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1. Introduction

It almost goes without saying that continuous change 
occurs in every age. One example is the current 
business world, which has come to place great value 
on information. This world is experiencing a wave 
of change from the old model of manufacturing and 
selling products (monozukuri) to a new model that 
creates value for the customer through the provision 
of objects imbued with services (kotozukuri). The 
world of automotive technology is also on the verge 
of a major wave of change arising from the cutting 
edge development of artificial intelligence (AI) and 
AI-based autonomous driving systems, as well as 
from the processing of information obtained through 
observing and monitoring the driver’s condition based 
on driving operations with the aim of providing alerts 
or assistance to the driver. For powertrains, change 
is not an exceptional matter. The twentieth century 
was dominated by technology that transforms fossil 
fuel energy into mechanical driving power using 
an internal combustion engine. However, the end of 
the century saw the practical adoption of the hybrid 
vehicle (HV), which utilizes electrical energy to 
dramatically improve vehicle fuel economy. Now, in 
the twenty-first century, electrical technologies that 
drive vehicles by the power stored in batteries and 
fuel cell technology that converts hydrogen energy 
into electricity are seen by some people as the only 
possible solutions for global warming and other 

environmental issues. Subsequently, many observers 
have started to predict the coming of an age when 
vehicles will be driven by the integration of electrical 
technologies with electronic technologies as media for 
information-gathering sensor systems.

Amid all these waves of change, the role of 
mechanical technologies might seem to have become 
relatively devalued or reduced, with mechanical 
components regarded as mere commodities. How 
should mechanical engineers confront these changes ? 
Although some of these changes are highlighted clearly 
by dramatic events, the turning points of others can only 
be revealed by looking back on history. In the world of 
mechanical engineering, the invention of new things is 
the result of the accumulation of steady efforts, not by 
sudden mutation or accident. The same is true for the 
development of new machines or mechanisms as well 
as for improvements based on steady analysis.

Rather than simply being swept along, one solution 
is to be the cause of the wave, ride at its head, and 
direct the changes that occur in its wake. Although 
this is something that is clearly easier to say than to 
put into practice, over the course of writing this paper, 
I realized that the history of Toyota Central R&D Labs., 
Inc. (TCRDL) is full of engineers and researchers 
who achieved just that through a passion to pioneer 
new concepts and technologies. This paper starts 
by describing a historical example of the passionate 
research and development carried out at TCRDL. 
Then, by introducing how this development formed 
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Furthermore, in the first half of the 1960s, the Society 
of Automotive Engineers of Japan (JSAE) gathered 
together more than 30 companies and research 
institutions and began cooperating on a joint research 
and study program.(5)

Before work started in Europe, Dr. Akira Kobayashi, 
the first president of TCRDL, conceived this 
transmission as a professor at Nagoya University,(2) 
and research began in earnest at the same time as 
the founding of TCRDL (autumn of 1960). From the 
standpoint of the timing of the joint research and study 
program mentioned above, this is a good example of 
research carried out ahead of the times.

The following sections go into the characteristics of 
the developed transmission in more detail. However, 
to aid understanding, it would be useful to briefly 
describe the general categories of CVTs as a hydraulic 
transmission mechanism.(6) There are two types: the 
hydraulic static (or hydro-static) transmission (HST) 
type that combines a positive displacement hydraulic 
pump and motor with an oil path, and transmits power 
using fluid energy alone, and the hydro-mechanical 
transmission (HMT) type that splits the transmission 
of power into fluid and mechanical paths. Despite 
a simpler configuration, disadvantages of HSTs 
include a lower final transmission efficiency compared 
to mechanical transmissions and the fact that the size 
of the transmission increases in accordance with 
the transmission capacity. HMTs were designed 
to overcome these issues. HMTs have two key 
mechanical transmission mechanism types: one that 
inserts a planetary gear between the hydraulic pump 
and motor (Fig. 1(a)) and another in which the pump 
and motor elements are partially shared and coupled 
(Fig. 1(b)). Although the planetary gear type may be 
regarded as a forerunner of the electronically controlled 
CVT used by modern electric hybrid systems,(7) the 
presence of the planetary gear between the pump and 
motor means that it has a similar size disadvantage as 
an HST. Therefore, since the partially coupled type 
features shared (directly coupled) elements between 
the pump and motor, the system could be simplified and 
reduced in size, and it was seen as a more promising 
configuration for further increasing the efficiency of 
the mechanical portions. In contrast, one disadvantage 
is a narrower ratio coverage.

the origins of various basic technologies at TCRDL 
and turned into a whole range of analytical and design 
technologies, this paper aims to shed some light on 
the paths that mechanical researchers and developers 
should take in the future.

2. Development of Hydro-mechanical Continuously
Variable Transmission Technology(1)

2. 1  Historical Background(3)

This section describes the dynamic history of 
transmission technology development starting half 
a century ago in the 1960s, around the time that TCRDL 
was founded. The aim of this research and development 
was to stay a step ahead of increasingly stringent 
future fuel economy and emissions regulations, and 
mainly took place around twenty years ago prior to 
the practical adoption of the electronically controlled 
four-speed automatic transmission (AT), which can be 
regarded as the origin of modern ATs, and around thirty 
years ago before the introduction of the continuously 
variable transmission (CVT).

Referring in more detail to the history of transmission 
technology, most automotive transmissions in Japan 
at that time were manual transmissions. The current 
mainstream type of transmission for front-wheel 
drive (FWD) vehicles, which combines a torque 
converter with a multi-stage planetary gear, was 
only just beginning to emerge, and Toyota Motor 
Corporation had just debuted its important Toyoglide 
transmission that featured a two-speed semi-automatic 
shift mechanism paired behind a torque converter. 
In contrast, the mainstream type of transmission 
in the U.S. was already the three-speed AT with 
torque converter. Automakers in the U.S. had built 
up completely unassailable technologies and patent 
portfolios, so that automakers in other countries could 
not catch up by themselves.

In response, Japanese automakers needed to 
introduce technologies from the U.S. and gradually 
build up their own technologies. At the same time, 
it was also important to take another approach by 
investigating and identifying entirely new systems. 
Following this latter approach, the hydro-mechanical 
CVT that is the main theme of this section was 
considered as a possible answer. In actual fact, 
research and development of this technology started 
in Europe in the 1950s for motorcycle applications.(2,4) 
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1) A continuously variable variator with two-mode 
shift mechanics driven by a hydraulic switching device
2) An automatic control system using hydraulic circuits

(1) Continuously variable variator
Figure 3 shows the details of the key variator 

mechanism of the transmission. To overcome the issue 
of narrower ratio coverage, this mechanism features 
clutches F1 and F2 that switch between two modes: 
underdrive mode (F1 on, F2 off) and overdrive mode 
(F1 off, F2 on). These are engagement-type clutches 
(i.e., dog clutches) and there is no synchromesh 

2. 2  System Characteristics

Figure 2 shows an overall view of the developed 
transmission. This transmission was designed with 
the torque capacity to be paired with a contemporary 
2000 cc class engine. The total length of the 
transmission is 945 mm, which is much longer than 
a modern transmission. This drawing is a rare case 
of an original transmission designed by TCRDL and 
it includes the following two innovative ideas for 
a transmission system.

Fig. 1    Hydro-mechanical transmission mechanisms.
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allow the driver to make shifting operations as well. 
Mode switching was carried out at a gear ratio of 1. 
The control mechanism for this function utilized 
the operation of the swash plate actuator piston and 
was implemented automatically using the discharge 
and suction pressure of the bellows attached to the 
seesaw-shaped link.

