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Air conditioners for rolling stock are maintained and repaired 
based on travel distance and operating time regardless of 
deterioration level because tendencies for performance 
degradation of the equipment cannot be sufficiently identified.  
Furthermore, sudden failure of important components such as 
heat exchangers and refrigerant compressors remains an issue due 
to insufficient diagnosis of signs of failures of individual parts 
and components.

In view of these circumstances, we studied a method of 
reflecting in maintenance the deterioration level and signs of 
failures.  Those will be reflected by monitoring the refrigeration 
cycle of air conditioners and then identifying deterioration level 
and signs of failures based on quantitative indicators in the 
obtained data.  We carried out bench tests on air conditioners 
(types AU720 and AU726) for rolling stock for commuter trains 
in the greater Tokyo area (series 209 and E231) as failure of  
that major passenger service equipment can directly lead to 
serious transport disruption.

Overview of Development2
In order to verify which items should be monitored to most 
effectively find the deterioration level and signs of failures, 
we carried out bench tests on type AU720 and type AU726 
air conditioners.  Specifically, we set up and operated each air 
conditioner alone in an air conditioner performance testing 
laboratory to collect data, providing them with simulated failures 
and deterioration.  Based on the data obtained, the deterioration 
level and signs of failures would be found.

The tests were conducted in the air conditioner performance 
testing laboratory of the Saitama Factory of East Japan Transport 
Technology Co., Ltd., using type AU720 and a type AU726 air 
conditioners that had been removed from decommissioned cars.  
Table 1 lists the specifications of the tested air conditioners, and 
Fig. 1 and 2 show their appearance.

Introduction1

Bench Tests3
3.1 Factors behind Deterioration Level and Signs of Failures 

and Test Conditions
For major factors behind anticipated deterioration level and 
signs of failures of air conditioners, we selected six types of test 
conditions for the bench test simulations by consolidating similar 
factors.  We also carried out tests with the inside and outside heat 
exchanger units blocked, as clogging damage of heat exchangers 
and drop of airflow of inside and/or outside fans could occur 
at a time.  Fig. 3 shows the relation between factors behind 
deterioration level and failures and test conditions.
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Fig. 1  Type AU720 
Air Conditioner

Fig. 2  Type AU726 
Air Conditioner

Table 1  Air Conditioner Specifications

Item AU720 AU726

Rolling stock installed to Series 209 Series E231

Rated cooling capacity 42,000 kcal/h 50,000 kcal/h

Rated heating capacity — 5,160 kcal/h

Circulated air volume 110 m3/min 120 m3/min

Refrigerant R22 R407C

Compressor Reciprocating 
compressors (2)

Scroll compressors (2), 
Rotary compressors (2)

Outside fan Axial fan (1) Axial fans (2)

Inside fan Centrifugal fan (1) Multi-blade fan (1)

Outside heat exchanger 2 2

Inside heat exchanger 2 2
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In the refrigerant pipe clogging test (test condition 6 in 
Table 2), one and two of the four capillary tubes were crimped 
to simulate pipe clogging and pipe damage.  Capillary tubes are 
expansion valves in air conditioning terms.  So, in these tubes, 
refrigerant pressure changes from high to low (gas to liquid) in 
the expansion process of the refrigeration cycle, and pipe bending 
and clogging easily occurs here.  Fig. 5 shows simulated bending 
and clogging.

3.4 Collection and Use of Data
In the bench tests, we started the air conditioners, operated them 
without load, operated them with full load, again operated them 
without load, and then finished operation, in that order.

The time for operation with full load was approx. 60 minutes 
where the laboratory was cooled to the designated temperature 
and reached sufficiently stable status at that temperature.  Data 
sampling interval was 0.5 s.  The obtained measurement data was 
saved in a data logger.

From the measurement data, we sampled and sorted data 
of the second half of the stable range of operation (approx.  
30 min.) with full load where the temperature of the laboratory 
was kept stable.  Fig. 6 and 7 are graphs of the compressor 
discharge pressure at standard state (test state 1) as examples of 
the obtained data.

