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When increasing Shinkansen speed, basic car performance running, 

decelerating and stopping at high speed are of course important.  But 

in addition to that, improvement of comfort—higher running speed 

not deteriorating passenger comfort—is also important.

In order to achieve comfortable cars, securing ride comfort related 

to vibration is important.  In efforts to improve that ride comfort, we 

have made improvements to bogie suspension (specs), applied active 

vibration control and taken car body elastic vibration measures and 

track measures; and those have been introduced to rolling stock in 

operation.

But, with running speed increases and higher demands by 

passengers for ride comfort, we need to make further improvements 

in ride comfort level.

So, aiming at improving ride comfort of next-generation 

Shinkansen cars in fast running, we applied new technologies such as 

more appropriate passive performance for bogies, a vibration control 

system and a car body tilt control system to FASTECH360 high 

speed test trains (E954 series and E955 series).  That way, we were 

able to verify the effects of those in running tests etc.  Based on these 

development results, we are now examining the basic specifications 

of next-generation Shinkansen rolling stock.  Furthermore, a decision 

has been made for the maximum operation speed in service to be 

320 km/h.

In this paper, we will report an overview of development for 

improved ride comfort of Shinkansen rolling stock.

When increasing Shinkansen speed, running stability of cars at high 

speed is of course important.  But securing the ride comfort level 

affected by vibration and acceleration of cars is important as well.

The challenges to solve and the development target levels 

regarding ride comfort improvement are as follows.

(1)  Lateral ride comfort

 •	Control of lateral vibration at fast running

 •	Control of lateral vibration in tunnels

 ⇒	Target: lateral ride comfort level of 80 dB or less

(2)  Vertical ride comfort

 •	Control of vertical vibration at fast running

 •	Control of car body elastic vibration

 ⇒	Target: vertical ride comfort level of 80 dB or less

(3) Curving performance (ride comfort in curving)

 •	Control of lateral steady acceleration when passing through curves

 •	Control of car body rolling vibration when passing through curves

 ⇒	Target: lateral steady acceleration of 0.9 m/s2 or less

In the process solving the issues, we carried sufficient advance 

verification.  That was done through analyses by car motion 

simulation and static tests using the bogie testing machine of the 

Research and Development Center of JR East Group (Fig. 1) and 

the rolling stock testing machine of Railway Technology Research 

Institute that can apply vibration as on the actual track.

We will introduce the overview of the advance verification from 

the next paragraph.

Aiming to improve of ride comfort, we have worked to overcome issues increasing Shinkansen speed including control of vertical and 

lateral vibration, control of elastic vibration of the car body and curving performance.  That was done by applying new technologies such 

as more appropriate passive performance for bogies, a vibration control system and a car body tilt control system.  To achieve more 

appropriate passive performance for bogies, we have determined car specifications and features that can be applied to speed increase by 

car motion simulation and static tests using bogie testing machines.  Our new vibration control system and car body tilt control system by 

air spring stroke have achieved reduction of lateral vibration and reduction of steady lateral acceleration when passing through curves.
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Fig. 1 Bogie Testing Machine
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In order to improve lateral ride comfort of Shinkansen rolling 

stock, it is important to reduce lateral vibration of cars by providing 

appropriate specifications for bogies.  The bogie specifications 

must be determined with consideration made regarding vibration 

characteristics for vibration by track displacement, vibration 

characteristics for aerodynamic vibration, running stability at high 

speed and other conditions.

In particular, we had to study more appropriate bogie specs and 

vibration control systems at the same time, because the damper 

characteristics between the car body and the bogie are different for 

vibration by track displacement and for aerodynamic vibration.  For 

the improvement of bogie specifications, we made full use of car 

motion simulation and vibration tests as on the actual track using the 

bogie testing machine and the rolling stock testing machine.

3.1 Improvement of Bogie Specifications

We picked up the following points related to achieving more 

appropriate bogie specifications to reduce lateral vibration.

(1) Improvement of the support rigidity of the axle box

(2) Improvement of the yaw damper characteristics

(3) Improvement of the lateral damper characteristics

In studying those, we aimed to achieve improvement of lateral 

ride comfort while securing running stability at high speed.  In this 

context, we carried out the eigenvalue analysis (analysis of running 

stability) and adopted lateral bogie specifications based on the 

stability judgment.  In specifying, our calculation model included 

in detail items such as buffer rubber of lateral and yaw dampers 

and models of air springs, as those are the components of bogie 

specifications that affect running stability at high speed.