The engine throttle was connected to both the 
accelerator pedal and an automatic mechanism for 
controlling fuel-efficient driving. This mechanism 
used the input shaft governor pressure to apply 
a differential operation to the throttle with respect to 
the accelerator input of the driver. In the same way as 
a modern electronically controlled throttle, this control 
coordinated the gear ratio and throttle, allowing the 
engine to run closer to the optimum fuel economy 
operation line. The circuit was also provided with 
a shifting function on the deceleration side via the 
engine brake switching valve during engine braking. 
In addition, to allow the engine to idle and the vehicle 
to move off more smoothly, the end of the spool was 
provided with a pointed bypass clutch valve. Through 
this valve, the pressure of the input pump (i.e., the 
high-pressure line) could interrupt the low-pressure 
line, thereby creating an intermediate pressure and 
a partial clutch engagement state.

Figure 5 shows the engine operating lines 
achieved by this control system. Unavoidably, the 
deviation between the optimum operating lines is 
much larger than that achievable through today’s 
control technology. However, this simple hydraulic 
circuit was capable of achieving a wide range of 
performance aspects and functions. The system 
itself clearly anticipates developments twenty years 
later. Although heavily reliant on the dedication and 
technical resources of the designers and planners,(8) the 
influence of the challenging spirit of TCRDL even in 
the first years after its foundation is clear.

The developed transmission was evaluated in 
test drives on public roads. Although obviously 
still a prototype transmission in terms of the degree 
of automation provided by the ratio coverage and 
automatic shift mechanism, it is no exaggeration to 
say that the specifications of the transmission were at 
the cutting edge of the field both inside and outside 
Japan. However, development of the transmission still 
required much hard work. Great pains were required 
up to the end of the development period to optimize 
the particular noises generated by the hydraulic pump 

mechanism. In underdrive mode, the input pump is 
driven by the power source and the reaction torque is 
transmitted directly to the output shaft via the pump 
casing. In addition, the hydraulic fluid discharged 
from the pump is used to drive the control motor, 
which drives the output shaft via clutch F1 (output 
split type). In overdrive mode, the roles of the pump 
and motor are reversed. The control motor is driven 
and discharges hydraulic fluid, which is used to drive 
the input pump and transmit power to the output shaft. 
In addition, power is applied directly from the power 
source via the input pump (input split type). The aim 
of switching the transmission path in this way is to 
achieve a wide ratio coverage of 6 along with a high 
transmission efficiency.

(2) Automatic shift control system
Since operation of this transmission by the driver 

would require a certain amount of ability above that 
required for a manual transmission, it was necessary 
to develop an automatic control mechanism. Today’s 
engineers would naturally make appropriate use of 
micro-computer technology to devise an integrated 
control incorporating the control of the gear ratio, 
the mode switching, as well as the engine throttle so 
that the engine operating region is kept within the 
optimum fuel economy area. However, at the time, it 
was difficult to consider even the adoption of analog 
computers in vehicles. Therefore, a control system 
utilizing the hydraulic circuit shown in Fig. 4 was 
designed.

The gear ratio (i.e., the angle of the control motor 
swash plate) was controlled using the pilot valve based 
on the governor pressure of the input and output shafts 
(i.e., the rotation speed). At the same time, the servo 
valve was operated using the valve position as the 
command value, thereby controlling the displacement 
and angular stability of the swash plate actuator 
piston. In addition, the link mechanism was used to 

Fig. 3    Two mode hydro-mechanical variator.
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2. 3  After the Initial Challenge

Subsequently, what happened to this research? After 
a waiting period of ten to twenty years, the genes 
that had been nurtured through the development of 
transmission systems became fertile soil for supporting 
basic technological development in the drivetrain 
field throughout the Toyota group, both publically 
and privately. These genes gave rise to various basic 
technologies, as summarized in Fig. 6.

The first fruit was the application of this 
research to technologies for analyzing the dynamic 
characteristics of hydraulic systems, which are the 
backbone of transmission control systems. This led 
to the development of technologies for analyzing 
and designing torque converters, which are the 
most suitable type of fluid transmission devices. 
Furthermore, the transmission control technology led 
to proposals for improving the transmission efficiency 
and driveability of multi-stage ATs while adopting 
newer control theories in accordance with the progress 
of micro-computer technology.

Once research and development into multi-stage ATs 
was underway, these efforts triggered research into 
wet clutches by tribology researchers, such as friction 
evaluation methods and modeling, and analysis of the 
behavior of additives. This led to the development 
of traction drive mechanisms and fluid mechanism 
analysis.

Despite various ups and downs, the development 
of CVT technology, which was the origin of power 
transmission research at TCRDL, resulted in the 
development of analysis technology for belt-driven 
CVTs, which made an important contribution to 
commercializing and enhancing the performance of 
CVTs in the Toyota group. Although still at a nascent 
stage, the most recent stream of research is the fusion 
of this technology with electrification.

Gear technology is another important subject 
for power transmission. TCRDL began from the 
development of vibration analysis and mechanism 
analysis technologies, and has continued to construct 
and develop technologies to analyze the three key 
elements of power transmission: efficiency, strength, 
and noise and vibration (NV). Since these developments 
are some of the most significant aspects of mechanical 
engineering, Fig. 6 only describes a range of typical 
reference materials and does not include any detailed 
descriptions. The history of this development will 

and motor, as well as to enable high-speed rotation up 
to the same speed as the engine.*

After almost ten years of research and development 
at TCRDL, development was continued by one of the 
members of the Toyota group as a CVT for commercial 
vehicles. Unfortunately, the development finally ended 
without the creation of a practical transmission. One 
reason was the inability to resolve the issues described 
above. As mainstream transmission technology around 
the world trended toward a standard configuration 
consisting of a multi-stage AT with planetary gears 
and a torque converter to help the vehicle move off 
smoothly, there was no place to reflect the series of 
technologies developed for hydro-mechanical CVTs. 
As a result, the details of these technologies are still 
not widely known and the technological development 
of transmissions at TCRDL was shelved for the time 
being.

Fig. 5    Engine operating range.
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* In fact, these disadvantages of hydraulics (i.e., high-speed 
rotation and low-noise operation) have yet to be completely 
resolved even today. Modern hydraulic CVTs are only used 
in certain applications, mainly high-capacity wind power 
generators,(9) industrial vehicles, and small service vehicles.
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field, the analytical technologies that were developed 
covered the design of optimum cam profiles (Fig. 7) 
and devices to reduce pulsation through the analysis of 
pulsation in power steering vane pumps,(12) the analysis 

appear in another issue of this journal.
The following sections will describe some of the 

basic drivetrain technologies in more detail.

3. Hydraulic System Technologies

Past issues of transmission development included 
NV generated by pumps and hydraulic control valves. 
These issues became common themes in fields such 
as power steering, hydraulic brakes, and fuel injection 
valves, which all developed as automotive actuator 
technology spread. This gave TCRDL the opportunity 
to apply the hydraulic technology nurtured through 
the development of transmissions to the resolution of 
these common issues. Consequently, work began into 
the development of test, measurement, and simulation 
technology for analyzing the dynamic characteristics 
of hydraulic systems.(10,11) In addition to the drivetrain 

Fig. 6    History of research into basic drivetrain-related technologies.
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of self-excited vibration generated by various types of 
hydraulic systems,(13,14) and the improvement of diesel 
fuel injection system precision.(15) These all made 
a major contribution to a wide range of developments 
across the Toyota group.

Hydraulic technology spread to the development 
of hydraulic-based fluid analysis technologies to 
measure, analyze, and perform calculations for the 
torque converters that were gradually being refined as 
devices to help vehicles move off more smoothly. These 
efforts contributed to the advent of high-performance 
torque converters. Development of this technology 
continues to expand into three-dimensional analysis of 
the flows inside hydraulic valves.