Bench tests were conducted at three fixed levels of outside air 
temperature including 33 ºC as specified in Japanese Industrial 
Standards (JIS) for the standard outside air temperature in 
performance tests of air conditioners.  Table 2 shows the test 
conditions and outside air temperatures.

3.2 Measurement Items
Table 3 shows items measured in the bench tests.  We 
measured electrical current values for checking operation of the 
compressors and fans, refrigerant temperature and pressure for 
the refrigeration cycle status, temperature of air passing through 
for the heat exchangers, and vibration values for mechanical  
state of rotating devices.

To check those items, we made measurements at 18 points on 
each air conditioner.  As the type AU720 has two refrigeration 
cycles and the type AU726 has four, the total number of the 
sensors was 34 each.  (We measured two of four refrigeration 
cycles of the type AU726 as there are two pairs of equivalent 
cycles.)  Measurement items and sensors are shown in Table 3.

3.3 Testing Method
In the inside and/or outside heat exchanger blocking tests (test 
conditions 2, 3, 4 in Table 2), 25% and 50% of the surface area of 
the heat exchangers was covered with panels on the assumption 
that the performance of the heat exchangers was lowered by 25 to 
50%.  Fig. 4 shows a simulation of clogging damage of the heat 
exchanger and the drop of airflow of the fan.

In the refrigerant leak test (test condition 5 in Table 2), 300 
to 1,000 g of refrigerant filled in the refrigeration cycles was 
removed in a stepped manner, simulating a refrigerant leak.

Table 2  Testing Conditions and Outside 
Air Temperature Conditions

Table 3  Measurement Items and Sensors

Testing condition Outside air temperature 
condition [ºC]

1 Standard state (normal state)

33 38 43

2 Inside heat exchanger blocking test

3 Outside heat exchanger blocking test

4 Inside and outside heat exchangers blocking test

5 Refrigerant leak test

6 Refrigerant pipe clogging test

№ Measurement item Type of sensor

1 Outside fan current value

Clamp meter2 Inside fan current value

3 Compressor current value

4 Compressor intake pressure Refrigerant pressure
Pressure sensor

5 Compressor discharge pressure Refrigerant pressure

6 Inside heat exchanger intake temperature 
(temperature at return air opening) Air temperature

Temperature and 
humidity sensor

7 Inside heat exchanger intake humidity 
(humidity at return air opening) Air humidity

8 Temperature of air passing through 
inside heat exchanger Air temperature

9 Humidity of air passing through 
inside heat exchanger Air humidity

10 Temperature of air passing through 
outside heat exchanger Air temperature

Thermocouple

11 Humidity of air passing through 
outside heat exchanger Air temperature

12 Compressor intake temperature Refrigerant temperature

13 Compressor discharge temperature Refrigerant temperature

14 Outside heat exchanger inlet temperature Refrigerant temperature

15 Outside heat exchanger outlet 
temperature Refrigerant temperature

16 Inside heat exchanger inlet temperature 
(temperature at distributor) Refrigerant temperature

17 Inside heat exchanger outlet temperature Refrigerant temperature

18 Compressor vibration Vibration gauge

[Factors behind deterioration level
and signs of failures]

Standard state (normal state)

Clogging damage of inside heat exchanger

Clogging damage of outside heat exchanger

Drop of air volume of inside fan

Drop of air volume of outside fan

Refrigerant leak

Clogging of refrigerant pipes

Damage of refrigerant pipes

[Testing conditions]

Standard state (normal state)

Inside heat exchanger blocking test

Outside heat exchanger blocking test

Inside and outside heat exchanger blocking test

Refrigerant leak test

Refrigerant pipe clogging test

Fig. 3  Factors Behind Deterioration Level and 
Signs of Failures and Testing Conditions

Covering panel

Fig. 4  Covered Heat Exchanger

Crimped part

Fig. 5  Crimped Piping
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Test Results4
4.1 Results for Individual Test Conditions
4.1.1 Standard Test (Standard State, Test Condition 1)
As the outside temperature rose, the values for compressor 
current, compressor intake/discharge pressure, temperature of air 
passing through outside heat exchanger, outside heat exchanger 
intake temperature, and temperature at outlet of outside heat 
exchanger rose too.  In general, as outside temperature rises, heat 
exchanger efficiency lowers.  Therefore, temperature of air passing 
through outside heat exchanger, temperature at outlet of outside 
heat exchanger, and compressor current value rise.  Condensation 
pressure consequently rises, and compressor intake/discharge 
pressure and compressor discharge temperature rise.