3.1.1 Improvement of the Support Rigidity of the Axle Box

Since eigenvalue analysis at bogie specifications including yaw 

dampers in a realistic speed range does not result in a rigidity value of 

the axle box suspension in the unstable value area, we carried out that 

analysis at bogie specifications not including yaw dampers.  In that, 

we used longitudinal and lateral supporting rigidity values of the axle 

box as the parameters to obtain the optimal values.  Fig. 2 shows an 

analysis example by a contour chart.

We figured out the stability limit speed in the combination of 

longitudinal and lateral rigidities of the axle box and determined the 

practical rigidity range with the highest possible speed as the optimal 

value range.

In determining that, we used a calculation model that takes into 

consideration that the points of action of the support rigidity differ 

depending on the axle box support method.  Through that, we 

evaluated the effect on the running stability.

Finally, we decided on the bogies specifications considering the 

effect of the yaw dampers.

3.1.2 Improvement of the Yaw Damper Characteristics

In order to examine more appropriate yaw damper damping 

characteristics, we carried out eigenvalue analysis at bogie 

specifications including yaw dampers, and optimized the damping 

characteristics based on the distribution of the damping ratio in the 

actual speed range.  Fig. 3 shows an examination example in the 

contour chart.

The damping ratio in the eigenvalue analysis is one of the 

indicators of the running stability.  A larger damping ratio means 

better running stability, and the speed with zero damping ratio is the 

critical speed of hunting.

Figuring out the damping ratio in the combination of the 

damping coefficients of the yaw damper and the lateral damper, we 

determined the value range with the highest possible ratio and the 

practical damping coefficient as the optimal value.

Finally, we determined the damping coefficient of the yaw 

dampers, considering securing of running stability in case one of two 

yaw dampers is damaged.  We also determined the optimal spring 

constant of the buffer rubber based on the root locus chart.

3.1.3 Examination of the Lateral Damper Characteristics

In order to examine lateral damper damping characteristics, we 

carried out eigenvalue analysis under the condition that there are no 

yaw dampers, using the longitudinal and lateral support rigidities of 

the axle box and the damping coefficient of the lateral dampers as the 

parameters to obtain the optimal values.  In subsequent analysis with 

yaw dampers, we determined the damping coefficient at which the 
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damping ratio depends less on speed based on the distribution of the 

damping ratio.

In order to improve the damping effect of dampers in the micro-

vibration range, we adopted lateral dampers that have linear damping 

characteristics at lower stroke speeds.  Fig. 4 shows the concept of the 

damping characteristics of lateral dampers.

3.2 Vibration Control System

Satisfactory ride comfort in terms of lateral vibration in fast running 

at over 300 km/h cannot be achieved only through improvement of 

passive performance by improving bogie specifications.  A vibration 

control system that controls lateral vibration is also needed.

The Shinkansen vibration control systems that are deployed in 

the E2 and E3 series use pneumatic actuators.  Those systems did 

improve ride comfort; but some issues still remain, such as vibration 

control delay inherent to pneumatic actuators and increase of air 

consumption.  Since speed increases would make these issues more 

obvious, we developed a new vibration control system using actuators 

other than pneumatic actuators.

There are many types of actuators other than pneumatic 

actuators, such as hydraulic and electromagnetic types.  After full 

comparison of characteristics, advantages and weaknesses of those 

and performance checks in static tests, we adopted two types—

electromagnetic direct drive actuators (Fig. 5) and a roller screw 

actuators (Fig. 6).

Fig. 7 shows the lateral ride comfort level of each car of an E954 

series train with a vibration control system at high speed running 

(365 km/h).

Ride comfort level of any car of the train was measured at less 

than 80 dB.  We could thus sufficiently achieve the target lateral ride 

comfort.

3.3 Lateral Vibration Control in Coupled Operation

In the Shinkansen network of JR East, coupled operation of cars 

exclusive for Shinkansen (E2 series) and cars for through service 

on conventional and Shinkansen lines (E3 series) is typically done.  

When a train runs with cars for Shinkansen lines in front and cars for 

through service in the rear of the train set, significant lateral vibration 

occurs in long tunnels at the head car of the cars for through service.  

It is conceivable that air pressure change by running in a tunnel 

causes this lateral vibration, which considerably deteriorates ride 

comfort.