3. 1  Analysis of Drivetrain Hydraulic Systems

The analysis of drivetrain hydraulic systems at 
TCRDL began in the 1980s with initiatives to analyze 
tube vibration induced by the hydraulic systems of 
manual transmission clutches.(16,17) Figure 8 shows a 
manual transmission clutch system. Engine flywheel 
vibration is transferred to the release cylinder via the 
release bearing and fork. Vibration also passes through 
the tubing, which excites the oil pressure in the master 
cylinder, thereby vibrating the clutch and dashboard 
and causing noise in the occupant compartment.

The pressure propagation of the tubing system, 
which is the main vibration transfer path, can be 
analyzed using either the impedance method for 
steady-state vibration characteristics or the method 
of characteristics for the time series response. The 
former method was adopted as the most appropriate 
way of evaluating vibration transfer characteristics. 
(Incidentally, the latter method is more suitable for 
the analysis of transient phenomena, such as studies 

of the effects on valve opening and closing.(15)) 
Figure 9 shows the tube system analysis model. The 
model simulates five elements comprising each part 
of the tube system. Figure 10 shows a comparison 
of the calculated and actual transfer characteristics 
determined in experiments. Although the results match 
closely, the physical constants of the simulation were 
adjusted within an appropriate range to reproduce 
the phenomenon and ensure the matching of the 
results. Therefore, research focused on identifying 
the sensitivity between the component element 
specifications and vibration frequency characteristics, 
as well as methods to improve this sensitivity, as a way 
of utilizing the simulation. In addition, modeling 
needed to be performed by experienced analysts, and 
it was also necessary to obtain data about the pressure 
and displacement of each component to reproduce and 
verify the phenomena. For these reasons, measurement 
technologies were developed in parallel with this 
analysis method.

Subsequently, the analysis of hydraulic systems was 
expanded into behavior analysis of check balls for oil 
pressure discharge inside wet clutch pistons, analysis 

Fig. 9    Scheme of clutch hydraulic system.
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of the stability of regulator valves and linear solenoid 
valves, and the analysis of coupled vibration of shift 
control valves that contain complex combinations of 
hydraulic elements.(18,19)

Figure 11 shows an example of a system used to 
analyze coupled vibration.(19) Linear solenoid valves 
are devices that can accomplish fine and highly 
responsive hydraulic controls. However, since these 
solenoids are used to control both flow rates and 
pressure, solenoid systems are vulnerable to coupled 
vibration with hydraulic valves. In particular, if 
the valve specifications are designed to enhance 
controllability by increasing valve sensitivity and 
restricting oil pressure leakage, the rigidity of the whole 
hydraulic circuit increases, leading to more noticeable 
vibration. Research was carried out to experimentally 
and theoretically derive the conventional adjustment 
constants used to calculate and reproduce the vibration 
(such as the flow coefficient and entrained air volume 
of the valves, the bulk modulus, and the friction 
coefficient and viscous resistance of the spool valves), 
and to devise a general purpose simulation method 
capable of reproducing phenomena with as little 
adjustment as possible. As an example, Fig. 12 shows 
the test device used to measure the flow coefficient of 
a spool valve, as well as the results. Figure 13 shows 
an example of how the simulation was used for 
parameter optimization by applying quality engineering 
methods to suppress vibration. This research is a good 
example of the importance of the steady accumulation 
of data.

Subsequently, hydraulic system analysis was 
combined with flow analysis (see next section) via 
the analysis of pressure fields of internal gear pumps, 

Fig. 11    Hydraulic control system of multi-stage AT.
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parts.(25-27) Figure 15 shows a device that can observe 
the flow paths between blades in the radial direction 
from the center of the shaft. This device visualizes 
flows between blades using laser sheet lighting and 
acrylic stator blades (Fig. 16) and measures flow 
velocities by laser Doppler velocimetry (LDV). 
As a result, the effects of flow separation from the 
stator blades on the rate of flow circulation, and the 
volumetric coefficient characteristics were identified. 
In addition, by adopting acyclic on the pump shell side 
and adding an image derotator, this device was able 

resulting in initiatives to achieve 3D analysis of flows 
around spools inside valves, numerical analysis of 
acting forces, and the analysis of flows inside fluid 
machines.(20,21)

3. 2 Analysis of Torque Converter Flows

A torque converter consists of a pump, turbine, and 
stator. It is a mechanism that transmits force from 
the pump to the turbine through a closed circulation 
system called a torus. Until the 1960s, this mechanism 
was called the main transmission and the planetary 
gear was called the sub transmission. This was derived 
from the fact that the torque amplification action of the 
stator was utilized as a reduction gear to ensure a wide 
speed ratio. However, after the 1960s, as planetary 
gear transmissions evolved into three and four-speed 
transmissions, the role of the torque converter began to 
gradually change to emphasize performance when the 
vehicle moves off, smoother shifts, and highly efficient 
power transmission. As FWD vehicles became more 
widespread, it was necessary to shorten the length of 
the shaft and change the shape of the torus from round 
to flatter designs requiring large curvature changes.

To maintain basic performance while responding 
to this evolution in the role and design of torque 
converters, it was necessary to understand the 
phenomena occurring inside the torus and to develop 
more precise design tools. Therefore, TCRDL began 
the detailed analysis of flows inside torque converters 
from the first half of the 1980s. Analysis of the 
complex blade configuration and rotating closed flow 
fields inside torque converters required creativity and 
innovation. TCRDL started by performing experiments 
to measure the stator inlet and inflow angle using 
a specially designed X-type hot film anemometer(22) 
before moving on to flow visualization using the 
stator blade surface pressure distribution and 2D 
blade modeling by means of an original ultra-compact 
semiconductor pressure sensor,(23) and measurement 
of the pressure distribution inside the turbine flow 
paths.24) As an example, Fig. 14 shows the system used 
to measure the pressure inside the turbine flow paths 
using the semiconductor pressure sensor. This method 
succeeded in clarifying the flow turbulence between 
the turbine blades.

Since then, measurement and analysis technology 
has evolved into dedicated visualization devices 
capable of faithfully reproducing flow fields in actual Fig. 14    Pressure measurement of turbine flow path.
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to visualize the whole of the pump and obtain large 
amounts of useful data by measuring and visualizing 
the flow fields.

The development of numerical analysis technology 
was carried out in parallel with the development of 
measurement technology. The computational fluid 
dynamics (CFD) research team developed 3D flow 
analysis technology using large-scale numerical 
computation(28,29) from the calculation of drag 
around vehicle bodies. The application of original 
turbulence models developed through joint projects 
with universities enabled the development of a highly 
precise simulation method. Figure 17 shows an 
example of calculations performed for torus flows. This 
technology identified large amounts of information that 
could not be obtained by non-3D calculation methods, 
such as the effects of secondary flows on flow paths, 
and the velocity distribution between the shell and 
core. A difference of less than 5% was also confirmed 
between simulation results and experiments.

In addition, since the stator blade design affects the 
characteristics of the torque converter, research was 
also carried out using the boundary element method 
to calculate complex flow fields with a relatively low 
computational load.(30) This method was combined 
with an inverse problem solution method to enable the 
optimum design of blade surface shapes that suppress 
flow separation from the blade surface.(31) Figure 18 
shows the results of this research. The designed blade 

Fig. 15	 Visualized torque converter for measurement 
of stator flow.
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multi-stage ATs. Joint projects with members of the 
Toyota group aimed to develop controls and estimation 
technologies related to fuel economy and driveability. 
In addition, TCRDL also took on the challenges of 
control constant calibration and modeling, which were 
some of the fundamental issues of control system 
design. The following sections describe how these 
issues were overcome in actual development as well 
as some research initiatives that address hot topics of 
the current day.