4.1.2 Inside Heat Exchanger Clogging Test (Test Condition 2)
When covering the inside heat exchangers with panels, 
compressor discharge temperature tended to rise.  This is 
assumed to be because clogged dust reduces inside heat 
exchanger efficiency and thus compressor discharge temperature 
rises and compressor intake pressure drops.  As pipes tend to 
easily frost, however, compressor intake pressure, compressor 
intake temperature, temperature of air passing through inside 
heat exchanger, temperature at outlet of inside heat exchanger, as 
well as compressor discharge temperature tended to drop.

Fig. 8 shows the rate of change of compressor intake pressure 
and compressor discharge temperature with pipe frost compared 
to the rate of change of those in the standard test at outside 
temperature of 33 ºC as 100.

4.1.3 Outside Heat Exchanger Blocking Test (Test Condition 3)
When covering the outside heat exchangers with panels, 
a tendency was seen for compressor intake pressure drop, 
compressor intake/discharge temperature rise, and rise in 
temperature of air passing through the inside heat exchanger 
and temperature at the outlet of the inside heat exchanger.  
This is assumed to be because clogged dust reduced outside 
heat exchanger efficiency and thus temperature at the outlet 
of the outside heat exchanger (condensation process) rises, and 
accordingly, condensation pressure rises and compressor intake/
discharge pressure and compressor discharge temperature rise.  
That is the same tendency as when outside temperature rises, so 
it is difficult to distinguish from that outside temperature rise.

Fig. 9 shows the rate of change of compressor intake pressure 
and compressor discharge temperature compared to the rate of 
change of those in the standard test at outside temperature of  
33 ºC as 100.

4.1.4 Inside and Outside Heat Exchanger Blocking Test (Test 
Condition 4)

When covering both the inside and outside heat exchangers with 
panels, the result was a mixture conditions of the blocking test 
results of each of those heat exchangers.  Compressor intake 
temperature, however, showed a different tendency.  This is 
assumed to be because the amount of temperature drop became 
close to that where pipes frost.

4.1.5 Refrigerant Leak Test (Test Condition 5)
As refrigerant decreased, compressor intake/discharge pressure 
dropped and the temperature of air passing through the inside 
heat exchanger and compressor discharge temperature rose.  This 
is assumed to be because compressor intake/discharge pressure 
drops as refrigerant decreases, and accordingly heat exchange 
particularly inside cannot be sufficiently performed.

Fig. 10 shows the rate of change of compressor discharge 
pressure and compressor intake temperature compared to the 
rate of change of those in the standard test at outside temperature 
of 33 ºC as 100.
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Fig. 6  Compressor Discharge Pressure 
(Outside Temperature 33 ºC)

Fig. 9  Rate of Change of Compressor Intake Pressure and 
Compressor Discharge Temperature

Fig. 8  Rate of Change of Compressor Intake Pressure and 
Compressor Discharge Temperature

Fig. 7  Comparison of Compressor Discharge Pressure 
at Different Outside Temperatures
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4.1.6 Refrigerant Pipe Clogging Test (Test Condition 6)
In the refrigeration cycle with crimped capillary tubes,  
compressor intake pressure dropped and compressor intake 
temperature and temperature of air passing through the inside 
heat exchanger became almost constant.

Fig. 11 shows the rate of change of compressor intake pressure 
and compressor intake temperature compared to the rate of 
change of those in the standard test at outside temperature of 
33 ºC as 100.