The peak frequency of the lateral vibration in a tunnel (2.5 Hz) is 

a little higher than the peak frequency in open sections (2 Hz) and 

the oscillation force in a tunnel is larger too.  To control that lateral 

vibration in a tunnel, we evaluated some measures such as changing 

yawing frequency of the car body, controlling air pressure change by 

changing the shape of the train head and coupling area and using a 

vibration control system in various tests.

As a realistic countermeasure based on the evaluation results, we 

increased the output of the vibration control system and improved 

the control method.  After those improvements, ride comfort level 

became better than the present level, improved from “excellent” to 

“good” in evaluation results, and that gave us a good perspective to 

control lateral vibration in a tunnel.  But, further improvement is 

required for running at 360 km/h.

The vertical vibration applied to Shinkansen rolling stock includes 

vertical vibration around 1 – 2 Hz and car body elastic vibration 

around 8 – 10 Hz (primary vertical flexural vibration).  Particularly 

in recent Shinkansen rolling stock, primary vertical flexural 

vibration affects ride comfort.  Car body elastic vibration occurs at 

the frequency near 4 – 8 Hz where the human body is sensitive to 

vertical vibration.  Thus, in order to improve vertical ride comfort, 

it is imperative to reduce car body primary vertical flexural vibration 

together with vertical vibration.  In general, the vertical vibration ride 
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rigidity (enhancement of the natural frequency of the car body) also 

needs to be enhanced.  The aim of that is to move the frequency 

range where car body elastic vibration (flexural vibration) away from 

the frequency range that is regarded important in calculation of ride 

comfort level because the human body is sensitive to it.

Fig. 8 shows the comparison of vertical vibration levels of the 

natural frequency of a present Shinkansen car (around 9.5 Hz) and 

higher natural frequency (12.27 Hz).  While the present Shinkansen 

car showed the peak of the vertical ride comfort level in the speed 

range of 300 – 330 km/h—the speed range of the scheduled 

Shinkansen speed increase—cars of higher natural frequency did not 

show such a peak.  The ride comfort level was reduced by approx. 

3 dB at 300 km/h and by approx. 1 dB at 360 km/h.

Table 1 lists the possible measures to enhance car body flexural 

rigidity.

By combining practical items among those shown above, we 

could enhance the flexural natural frequency of the FASTECH360 

car body by a maximum of approx. 2 Hz from that of the present 

Shinkansen car (9 – 10 Hz).

4.3 Improvement of the Installation Height of Yaw Dampers 

and Index Devices

One of the causes of the car body elastic vibration is transmission of 

the vibration of the bogie frame (longitudinal vibration and pitching, 

in particular) through the coupling devices of the bogie and the 

car body (yaw dampers, index devices etc.).  Thus, we changed the 

height of yaw dampers that link the bogie and the car body and the 

comfort tends to be 2 – 3 dB worse at the center of the car body than 

on both bogies of the car in car body flexural vibration.

The frequency of car body primary vertical flexural vibration 

depends on the natural frequency of the car body, but the magnitude 

is affected by the vibration transmission system and is related to 

the vibration of the bogie frame (vertical vibration and pitching).  

Additionally, installation height of the index device and the yaw 

dampers, distance between bogies and running speed affect the 

magnitude as well.

4.1 Improvement of Bogie Specifications

In this context, we studied the following items regarding 

improvement of vertical vibration characteristics (reduction of car 

body elastic vibration).

(1) Improvement of the rigidity of axle springs

(2) Improvement of the characteristics of air springs

(3) Improvement of the characteristics of axle dampers

 In improving those bogie specifications, we aimed at reducing the 

car body elastic vibration that greatly affects vertical vibration.  Thus, 

we made improvements by softening vertical springs and lowering 

natural frequencies of those springs to avoid resonance between the 

natural frequencies of the car body flexural vibration and springs.

4.1.1 Improvement of the Rigidity of Axle Springs

Softer rigidity of axle springs improves vertical vibration 

characteristics.  But, too soft rigidity causes another issue—making 

configuration of a car or a bogie difficult (causing interference etc.).

So, we enhanced the rigidity of axle springs as little as possible, 

sufficiently considering car structural limits such as the car body tilt 

coefficient, the allowable displacement of the coupling between the 

brake caliper and traction motor.

4.1.2 Improvement of the Characteristics of Air Springs

Aiming at improvement of vertical vibration characteristics, we 

addressed lowering of the vertical rigidity of air springs.  In order to 

control car body rolling rigidity that would be caused by the lowered 

rigidity of axle springs and air springs, we introduced anti-rolling 

devices to make the car body tilt coefficient almost equal to that of 

present Shinkansen rolling stock.