4. 1  Improvement of Fuel Economy and Driveability

Slip control of the lockup clutch inside torque 
converters is an important technology for reducing 
NV generated by slight clutch slippage in low engine 
speed regions, as well as for improving fuel economy 
by minimizing power transmission losses.(33) Although 
various automakers developed lockup clutch slip 
controls in the second half of the 1980s, issues remained 
such as preventing frictional vibration (shudder) of the 
clutch and improving controllability. TCRDL worked 
with Toyota Motor Corporation to develop friction 
materials with excellent anti-shudder and durability 
characteristics, enhance the performance of hydraulic 
fluid, and develop systems that achieved precise 
control of fastening forces using proportional valves 
in hydraulic control systems. TCDRL participated in 
both the control and tribology aspects of these projects.

Figure 19 shows the outline of a lockup clutch 
slip control system.(34) Issues included ensuring slip 
speed control accuracy to achieve the desired fuel 
economy effect, covering a wide operation range, 
and achieving sufficient robustness and stability with 
respect to changes in friction characteristics over 
time and fluctuations in load. The control method that 
was introduced was H∞ control, which has just been 
proposed as a latest robust control theory. Details of 
the design process and control effects are described in 
the original papers and are omitted here. The following 
description focuses on two critical issues that were 
faced during development.(35)

The first issue was the control model creation 
procedure. Changes in the intrinsic nonlinear 
characteristics of the hydraulic system, particularly 
changes in the sliding resistance acting on the control 
valve spool due to the operational conditions have 
complicated model creation and the verification of the 
designed control constants. As an example, Fig. 20 

achieves a flow velocity that does not slow down over 
a wide area of the blade surface, while prioritizing 
the optimum stator flow discharge angle, which is 
an important performance aspect in torque converter 
design.

TCRDL was actively engaged in complex research 
in both the experimental and computational fields. 
However, after meeting the limits of technology in 
certain areas, research into torque converters was 
brought to an end in around 2005.

4. Control Technologies

Automotive electronic controls using 
micro-computers began with engine controls and 
spread to transmissions, suspension systems, and 
dynamic vehicle controls. More recent developments 
include dramatic advances in automatic braking 
and other driver support functions. Research by 
TCRDL was initiated in the 1980s with the progress 
of onboard micro-computers, beginning with the 
application of advanced control theories assuming 
that rapidly developing micro-computing capabilities 
would resolve contemporary restrictions related to 
computation and implementation. This was before 
the spread of modern control design and simulation 
tools such as MATLAB, and a major issue of the 
day was verifying the effectiveness of the theories 
themselves.(32) In the powertrain field, research was 
originally mainly focused on gasoline engines, 
including idling engine speed control, air-fuel (A/F) 
ratio control, and electronic governor controls 
for industrial vehicles. However, in the 1990s, as 
cooperation between TCRDL and the Toyota group 
deepened due to the research in hydraulic systems 
and torque converters, research efforts also spread to 

Fig. 18	 Optimization of stator blade geometry 
using inverse solution method.

(a) Initial blade (b) Designed blade
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Contemporary 8-bit CPUs were restricted in terms of 
the capacity of the variable areas. Therefore, desktop 
analysis and simulations were carried out to minimize 
the length of internal computational variables. 
These efforts reduced the computational load, which 
helped to prevent calculations ending during the 
computational cycle and avoided interference with 
other control functions (Fig. 21). This issue might no 
longer seem relevant since modern CPUs are powerful 
enough to avoid concerns about finite variable lengths. 
However, the key point of creating systems that are as 
lean as possible should never be forgotten.

In addition to these precise mechanical controls, 
other electronic controls for multi-stage ATs grew in 

shows the differences between actual and simulated 
waveforms of slip speed with respect to a stepped 
input. The solution involved carrying out identification 
using the frequency range and input amplitude range 
assumed by the control, and assuring the characteristics 
outside those ranges by robust design methods. In 
addition, due to the large amount of time required for 
control system design by this type of control model 
identification, an online design method was proposed 
using linear parameter-varying (LPV) modeling as 
an improved design method capable of utilizing future 
design resources.(36)

The second issue was ensuring the implementation 
accuracy of the control computational logic. 

Fig. 19    Lockup clutch slip control system.
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that uses these feature variables to perform learning. 
Incidentally, the feature variable extraction process 
might not be required if enhanced learning technology 
is applied using the type of 3rd generation artificial 
intelligence (AI) that is currently under the spotlight. 
However, conversely, this creates a dilemma whereby 
the use of 3rd generation AI would obscure what 
features are used for the system judgments, which 
might have the effect of stopping development in this 
field.

Estimation of driving environment awareness may 
not be required if the system can cooperate with the 
navigation system or use more accurate intelligent 
transportation system (ITS) technology. However, 
since not every vehicle can interact with information 
devices, it is important to enable estimation using 
onboard sensor data. One example is the contribution 
of driving environment estimation to a control system 
that plays a key role in preventing busy shifting on 
hilly roads and engine braking (Fig. 24).(39,40) This 
system estimates the gradient of the hill and controls 
the changes in shift speeds and the exhaust brake. 
However, the laden weight of commercial vehicles 
changes depending on the trip, which creates large 
rates of change depending on the weight of the 
vehicle. Therefore, since vehicle weight affects the 
estimated gradient value, a weight estimation system 
was required. 

The key point of the estimation method is the fact 
that the change in the road gradient (i.e., the frequency 

importance in the 1990s. One example is controls that 
allows the driver to select the desired shift speed, as 
a way of increasing the affinity between the driver 
and the vehicle. In response to this demand, TCRDL 
created a joint control and information processing team 
that helped to develop a practical method of estimating 
driver intention and the driving environment as 
information for shift speed selection.(37,38) The key was 
extracting the characteristic amounts to be used for the 
estimation. In addition to conventional statistical data 
processing, this research also referenced the type of 
wavelet analysis results shown in Fig. 22. This figure 
indicates the differences in power levels around 1 Hz 
and under 0.3 Hz at the accelerator application points 
highlighted by the arrows for two sporty and fuel 
efficient driving patterns. These results gave important 
pointers for extracting the AC and DC signals of 
accelerator operations, and were used to obtain feature 
variables for estimation.

Estimation of driver intention and the driving 
environment is performed using the feature variables 
and process flows shown in Fig. 23. At the core of 
the estimation system is a three-layer neural network 

Fig. 21	 Assured performance by ensuring 
computational accuracy.

Fig. 22    Wavelet transform of throttle. Fig. 23    Construction of estimation system.
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of the drivetrain, longitudinal vibration of the engine 
mounting system, and temporary accumulation of 
driving force (Fig. 26(a)). This is a major factor in the 
generation of estimation errors. Therefore, as shown 
in Fig. 26(b), estimation accuracy was increased 
by adding a notch filter to remove the vibration 
component and an integration correction portion for 
phase compensation. Figure 27 shows the vehicle 
weight estimation results under different loading and 
road gradient conditions. The results are within a range 
of ±15% of the target. The most difficult aspect of this 
research was modeling the driving force generated by 
the engine and acceleration. However, a new method 
was proposed ten years after this development, which 
is described in the next section.

range), which affects the driving load, can be isolated 
from the frequency range when the vehicle moves off 
and during acceleration. Focusing on this point, the 
low-frequency component below 1 Hz was removed 
and the vehicle weight was calculated based on the 
estimated driving force and estimated acceleration 
(Fig. 25). However, the actual acceleration (i.e., the 
difference with the transmission output shaft rotational 
speed) waveform has a different phase from the 
driving force waveform due to the torsional vibration 

Fig. 24    Braking force control system.
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calculate the clutch hydraulic waveform to derive 
the ultimately required control command value and 
achieve the target output shaft torque that forms 
the basis of this value, calculation is repeated in the 
forward direction using the model. In addition, the 
evaluation of the output shaft torque during shifting is 
performed also by calculation in the forward direction.

