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2.2 Main Circuit System with a Self-ventilation-type Permanent 
Magnet Synchronous Motor

The traction motor for conventional Shinkansen cars is an 
induction motor that induces current to the rotor in the rotating 
magnetic field of the stator to cause rotation using the actions 
of reciprocal electromagnetic induction.  On the other hand, a 
permanent magnet synchronous motor has built-in permanent 
magnets in its rotor that rotates by directly attracting and 
repulsing in relation to the rotating magnetic field of the stator.  
Fig. 2 compares the structures of rotors of an induction motor 
and a synchronous motor.

In order to achieve Shinkansen speed increases, main circuit 
systems with higher output, more compact size, lighter weight 
and lower-noise is necessary.  Thus, we set development targets 
of 400 km/h or faster balanced speed output with a 6M2T train 
set (at 3/1000 gradient) and 11.6 tons per unit for total main 
circuit system weight.

For lowering noise by equipment, we developed three types of 
main circuit system:
(1) A system featuring a compact, light and low-noise air- and 

water-cooled main power converter-inverter that uses 
circulating water cooled with air flow and thus needs no 
electric blower (Type A)

(2) A system featuring a compact and low-noise self-ventilation-
type permanent magnet synchronous motor (hereinafter, 
“main circuit system with a self-ventilation-type permanent 
magnet synchronous motor”, Type B)

(3) A system featuring a compact, light and low-noise air-cooled 
main transformer (Type C)

Development of Main Circuit 
Equipment2

2.1 Main Circuit System with an Air- and Water-cooled Main 
Power Converter-inverter

Electric power conversion generates heat at the main power 
converter-inverter that controls the traction motor.  Electric 
blowers have been thus used with Shinkansen rolling stock up 
to now to cool those down, but those blowers also resulted in 
larger equipment, heavier weight and greater noise.  Thus, we 
used wind flow for cooling in this system to eliminate electric 
blowers to downsize and reduce noise.  A water-cooled type with 
high cooling efficiency was employed for the first time by JR East 
in an effort to reduce size.  Fig. 1 shows the appearance of that 
type of the air- and water-cooled method.

Introduction1

Fig. 1  Main Circuit System with an Air- and 
Water-cooled Main Power Converter-inverter(Type A)
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We have developed three types of main circuit systems for the type E954 Shinkansen high-speed test train that provide 
propulsion: one featuring a compact, light and low-noise air- and water-cooled main power converter-inverter, one featuring a 
compact and low-noise self-ventilation-type permanent magnet synchronous motor and one featuring a compact, light and low-
noise air-cooled main transformer.  We checked functions and performance of each of these systems in running tests using type 
E954 rolling stock, and we carried out disassembly studies after approx. 600,000 km of durability test runs.  This article gives a 
brief report of the test results and the disassembly study results of three types of main circuit systems developed.
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Fig. 2  Rotors of an Induction Motor and a Synchronous Motor(Type B)
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Test Results3
3.1 Main Circuit Performance
For main circuit performance, measurements were for the most 
part equal to the planned values.  That was found by comparing 
measurements with planned velocity - tractive force characteristics and 
velocity - braking force characteristics.  Fig. 5 and 6 show the test results.

3.2 Cooling Performance
3.2.1 Main Circuit System with an Air- and Water-cooled 

Main Power Converter-Inverter
Fig. 7 shows the temperature measurement results for checking 
the cooling performance of the main power converter-inverter.  
The intake air temperature and exhaust temperature sharply 
changed immediately after starting and stopping.  The reason 
could be that the temperature was measured in the air duct where 
air is trapped when the train is stopped and that cooling water 
heated by elements was circulated.

Excluding the effect of sharp change in external temperature such 
as when exiting and entering tunnels, the maximum temperature 
increase (the temperature on the surface with elements minus the 
external temperature) in the test run was 24K.  There was a large margin 
in relation to the target value 61K (at 40  external temperature), so we 
were able to confirm that cooling using wind flow was effective.

Since permanent magnet synchronous motors do not lose energy 
as there is no induction current in the rotor, they gain an advantage 
over induction motors from high efficiency and low heating.  
Furthermore, replacing conventional forced air cooling with self-
ventilation cooling eliminated the need for electric blowers.

Efficiency measurement in stationary tests proved the rated 
efficiency of that self-ventilation synchronous motor was as high 
as 97%, showing approx. 3% improvement from that of existing 
induction motors.

2.3 Main Circuit System with an Air-cooled Main Transformer
Faster Shinkansen speeds require larger output from the main 
circuit, but that brings up the issue of larger cooling capacity of 
the main transformer.  Thus, we developed a main transformer 
that uses wind flow for cooling with cooling fins placed on the 
bottom surface of the oil cooler tank body to control weight 
and size even with increased cooling capacity.  In this way, we 
controlled the wind from the electric blower and downsized the 
oil cooler necessary for cooling, successfully reducing the mass, 
weight and noise of the main transformer.