4.1.3 Improvement of the Characteristics of Axle Dampers

In the simulation considering the car body elasticity, axle dampers 

showed characteristics that larger damping force of axle dampers 

brought down the vibration peak at around 6 Hz, but raised the peak 

at around 10 Hz.  Accordingly, we considered the balance of peaks to 

optimize the damping force of axle dampers.

4.2 Examination of the Car Body Rigidity

Reduction of the car body elastic vibration cannot be fully achieved 

only by improvement of bogie specifications.  The car body flexural 
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Item

Increase of height
of car body

Change of distance
between bogies

Downsizing
of window openings

Reinforcement of parts
of car body

Description

To improve the flexural rigidity of a box-type structure, 
secure the height of the side panels (downward extension 
of the height of the side panels [body mounting], etc.)

To geometrically change the natural frequencies, change 
the supporting distance (shorten the distance between 
bogies).

Control the deformation of the side panels by downsizing 
the window opening.

Reinforce parts where large deformation occurs, such as 
parts between windows and door opening.

Table 1 Possible Measures  

to Enhance Car Body Flexural Rigidity
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4.5 Reduction of High Frequency Rattling Vibration

We could obtain some achievements for FASTECH360 in focusing 

on vertical vibration around 4 – 8 Hz to which the human body is 

considered sensitive.  But, the results of running tests proved that 

human body is considerably affected by high frequency rattling 

vibration around 30 – 40 Hz, which was not regarded as a problem.

Accordingly, we are continuing improvement and developments, 

such as improvement of the spring constants of the index device 

that longitudinally links the bogie and the car body and the buffer 

rubber of the yaw damper, enhancement of the rigidity of the yaw 

damper support, improvement of the floor structure and seats, and 

development of a seat and backrest as the final contact between a 

passenger and a car that does not transmit uncomfortable vibration.

5.1 Car Specifications and Curving Performance

 When a train runs on a curve, centrifugal acceleration that is applied 

to cars deteriorates ride comfort.  That also increases wheel load and 

lateral force on the outer rail that deteriorate the track.  Tracks have 

cant to control that load and force.  But, when high speed curving 

generates super-centrifugal acceleration that cant is not able to cover, 

the car body leans outside and that deteriorates ride comfort.

Passengers in the train feel such ride comfort as acceleration 

horizontal to the car floor (lateral steady acceleration).  Fig. 11 shows 

the relationship of acceleration that works on passengers during 

curving1).  The lateral steady acceleration can be represented in the 

following formula (1).  That acceleration becomes steady in circle 

curving.

αs = (1 + CfWB)  (V2/R – gC/G) . . . . (1)

Here,

 C : Cant (mm) R : Radius of the curve (m)

 G : Gauge (mm) V : Running velocity (m/s)

 g : Gravitational acceleration (m/s2)

 αs : Lateral steady acceleration (m/s2)

1 + CfWB: Car body tilt coefficient (increase coefficient of the 

acceleration of the tilting car body caused by spring 

deflection of the bogie, approx. 1.25 for E2 series cars)

In order to improve vertical ride comfort, we designed vertical 

springs of the bogies for FASTECH360 to be as soft as possible.  

That lowered the rolling rigidity of cars compared to that of current 

cars and increased the car body tilt coefficient.  In order to control 

the lateral steady acceleration and rolling vibration during curving 

those caused concerns about, we introduced anti-rolling devices to 

enhance the rolling rigidity of cars.

index devices, and carried out evaluation of the effect on vibration of 

the bogie frame and the car body elastic vibration.

Fig. 9 indicates the comparison of PSDs (Power Spectrum 

Density) of car body vertical vibration depending on the installation 

height of yaw dampers.

When yaw dampers were installed higher than the center of the 

axle, a large vibration peak occurred around 11 Hz.  When lowering 

the installation height to the height of the center of the axle, that 

vibration peak was lowered too.

However, a bogie has a bogie side cover to reduce wayside noise.  

Yaw dampers and that bogie side cover of the cars of smaller body 

width for through service interfered with each other; so, the bogie 

side cover had to be partly cut to lower the installation height of 

yaw dampers to the height of the center of the axle.  In determining 

the shape of the bogie side cover and the installation height of yaw 

dampers, we sufficiently considered the balance between the optimal 

installation of yaw dampers to reduce vertical vibration and the effect 

on wayside noise by cutting the bogie side cover.

4.4 Status of Achieving Vertical Ride Comfort Level

Fig. 10 indicates the ride comfort levels of each car of an E954 series 

train in high speed running (365 k/h).