It should be noted that, when applied to an actual 
transmission, the model error may exceed the robust 
range. Therefore, processes are added to identify the 
hydraulic system response model at the bottom right 
of Fig. 28 and the clutch friction coefficient, which 
enables large errors to be absorbed. Figure 29 shows 
the simulation results for the output shaft torque 
fluctuation range with respect to the fluctuations of 
the pressure control system. The proposed method 
shows that there is little expansion of shift shock 
even when fluctuation occurs. Figure 30 shows the 
shifting waveforms before and after calibration using 
this method. This method can also be applied to the 
engagement and disengagement systems of four 
clutches.

4. 2  Control System Calibration and Model 
Generation

Many of the issues related to control system design 
are caused by inevitable errors between the model of 
the control target and the actual control. If these errors 
affect performance, then it is necessary to start the 
design again or apply a calibration process using the 
actual parts. The shift control for a multi-stage AT is 
an extremely good example of this due to the inputs 
from multiple clutches and hydraulic control systems. 
The accuracy of model-based calibration is limited and 
calibration using an actual transmission requires large 
increases in workhours as the number of shift speeds 
increases. In response to these issues, a method was 
proposed to reduce the amount of work by increasing 
the robustness of design by factoring in the modeling 
error and fluctuations in system characteristics at the 
generation phase of the control target.(41)

Figure 28 shows the quality engineering-based 
procedure for generating a target output torque in 
the shifting process of a multi-stage AT. Systems 
that factor in modeling error or fluctuations in 
system characteristics generate the most robust target 
values (i.e., target values with low sensitivity to the 
deterioration of evaluation indices such as shifting 
smoothness and time under turbulent conditions). To 

Fig. 28    Derivation of robust target of output shaft torque.
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Under the methods described above, the models 
depend on identification. The following describes 
an example of the latest research into more accurate 
modeling by partially incorporating physical models 
into the simulation.(42) The basic concept can be 
explained using the lumped mass model shown in 
Fig. 31. When the number of masses matches the 
number of forces between the masses, calculation of 
the forces is possible if the acceleration of each mass 
can be measured, even if the characteristics of the 
forces are nonlinear. The generation mechanism of the 
acting forces including these nonlinear characteristics 
can then be modeled from the estimated forces. The 
flowchart on the right of the figure shows the flow of 
the analysis method.

The conventional method identifies the constants 
of the generation mechanism model from the 
measured acceleration directly without following this 
two-stage modeling process. However, although the 
conventional method is capable of deriving model 
constants that enable the measured and estimated 
acceleration to match, it cannot guarantee the accuracy 
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In addition to dynamic systems, this method should, 
in principle, also be an effective way of deriving 
models consisting of lumped parameter systems. It is 

of the intermediate forces. This is the advantage of the 
developed method. Here, it should be noted that, to 
ensure consistency between measured and unknown 
quantities, the proposed method requires the degrees 
of freedom (DOF) of the lumped mass system to be 
reduced while maintaining its physical structure.

As an example of the application of this modeling 
method, Fig. 32 shows a vehicle model for tip-in 
acceleration, which was the major sticking point 
described in the previous section. In the figure, 
PARAFAC analysis(43) is used to first derive the 
equations of motion for rotation and translation with 
seven DOF. Next, the inertial mass and rotational 
inertia are defined as existing physical models. 
Then the forces between the inertia are calculated 
as measured quantities for acceleration and angular 
acceleration (the principle model) (Fig. 33). The 
driveline model (i.e., the calculated driveshaft model) 
is derived by applying the nonlinear backlash element. 
Finally, the vehicle behavior (the internal driving 
force) during tip-in acceleration is simulated (Fig. 34). 
This figure shows that the measured values match 
closely with the forces and driveline model.

Fig. 32    Example of modeling.
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regarded as a promising modeling method for various 
applications.

5. Tribology

Like all mechanical devices, transmissions include 
elements that contact and slide against each other. The 
friction that this generates causes various phenomena, 
such as the transfer of power, and is also a cause of 
loss and abrasion. Tribology is a research field that will 
continue as long as machines are in existence. TCRDL 
begun power transfer-related tribology research in the 
second half of the 1980s with the analysis of friction 
characteristics of wet clutches in the shifting process 
of multi-stage ATs. This was used as the springboard 
for research to help improve shudder resistance by 
analyzing the actions of the automatic transmission 

fluid (ATF) used in lockup clutch slip control systems. 
In addition, TCRDL also worked on the analysis 
of traction characteristics and traction fluid using 
molecular dynamics (MD) as basic research for 
traction drive CVTs.

5. 1  Analysis of Paper-based Wet Clutch Friction 
Characteristics

Figure 35 shows results including experimental 
analysis of changes in friction characteristics during 
initial contact.(44) The plateau ratio of the deformed 
asperities of the friction material surface correlates 

Time [sec]

Fig. 34	 Comparison of principle model and calclulated 
results for force and torque.

Fig. 35	 Relationship between friction material surface 
shape and friction coefficient.
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of very small air bubbles and that only an extremely 
narrow area close to the top of the surface asperity 
is the actual contact surface. A sketch of this and 
a contact surface model that illustrates the contact 
area are shown on the right of the photograph. Based 
on this model, a friction simulation model (Fig. 37) 
was created assuming that the oil film at the actual 
contact portion close to the top of the asperity and the 
boundary friction component contribute to the friction. 
This model is capable of qualitatively explaining the 
friction characteristics when engagement occurs.

Figure 38 shows a calculation example. The graphs 
illustrate the μ-v characteristics using the surface 
roughness of the actual contact area of the steel plate 
as the parameter. From the standpoint of improving 
the shudder resistance of the clutch, it is important 
to lower the negative slope characteristics. As the 
roughness becomes larger, the slip speed increases 
and solid contact is maintained even when an oil 
film is formed, thereby helping to retain the desirable 
friction characteristics.(46) The same figure also shows 

with the friction coefficient during engagement and 
is not dependent on the roughness of the separator 
on the engagement side. Therefore, increasing the 
plateau ratio of the deformed asperities will help 
to achieve more stable friction characteristics. In 
addition to providing important knowledge for friction 
material surface processing technology, these results 
developed into the modeling of friction surfaces with 
the application of knowledge obtained by observation 
using a friction surface visualization device.

Figure 36 shows the friction surface visualization 
device and a visualized image. This photograph 
indicates that the friction surface is covered by a film 

Fig. 36	 Friction surface visualization device and 
observation results.
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coefficient was clarified as shown in Fig. 39.(47) In 
addition, energy dispersive X-ray (EDX) and Fourier 
transform-infrared spectroscopy (FT-IR) analysis 
technologies that are specialties of TCRDL were used 
to identify that over-based calcium (Ca) sulfonate 
helps to generate additive reactants that increase the 
surface roughness of the steel plate, and that both 
the over-based Ca sulfonate and friction modifier 
(FMs) additives contribute to a reduction in boundary 
friction. These two analysis results are illustrated 
in Fig. 40, which shows the shudder prevention 
mechanism of the additives. In combination with 
the friction model described above, the increase in 
contact surface roughness and reduction of boundary 
friction were found to contribute to an improvement 
in μ-v characteristics, which helped to develop longer 
life ATF.

5. 2  Analysis of Traction Characteristics and 
MD-based Analysis of Fluid

Traction refers to the transmission of power by shear 
force when a lubricant (called a traction fluid) solidifies 
into a glassy state at a high surface pressure boundary 
between a pair of rolling elements (Fig. 41). Research 
and development of CVTs using this transfer method 
started before the 1940s when multi-stage ATs first 
emerged. However, the first commercial product was 
not released until the end of the twentieth century.(48)

At around the same time, TCRDL started basic 
research projects such as predicting the traction 

the contribution of the boundary friction coefficient. 
A lower boundary friction coefficient has a large μ 
reduction effect at low slip speeds.(47) Although this 
model omits the oil permeability of the friction plate, 
the macro-elastic deformation during contact, and 
lacks the capability to follow changes in the steel plate, 
it is still a complex contact surface model and, as a first 
attempt to calculate friction characteristics, it is a good 
example of advanced research.

