsule operated after a time lag from the time 
when the temperature of the heater reached 130 ºC due to the 
heat difference between the heater and the capsule.  After the 
capsule operated, smoke density rose and reached the range that 
exceeded the detection range of the high-sensitivity smoke detector  
(0.26%/m).  That confirmed using a thermosensitive capsule 
enables detection of an event where nomicro particles are generated.

3.4 Smoke Detector
For the sensor of the fire sign detection system, we used a high-
sensitivity smoke detector; however, measures needed to be taken 
to prevent malfunction in correct current breaking by a breaker 
because that reacts electric discharge.  Higher detection resolution 
was also needed to maximize the number of surfaces of the cubicle 
monitored.  In order to achieve those, we increased the number of 
sensors to two (ordinary sensitivity: 0.26%/m, reduced sensitivity: 
5%/m) and added a function where sensitivity is switched when 
the breaker activates.

3.5 System Configuration
The fire sign detection system takes air in to the cubicle through a 
sampling pipe to monitor smoke.  The system consists of a smoke 
detector and a thermosensitive capsule, with the thermosensitive 
capsule attached to a joint of a current breaker to the system 
(Fig. 14).  Due to the amount of smoke of a thermosensitive 
capsule (0.2%/m on one surface of the cubicle), one system can 
monitor up to five surfaces of the cubicle.

3.6 Plan for Introducing the Fire Sign Detector System
We introduced that system in fiscal 2015 to five underground 
substations in the greater Tokyo area where fire would result in 
serious damage. We will confirm effectiveness of the system in 
different installation environments in the future.

Conclusion4
As a measure to prevent DC substation fire accidents, we developed 
two types devices that detect abnormality in DC cubicles.  Those 
enabled detection of leak current of as small as a few mA and 
overheating difficult to visually observe.  Those will allow us to 
identify signs of facilities failures at the early stage, which we have 
not been able to do up to now, contributing to stable transport.
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Fig. 12  Thermosensitive Capsule

Fig. 13  Value Detected in Thermosensitive Capsule Operation Test

Fig. 14  Fire Sign Detector System Configuration
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Fig. 11  Change of Smoke Density in Electric Discharge Test