4.2 Selection of Items to Monitor
Summarizing the results obtained in the bench tests for the 
type AU720 and type AU726, air conditioners we selected the 
items appropriate for monitoring.  The selection results are as 
shown in Table 4.  We selected items (1) for which measurement 
values vary greatly, and (2) for which measurement values show 
different tendencies from those of other items, consolidating 
items that have similar tendencies.

As a result, the items assumed to most effectively identify the 
deterioration level and signs of failures are (1) compressor intake 
pressure, (2) compressor discharge pressure, (3) compressor 
intake temperature and (4) compressor discharge temperature.  
As outside temperature is not constant with actual trains as it was 
in the bench tests, (5) outside heat exchanger intake temperature 
has to be measured too to determine if fluctuation is due to the 
influence of outside temperature.

We will measure (1), (2) and (4) as criteria for protection 
actions and (5) for temperature control with the type AU726.

Comparing the test results of the type AU720 and type AU726 
air conditioners, the amount of change of the measurement values 
was smaller with the type AU726, while the tendency for change 
was the same.  This is assumed to be because the type AU726 has 
higher air conditioning capacity (see Table 1) with a sufficient 
margin.  Furthermore, type AU726 has a different connection 
between the refrigeration cycle and the heat exchanger from that 
of type AU720.  With the structure of the type AU726, the other 
refrigeration cycle makes up for the performance drop if a defect 
occurs with one refrigeration cycle, and that is assumed to result 
in a smaller amount of change of measurement values.

Conclusion5
From the bench test results of the type AU720 and type AU726 
air conditioners, we have obtained the following findings.
(1)  The monitoring items assumed to be effective to judge 

deterioration level and signs of failures are as shown in  
Table 4.

(2)  Both the type AU720 and type AU726 show almost the same 
tendency to be affected by the testing conditions.
This means that, with air conditioners of the same basic 

structure, tendencies for change in measurement values that 
show deterioration level and signs of failures are almost the same 
regardless of air conditioning capacity.  Thus, monitoring items 
appropriate for judging deterioration level and signs of failures of 
air conditioners could probably be standardized.
(3)  With the type AU726, the amount of change in the 

measurement values in those testing conditions is smaller that 
that of the type AU720.
This means that numerical change showing deterioration level 

and signs of failures is small with air conditioner of higher air 
conditioning capacity.  It might thus be difficult to distinguish 
from data of normal operation.

In the future, we will collect data of air conditioners of trains 
in operation.  With that, we aim to identify the effect of outside 
temperature increase and cooling load change on measurement 
data and improve accuracy with more data, and verify the 
effectiveness of monitoring of air conditioners.

№ Measurement item Effectiveness

1 Outside fan current value

2 Inside fan current value

3 Compressor current value

4 Compressor intake pressure Refrigerant 
pressure ○

5 Compressor discharge pressure Refrigerant 
pressure ○

6 Inside heat exchanger intake temperature 
(temperature at return air opening)

Air 
temperature

7 Inside heat exchanger intake humidity 
(humidity at return air opening) Air humidity

8 Temperature of air passing through inside heat exchanger Air 
temperature

9 Humidity of air passing through inside heat exchanger Air humidity

10 Outside heat exchanger intake temperature Air 
temperature ○

11 Outside heat exchanger discharge temperature Air 
temperature

12 Compressor intake temperature Refrigerant 
temperature ○

13 Compressor discharge temperature Refrigerant 
temperature ○

14 Outside heat exchanger inlet temperature Refrigerant 
temperature

15 Outside heat exchanger outlet temperature Refrigerant 
temperature

16 Inside heat exchanger inlet temperature 
(temperature at distributor)

Refrigerant 
temperature

17 Inside heat exchanger outlet temperature Refrigerant 
temperature

18 Compressor vibration
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Fig. 11  Rate of Change of Compressor Intake Pressure and 
Compressor Intake Temperature

Table 4  Assessment of Monitoring Item Effectiveness

Fig. 10  Rate of Change of Compressor Discharge Pressure and 
Compressor Intake Temperature