This modeling technology was then utilized in 
the development of ATF additives with excellent 
anti-shudder performance for the lockup clutch slip 
control inside a torque converter (see next section).

The key point for extending the anti-shudder lifetime 
of ATF is identifying the factors on the friction surface 
that affect the μ-v characteristics, and the additives that 
act on these factors. Based on the knowledge obtained 
through the above model, the relationship between 
the friction surface roughness and boundary friction 

Fig. 39	 Relationship of shudder with contact surface 
roughness and boundary friction coefficient.
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of regions, from a region with fluid properties to 
an elasto-plastic region with solid properties. As shown 
in the figure, these characteristics are approximated into 
viscous, elastic, and plastic series models. The traction 
coefficient can be derived by identifying the model 
parameters (viscosity η, elasticity G, and plasticity 
τ) from fluid measured traction values.(48) Figure 43 
shows an example of calculated traction coefficients. 
Although measured under spinning conditions, these 
results have an accuracy within 10% of the measured 
values.

In contrast, traction can be analyzed on a fluid 
molecular level as follows (Fig. 44).(51-53) The rolling 
tangential force is first applied to the fluid molecules 
via intermolecular interaction as pressure and sliding 
applied to the solid atom layer. The molecules that 
receive the force deform due to intramolecular 
interaction. That force is transferred to different 
molecules via additional intermolecular interaction, 
and finally transferred as traction to the solid atom 
layer on the opposite side. Therefore, analysis of 
this process requires the introduction of calculation 
methods on a molecular and atomic level.

Research was carried out to predict traction 
characteristics based on the analysis of molecular 
structures using MD-based simulations that are 
capable of resolving the equations of motion of atoms, 
as well as kinematic analysis. As a result, two reports 
about the traction mechanism were published.(51,52) 
Figure 45 compares the measured traction coefficient 
with the coefficient calculated using MD at 
a thickness equivalent to several nm for eight types of 

coefficient and performing molecular structural 
analysis on traction fluid. The motivation for this 
research was the fact that, since the traction coefficient 
is lower than the belt friction coefficient (see next 
section), the acting force inside the transmission must 
inevitably be increased. Therefore, to reduce the size 
and weight of the mechanism, the traction coefficient 
must be identified analytically and reflected accurately 
in the mechanism design and control. In addition, to 
increase the traction capability (i.e., the transmission 
capacity), it was also necessary to identify the 
molecular structure of a fluid that realizes a high 
coefficient.

Figure 42 shows the derived traction macro model. 
The traction characteristics are determined by the 
shear properties (i.e., the rheological properties) 
of an oil film between rolling elements that is in 
an elastohydrodynamic lubrication (EHL) state 
(pressure: 2 to 3 GPa) and has a thickness of 1 μm or 
less.(47,48) In accordance with the shear velocity (slip 
speed/film thickness), the model contains a range 

Fig. 40    Mechanism of additives.
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hydrocarbon-based fluids. Although the absolute values 
do not match, the sequence is consistent and the actual 
phenomena are qualitatively reproduced. Although 
the relationship between the traction coefficient and 
molecular structure has complex aspects, this analysis 
identified the traction mechanisms of chain molecules, 
monocyclic molecules, and dumbbell-shaped 
molecules.

Furthermore, to enable actual scale simulations 
in the film thickness direction, research was carried 
out that divided the film thickness into regions as 
shown in Fig. 46 and performed message passing 
interface (MPI) parallelization computation.(53) Under 
a high-pressure shear field in a 430 nm system, which 
is the same order as an actual system, a traction 
coefficient of 0.03 was obtained. This is close to the 
value obtained through measurement. Combined with 
the results shown in Fig. 45, MD-based computation 

Fig. 44    Concept of momentum transfer of traction fluid.
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6. 1  Experimental Analysis of Belt Component
Elements

In the same way as discussed above for the analysis 
of internal torque converter flows, experimental 
analysis is at the root of basic research into metal 
belts.(58) Targets of analysis include the stress applied to 
elements and rings, as well as trajectories of movement 
and element angles inside the pulleys. The force and 
acceleration acting on the pulleys as reaction forces 
that compress the elements are also key information 
items for understanding various phenomena.

Figure 47 shows an example of the attachment 
of strain gauges to measure the forces acting on 
an element. The left figure shows the gauges used to 
measure compression and bending forces in the width 

is capable of expressing and identifying actual 
phenomena through calculations from several nm to 
actual scale. This research is the first attempt to enable 
this type of simulation.

Subsequently, MD-based tribology analysis trended 
toward more fundamental tribological friction-related 
phenomena.(53)

6. Analysis of Belt-driven CVTs

As described above, research into CVTs at TCRDL 
was temporarily shelved in the 1960s. However, 
a European company called Van Doorne’s Transmisie 
(VDT) subsequently launched a new concept of CVT, 
which was driven by a metal V-belt. From the 1980s, 
this triggered various research studies in Japan and the 
U.S. that installed CVTs in vehicles, as well as original 
developments of different kinds of belts.(54) Stimulated 
by this new wave of interest in CVTs, TCRDL also 
began belt development and studies of system controls 
in the 1980s. In the second half of the 1990s, more than 
a decade after the practical adoption of CVTs using the 
metal V-belt developed by VDT, TCRDL re-started its 
research to analyze metal V-belts in partnership with 
a member of the Toyota group. This research is still 
ongoing today. Although the results of the next twenty 
years of research are well documented in previous 
issue of this journal(56,57), the following sections will 
cover several key topics from this period, albeit with 
some duplication.

Fig. 47    Measurement of metal belt element stress.
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Figure 50 shows the measured results for the 
force acting on the element nose as an example of 
experimental analysis results.(59) Force does not act 
directly on the element nose since the top portion of 
the element is not in contact inside the primary pulley. 
However, force is applied to the nose through contact 
with the top part of the element on the compressional 
chord side. In addition, force spikes occur at the 
beginning and end of the pulley section. These are 
generated by changes in the moving pattern and 
dimple hole interference when the element switches 
from rotating to translational movement or from 
translational to rotating movement at the beginning 
and end of the pulley section. This phenomenon 

direction of the element (i.e., the forces applied onto 
the element by the pulley). The right figure shows the 
gauges used to measure the bending force at the element 
nose. To improve measurement sensitivity, grooves are 
formed in the element in accordance with the direction 
of the acting force to fix the gauges. One issue was 
obtaining the measurement signals from strain gauges 
attached to a rotating belt. This was resolved by the 
development of the original data logging system shown 
in Fig. 48,(57) and by installing the logger at the top 
part of specially designed elements. Unlike telemeters 
or slip rings, the measurement signals are stored in 
memory located on the moving body, and are then 
outputted as digital data to a PC after measurement 
is completed. Carrying out signal processing on the 
measurement object ensures a good signal-noise (SN) 
ratio, prevents data loss, and enables sampling up to 
high frequencies. In addition, the use of a lightweight 
type (minimum weight: 1 gram) enabled the system to 
be used up to actual belt rotation speeds of 2000 rpm. 
In addition to the belt, this data logger was also used 
for measuring the acceleration of the pulley (Fig. 49), 
and for analysis of NV between the belt and pulley.

Fig. 49    Pulley acceleration measurement.Fig. 48    Data logger system.