2.4 Electromagnetic Vibration Control
In order to control noise and vibration, we adopted a structure 
having anti-vibration rubber between the main transformer and 
the car body beam.  For the type E954 Shinkansen high-speed 
test train, we employed a suspended structure where anti-vibration 
rubber is attached on the car body cross beam, and also a sandwiched 
structure where they are attached to the main transformer as well 
as the car body.  The isolator support structures and the isolators 
attached are shown in Fig. 4.  We expect that those isolators will 
control the noise and vibration at the main transformer generated 
by harmonics caused by element switching of the PWM converter 
of the main power converter-inverter.

Fig. 3  Appearance of the Main Circuit System with 
an Air-cooled Main Transformer and the Cooling Fins(Type C)

Fig. 5  Velocity - Tractive Force Characteristics

Fig. 4  Anti-vibration Rubber for Main Transformer Fig. 7  Temperature Measurement Results in Test Runs(Type A)

Fig. 6  Velocity - Braking Force Characteristics
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3.3 Power Consumption
In order to verify the power consumption increase caused by 
speed increase, we measured power consumption of each of the 
three types of main circuit systems.  The measurement results 
are shown in Table 1.  We found that the power consumption 
of the self-ventilation synchronous motor type was the lowest, 
achieving the most effective energy saving.

3.4 Main Transformer Vibration Control
The noise and vibration measurement results in the speed 
increase tests are shown in Fig. 11 and 12.  We were able to 
confirm vibration acceleration on the car body side was reduced 
by approx. 1/4 that on the main transformer side.  We were also 
able to confirm noise reduction above the floor compared to that 
of under the floor.

3.2.2 Main Circuit System with a Self-ventilation-type Permanent 
Magnet Synchronous Motor

The change of the temperature rise of the traction motor in 
relation to the train velocity is shown in Fig. 8.  Even at the 
maximum operating speed (395 km/h), the temperature rise was 
within the limits with a large margin, proving that the design 
target values could be met by self-ventilation.  As shown in Fig. 
9, remarkable temperature rise was not found even in low-speed 
running at 15 km/h where sufficient cooling wind volume was 
difficult to gain by self-ventilation, so we were able to confirm 
that self-ventilation also was effective in cooling.

3.2.3 Main Circuit System with an Air-cooled Main Transformer
Fig. 10 shows the measurement results of cooling performance 
measured by the temperature rise of the main transformer oil 
in the speed increase tests.  The results show that the cooling 
performance necessary for cooling in relation to speed increase 
was secured, while the temperature rise became larger as the train 
speed increased.  The 80K or less temperature rise limit for the 
cooling oil could be sufficiently met even in running tests at 
the maximum operating speed of 395 km/h, so we were able to 
confirm that the cooling method using wind flow was effective.

Fig. 10  Main Transformer (Cooling Oil) Temperature 
Measurement Results(Type C)

Table 1  Power Consumption Measurement Results

Type A Type B Type C

Power consumption 
at power running 
(kWh)

237.6 205.2 222.9

R e g e n e r a t i v e 
power (kWh) 22.4 23.6 21

Power consumption 
(kWh) 215.2 181.6 201.9

Comparison with 
power consumption 
of Type B as 100

118.5 100 111.2

Running section: 9881B, Sendai - Kitakami (outbound)
Maximum operating speed: 398 km/h

Velocity (km/h)

Stator coil
limit: 200K
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limit: 130 K
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foreign elements such as metals, change of composition of the liquid 
which prevents electrolytic corrosion, change of composition of the 
antifreeze solution and change of pH and electric conductivity.  The 
results demonstrated that the both systems had no cooling water 
performance problem after running 600,000 km.

Conclusion5
We developed three types of main circuit systems for the type 
E954 Shinkansen high-speed test train, successfully confirming 
the performance of each of those in running tests.  Furthermore, 
the disassembly studies after durability test runs proved that 
newly adopted equipment and components kept the required 
performance after running 600,000 km.

In the near future, we plant to apply the results of this development 
to further speed increases.

Disassembly Study after Durability 
Test Runs4

4.1 Study of Permanent Magnets of the Synchronous Motor
Permanent magnets used as the rotors of the synchronous motor 
tend to be degaussed at high temperatures.  Thus, we checked the 
effect of the heat load on the permanent magnets in durability 
tests.

In order to check the deterioration of magnets, we measured 
induced voltage in no-load running tests and compared the results 
to those of when magnets are new.  The comparison results proved 
that the magnets kept the required performance in all of the tested 
motors.

4.2 Study of Cooling Water in Power Converter-inverters
For the power converter-inverters, we applied the following and 
studied the deterioration of the quality of the cooling water after 
durability test runs.

(1) Air-cooled + water-cooled type (Type A) 
(2) Enforced air-cooled + water-cooled type (Type C)
We studied water quality deterioration according to presence of 

Reference:
1) “Development of high performance main electrical circuit 

system”, Yoshitaka Yasui and Ryosuke Furuta, JR EAST 
Technical Review No.8-Summer 2006
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Fig. 11  Main Transformer Vibration Measurement Results

Fig. 12  Main Transformer Noise Measurement Results