The ride comfort levels were evaluated as “good” at around 84 dB.  

This is comparable to the ride comfort level of the present train 

running at 275 km/h; yet we could not achieve the target 80 dB.

As previously explained, significant improvement of lateral 

ride comfort level by various approaches partly resulted in relative 

sensitivity to vertical vibration.  In order to further improve total 

ride comfort, we have to continue development for improvement of 

vertical vibration.

Ride Comfort in Curving5
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Here,

 C : Cant (mm) R : Radius of the curve (m)

 G : Gauge (mm) V : Running velocity (m/s)

 g : Gravitational acceleration (m/s2)

 αs : Lateral steady acceleration (m/s2)

 θ	 : Car body tilt angle (rad)

 1 + CfWB: Car body tilt coefficient

The above-mentioned formula shows that the maximum speed at 

which a train can run on a curve of 4,000 m radius and 155 mm cant 

within the allowable lateral steady acceleration under the condition 

of two-degree car body tilt angle is 330 km/h (320 km/h in case of 

1.5-degree car body tilt angle).

As we designed vertical springs of FASTECH360 soft for ride 

comfort, large rolling vibration occurred in curving at high speed and 

that deteriorated ride comfort, even using the anti-rolling device.  In 

order to control that rolling vibration to improve ride comfort, we 

adjusted the balance between the appropriate car body tilt coefficient 

and the car body tilt control by enhancing the rigidity of the anti-

rolling device.  Still, continuous investigation of rolling vibration 

control is required for further speed increases.

Aiming to improve ride comfort of the next-generation Shinkansen, 

we improved the passive performance of the bogies and adopted a 

new vibration control system and a new car body tilt control system.  

Those allowed us to improve lateral and vertical ride comfort and 

ride comfort in curving, and gave us a good perspective on achieving 

optimal ride comfort in the planned running speed range of the next-

generation Shinkansen rolling stock, at 320 km/h maximum speed in 

service.

In order to achieve better ride comfort performance even at higher 

operational speeds, we will proceed with various development.  In 

particular, we will work on development related to car body vertical 

vibration control, improvement of ride comfort in curving and 

reduction of lateral vibration in tunnels.

5.2 Car Body Tilt Control System

We traditionally set a target of 0.8 m/s2 lateral steady acceleration 

as that allowable in terms of ride comfort.  But, along with recent 

increases in Shinkansen speed, we have been reviewing the allowable 

value under the assumption that the passenger is seated.  Other JR 

Group companies accept approx. 0.95 m/s2 for Shinkansen rolling 

stock.

For FASTECH360, we set 0.9 m/s2 as the allowable lateral steady 

acceleration.

As E2 series Shinkansen trains run at a maximum of 275 km/h 

on curves of 4,000 m radius and 155 mm cant, the lateral steady 

acceleration during curving is approx. 0.6 m/s2.  But, FASTECH360 

runs at 320 km/h in such curves; so, the lateral steady acceleration 

during curving will be 1.2 m/s2 if the car body tilt coefficient of 

FASTECH360 is equal to that of E2 series, thus exceeding the 

allowable value.

As an approach to control the lateral steady acceleration, we 

introduced a car body tilt control system that makes curving cars lean 

inside.

As a tilting system, rolling stock for conventional lines use systems 

such as a pendulum system.  For FASTECH360, which runs at 

high speed on large curves, we determined a maximum car body 

tilt control angle of two degrees (1.5 degrees for advance mass-

production cars of next generation Shinkansen), and adopted a one-

side lift system using air spring stroke that needs only minimum 

additional equipment.  Fig. 12 shows the concept of that system.

The car body tilt angle that the car with a car body tilt control 

system requires to meet 0.9 m/s2 or less lateral steady acceleration in 

curving can be figured out in the following formula (2).

0.9 m/s2 = (1 + CfWB)  (V2/R – gC/G – gθ) . . . .  (2)

Conclusion6

 αs : Lateral steady acceleration
 αc : Centrifugal acceleration
 g : Gravitational acceleration
 C : Cant
 G : Gauge
 V : Running velocity
 R : Radius of the curve

Fig. 11 Acceleration Working on Passengers in Curving

Air spring

Curve

Lateral steady acceleration applied
to passengers in the train is lowered.

Expanding outer air springs tilts
the car body inside according
to the curving radius and speed.

Fig. 12 Concept of Car Body Tilt Control Using Air Spring Stroke
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