Ultra-compact data logger

CVT belt

Measured element

Lithium battery unit

Specially designed 
elements

Battery unit

Data logger unit
Measured element

(a) Wiring for data logger and measuring element strain

(a) Attachment of data logger to CVT pully

(b) Attachment of data logger to CVT belt (b) Measurement results

Data logger

Acceleration sensor

AmplifierBattery case

Acceleration sensor

6-channel simultaneous 
measurement (3 axes × 2)

Beginning of 
drive pulley 
section

Intermediate Intermediate

End of driven 
pulley section

Drive pulley Driven pulley

Acceleration (dB)
End of drive 
pulley section

Acceleration (dB)
Beginning of 
driven pulley section

10dB

Input rotation speed: 1000 rpm, 
speed ratio: 1, input torque: 50 Nm



http://www.tytlabs.com/review/

86

© Toyota Central R&D Labs., Inc. 2016

R&D Review of Toyota CRDL, Vol.47 No.3 (2016) 61-97

movement of the belt to be measured.
An example of the information obtained using this 

belt angle measurement device is the range of element 
behavior inside, as well as at the beginning and end 
of the pulley sections. Figure 52 shows the changes 
in pitching and yawing of the primary pulley. At the 
under-drive side, clear angular changes occur in the 
transition region between the idle and active arcs. The 
results also show that the wear resistance of the end 
surface of the element is affected if the angle deviates 
from the ideal state (zero degrees).

These details are only a part of the information 
obtained by element behavioral analysis. Although 
other information on important phenomena has 
been identified, this is directly connected to product 
development and a little more time is required before it 

becomes more pronounced at higher rotation speeds, 
and requires attention.

The inclination angle measurement device shown in 
Fig. 51 was developed to measure the belt movement 
trajectory and angle inside the pulleys.(57) The principle 
of this device is as follows: the relative positional 
deviation of three points of the element top portion 
is detected by highly sensitive displacement sensors 
and used to calculate the yaw, roll, and pitch angles. 
This device is distinguished by a control that ensures 
a constant small gap (0.3 mm) between the head 
attached with the three sensors and the element top. 
Each sensor is also provided with rings to prevent 
interference between the sensors. As a result, there is 
no need to attach a head for increasing measurement 
sensitivity to the element, which allows the actual 

Fig. 50	 Measurement result of element nose strain. 
(Nin = 500 rpm, Tin = 150 Nm, speed ratio = 2.4)
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can be disclosed. It is hoped to publish this information 
in a future issue of the journal.

6. 2  Static Model of Belt Transfer

Modeling research activities were carried out 
hand-in-hand with experimental analysis. In one 
modeling method, the shapes of component elements 
are faithfully reproduced to create a discrete model, 
before generating solutions using the finite element 
method (FEM). In another method, the elements 
and rings are treated as a continuous body to find 
the balance of internal transfer forces. Although the 
former method is suitable for identifying the behavior 
of elements and rings, the computational load is 
extremely high, which limits its application to the 
identification of certain important phenomena. TCRDL 
developed the latter method as a simple means of 
observing the relationships of internal belt forces, and 
to enable analysis that factors in pulley deformation.(61) 
Figure 53 illustrates the forces acting on the inside of 
the belt and the calculation process flow.

Figure 54 shows an example of the research results 
obtained using this model.(62) These graphs are the 
results of analyzing the distance between the ring 

Fig. 53    Modeling of internal belt stress and calculation process.
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using this device.(63,64) In these experiments, the 
clamping force was gradually reduced under a constant 
input torque, and data was obtained immediately up to 
the point that the transfer force disappeared. The figure 
also shows the stand-alone friction characteristics 
μe(Δv) of the elements using a slip-on ring. The 
following belt friction characteristics were identified. 
In the macro-slip area in which the friction is saturated 
and starts to decrease, the characteristics have the 
same gradient as the stand-alone element friction 
characteristics. However, before this area, the friction 
coefficient increases in accordance with the belt slip 
speed. Since the belt friction transfer force is the sum 
of the active element friction force inside the pulleys, 
the belt friction coefficient can be defined as the 
product of the active element friction coefficient and 
the active arc ratio (i.e., the proportion that contributes 
to force transfer). Therefore, although the gradient of 
the stand-alone element friction falls as the slip speed 
increases, the belt friction coefficient increases while 
the active arc ratio of the belt increases. The modeling 
results of this mechanism are shown as the bold line 
in the figure, in which the slip speed and friction 
coefficient calculation targets the minor diameter 
pulley that determines the transfer capacity. The two 
results match closely.

Assuming the application of these analysis results to 
clamping force controls, research was also carried out 
to find estimated values for physical quantities to enable 
the swift detection of friction saturation.(60,65) Based on 
the belt movement model, the studied estimated values 

saddle surface and element locking edge (i.e., the 
element locking edge offset amount), which has the 
highest sensitivity between the designed geometrical 
dimensions and transfer losses. In the calculation 
shown in the figure, to identify the load of each ring 
layer, the ring model is treated as an element with 
multiple layers to simulate the actual design of the 
ring. When the offset amount in the figure is large, the 
tension of the innermost ring layer is almost the same 
as the tension of the other layers. In contrast, when 
the offset is small, the tension of the innermost ring 
is much different. In other words, although a smaller 
offset reduces loss, this has the effect of creating 
a relative increase in the ring tension amplitude. 
Therefore, great care must be taken when determining 
the specifications.

6. 3  Belt Dynamic Friction Characteristics

The transfer capacity of the belt is determined by 
the mechanical strength of the belt and the friction 
characteristics between the belt and the pulleys. 
Following the belt transfer principle, this friction is 
dynamic and not static because the belt is constantly 
slipping. For this reason, it is important to analyze 
dynamic and transient phenomena. Therefore, TCRDL 
developed a high-response, low-inertia belt-driving 
dynamo that enables both static and transient tests 
in analytical experiements (Fig. 55).(60) The original 
measurement and control system that was constructed 
using this dynamo enabled the analysis of transient 
belt phenomena in the unstable operation range.

Figure 56 shows results for the belt friction 
characteristics obtained through experimental analysis 

Fig. 55    Transient tester. Fig. 56    State of power transmission.
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the fusing of mechanical with electrical technologies. 
This section discusses the research efforts of TCRDL 
in the field of electrification from the standpoint of 
mechanics since the start of the twenty-first century, 
which saw the full-scale introduction of HV systems.

7. 1  Speed Reduction Device for High-speed Motor

In addition to electromagnetic-based research and 
development, another approach to reduce the size and 
weight of motors involves increasing the rotation speed 
and reducing torque. This latter approach requires 
a motor speed reduction device with a high reduction 
gear ratio to enable power to be transferred to tires that 
are rotating at low speeds. Although planetary gears are 
the most common type of speed reduction device, the 
traction drive mechanism described in Sec. 5 also has 
advantages from the standpoint of transfer efficiency 
and NV assuming high rotation speeds in excess of 
20000 rpm. In contrast, one disadvantage of adopting 
a reduction device is that both motors and reduction 
devices are less efficient in low-load operating regions, 
which means that system efficiency must be increased 
for this kind of operation.

Figure 58 shows a planetary reduction roller 
that was developed as a prototype to resolve these 
issues.(66) This gear is equipped with a mechanism (the 
spring in the diagram) that uses the transfer torque to 
vary the pressing force between the rolling elements 
that generate traction force. The principle is shown in 
Fig. 59. The shaft that supports the four pinion rollers is 
laid out in a rectangular position, which means that the 
ring tension increases as the shaft swings toward the 
square position as the torque rises, thereby increasing 

included the estimated slip rate and slip ratio, as well 
as the thrust ratio of the input and output pulleys, 
which is the equivalent belt friction coefficient ratio. 
Figure 57 shows time series data for the friction 
coefficient ratio when the clamping force is gradually 
reduced. As a natural consequence of this research, 
these results also clearly expressed the saturation of the 
friction characteristics, which was useful information 
for achieving optimized control of the clamping force. 
Furthermore, the other estimated values were found to 
be unsuitable for estimation because of the phase lag 
created by the large number of calculation steps in the 
estimation process.

The analysis of belt dynamic characteristics is 
not limited to friction coefficients. A wide range of 
important phenomena are being researched, including 
the effects on belt behavior and efficiency under 
shifting transient states and changes in torque. It will 
be necessary to continue further research to enhance 
belt technology in the future.

7. Proposals for Electrification

This paper started at the beginning of the story, 
fifty years ago when TCRDL attempted to apply 
hydraulic technology to the development of CVTs. 
The aims of CVT development at the time, i.e., to 
improve fuel economy and reduce emissions, are most 
closely reflected today in the HV and electric vehicle 
(EV) technologies briefly mentioned at the beginning 
of this paper. Consequently, a key issue has become 

Fig. 57    Estimation of belt friction saturation.

Threshold

Primary clamping force Fp

5

15

C
la

m
pi

ng
fo

rc
e 

[k
N

]

0.7

1.1

μ
ra

tio
, 

th
ru

st
 ra

tio

0

0.07

Fi
lte

re
d

th
ru

st
 ra

tio

0 2 4 6 8

Time [sec]

1.0

1.3

SF

Macro slip occurs (SF = 1.0)

μp/μs

Thrust ratio τ (= Fs/Fp) 

Secondary clamping force Fs

μs

μp

B
el

t μ

Forecasting macro slip

Fig. 58    Self-loading planetary roller.

spring

Sun roller
(input)

Ring roller
(fixed)

Pinion roller

Pinion shaft

Carrier
(output)

spring

Sun roller
(input)

Ring roller
(fixed)

Pinion roller

Pinion shaft

Carrier
(output)



http://www.tytlabs.com/review/

90

© Toyota Central R&D Labs., Inc. 2016

R&D Review of Toyota CRDL, Vol.47 No.3 (2016) 61-97

the pressing force. As an example of this design, 
a 45% variation in pressing force can be achieved with 
a 20-degree swing. Compared to conventional variable 
pressing force mechanisms that use the torque cam or 
wedge roller methods, the developed method has the 
potential to overcome issues such as shortening the 
shaft and compatibility with both forward and reverse 
rotation. Figure 60 shows the transfer efficiency and 
noise levels of this prototype. The mechanism has 
flat transfer efficiency characteristics from low loads 
and helps to achieve the targeted substantial increase 
in efficiency. Under high-speed drive conditions with 
a rotation speed of 30000 rpm, there is also a clear 
noise level difference of 10 dB compared to a planetary 
gear. In contrast, one remaining issue to be resolved 
before this design can be practically adopted is the 
development of a compact and durable spring for the 
mechanism.

7. 2  Electromagnetic Torque Converter

The integration of motors and mechanical elements 
has expanded to hybrid motor systems.(67) Figure 61 
shows an electromagnetic torque converter system 
inspired from the analogy of a fluid-type torque 
converter that functions when the vehicle moves 
off. Based on the electromagnetic coupling function 
(top left of Fig. 61(a)), an integrated mechanism was 
created by adding a traction motor function (top of 
Fig. 61(a)). The key internal element of this mechanism 
is the slip ring system that supplies power to and draws 

Fig. 59    Pressing force variation mechanism.
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power from the input rotor winding. The assumed use 
of this mechanism is in a hybrid transmission that 
combines both a planetary gear transmission and CVT 
(Fig. 61(b)). Figure 62 shows a cross section of the 
prototype mechanism.

This motor mechanism is capable of realizing three 
operating modes. The first is the power transmitting 
mode that amplifies the engine power to enable the 
vehicle to move off smoothly and powerfully. As 
shown in Fig. 61(c), input torque is transferred to the 
output shaft directly via the output rotor by the action of 
the electromagnetic coupling. In addition, the current 
generated by the winding is supplied as power to the 
stator via the slip ring, thereby driving the output rotor 
and amplifying the torque. The second is the engine 
starting mode. The developed mechanism can start the 
engine by driving the input rotor via the output rotor 
from the outermost stator. The third is a motor driving 
mode that includes regenerative braking. This mode 
uses the output rotor and operates regardless of the 
rotational state with the input rotor. Figure 63 compares 
the torque amplification transmission efficiency with 
a fluid-type torque converter. The graph indicates that 
the developed mechanism is more efficient even when 
the speed ratio is low. It should also be noted that this 
mechanism can also operate in regions with a speed 

Fig. 61    Electromagnetic torque converter system.
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shows the relationship between the brush temperature 
wear amount per unit of sliding distance. The graph 
compares the results of a transient test that simulated 
the urban driving cycle (green triangles) and the results 
at a constant rotation speed and different currents 
without the cooling mechanism (red circles and blue 
squares). This graph confirms that durability could 
be maintained by controlling the brush temperature 
through oil cooling, even in the transient mode.

This mechanism has several distinguishing features. 
Instead of passenger HVs that can be started using the 
motor alone, it can be adopted with heavy duty HVs 
that require large torque for towing goods trailers or 
caravans.

Incidentally, there are similarities between this 
motor mechanism and the hydro-mechanical CVT 
that was introduced in Sec. 2. The similarity between 
an electrical version of an HMT using a hydraulic 
pump, motor, and planetary gear with the current 
Toyota Hybrid System (THS) has already been 
mentioned. In the same fashion, the hydraulic pump 
in Fig. 1 is similar to the electromagnetic coupling, 
and the transfer of the fluid force generated by the 
hydraulic pump to the output shaft hydraulic motor 
is similar to the transmission of power generated 
inside the electromagnetic coupling to the traction 
motor. Although the aim to harmonize with existing 
transmissions by using the motor mechanism to limit 
functions to moving off, electrical drive, and engine 
start is a point of difference, the mechanism itself 
can be seen as a re-imagining of the system that was 
developed fifty years ago.

ratio of more than 1. However, because a conventional 
transmission is installed behind the motor, a speed 
ratio of 1 will result in a directly coupled mode.

One of the main issues with this system is reliability, 
such as the occurrence of electrical abnormalities 
caused by slip ring wear and wear particles caused 
by mechanical sliding. Therefore, the structure shown 
in Fig. 64, which uses oil to cool the inside of the 
sliding portions and removes wear particles using 
blown air, was developed and evaluated.(68) Figure 65 

Transmission efficiency @ Nin = 2000 rpm

Fig. 63	 Electromagnetic torque converter transmission 
efficiency.
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8. Conclusion

This paper has looked back on various technologies 
in the history of drivetrain research and development 
at TCRDL. Although the author has described the 
importance of accumulating layers and layers of 
technological know-how in previous issue of this 
journal,(56) writing this paper has been a reminder that 
many researchers and engineers at TCRDL have done 
just that since its establishment.

On the other hand, the details of this paper were 
limited to publically disclosed reports and research. As 
a result, it does not fully express the passion of all the 
researchers and engineers involved in the research and 
development described in the introduction. However, 
to the researchers and engineers of today, I wish to 
add the following comments for consideration and 
reflection. It is not possible to continue navigating 
through the continuous changes of the times without 
an unheralded and unspoken passion. It is also 
not possible to create new things without using 
the achievements of the past as a basis for further 
development.

The writing of this paper owes a great deal to 
information received from a large number of people 
involved in the research and development described 
above, including Dr. Masatoshi Yamada, a former 
member of staff at TCRDL who was involved in 
the development of hydro-mechanical CVTs. Much 
drivetrain research at TCRDL from the 1980s was 
carried out with the close cooperation of Toyota Motor 
Corporation and members of the Toyota group. The 
research results are the result of the valuable advice 
and support received from these companies, who also 
gave excellent opportunities to utilize the research 
results during actual development, thereby providing 
important motivation to all the research teams. I would 
like to conclude by expressing my deepest gratitude 
for the assistance of everyone that contributed to the 
research and development activities of TCRDL, as 
well as to the writing of this paper.
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