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Prefatory Note

EV Technologies of the New Nissan LEAF—Providing the
Foundations Ushering in a Major Turning Point for Vehicles

Masaki Toriumi
Alliance Global Director

The year 2017 will likely be remembered as a significant turning point for the automotive industry.
The governments of both the U.K. and France stated that sales of gasoline and diesel vehicles will be
banned by 2040. China announced that its new energy vehicle (NEV) regulations will be implemented
from 2019. These and other announcements have clearly indicated a global shift to electrification, and it is
said that the automotive industry is on the verge of a major turning point that occurs once in a hundred
years. Not only are vehicle manufacturers revealing one plan after another for electrification and electric
vehicles (EVs), companies in other industries are also expressing their intention to enter the EV market.
A struggle for leadership on a totally different dimension has suddenly occurred, giving rise to an
extremely chaotic situation.

Our Renault-Nissan-Mitsubishi Alliance announced that twelve new EV models will be put on the
market by 2020. In order to win the fierce EV competition, the Alliance is developing technologies for
extending the driving range to 600 km, reducing the battery cost by 30%, and facilitating 15-minute
charging to recover a driving range of 230 km, among other targets. Moreover, to firmly maintain our EV
leadership, we are continuing the challenge to create advanced technologies quickly for building a future
society centered on EVs.

Against this backdrop, the new Nissan LEAF was released in October 2017. Since rolling out the first-
generation Nissan LEAF in 2010, we have achieved cumulative sales of over 300,000 EVs worldwide. We
possess an enormous amount of data concerning customers’ various opinions, real-world quality and how
EVs are driven. This represents a valuable asset that only Nissan as an EV pioneer could amass, and the
information is fed back for use in the development process. The much-awaited new Nissan LEAF is
equipped with the latest electric powertrain, battery and control technologies. The electric powertrain
delivers higher power and torque for enhanced acceleration performance, thanks to advances made in
motor and inverter technologies. While the battery is the same size so as not to sacrifice interior
roominess, its capacity has been improved to provide a driving range of 400 km under Japan’s JCO8
emission test mode, which is twice that of the initial model in 2010. It is hoped that the special feature in
this issue will enable readers to understand the profound evolution of the EV powertrain and the control
technologies that contribute to enhancing the novel fascination of driving an EV.

The technologies embodied in the new Nissan LEAF will serve as the technical foundations for the
coming era of EV competition on a different dimension. Using the present technologies as a foothold, we
intend to move ahead with further EV technological innovation, aiming to attain even greater heights. We
will be very happy if we can discharge our social responsibility by contributing to the resolution of global

environmental issues like global warming and to the advancement of energy policy.



¥%8E  Special Feature

sk ok ok sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk ok ok ok ok ok sk sk sk sk ok

HEEXBEER/\U— M1 2V OE(L

Evolution of Electric Powertrain for Nissan Electric Vehicle

EV and HEV System Engineering Department

EV and HEV System Engineering Department

NEFIL R’ —

Taiichi Onoyama

EV-HEV Y AT ABZHE

EV -HEVY A7 A5%H  F A BEKHE

Kantaro Yoshimoto

s ok ok ok sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk ok ok sk ok sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk ok sk ok sk sk sk sk sk sk sk ok ok ok ok sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk ok ok sk sk sk sk ok sk sk sk ok

1. [ U & [

HEHBIHEIL, et aomEz HigL, 420
HE AR BEIINT 2 EATRIE 2 D TV B M1IF S
NH4ADREE LT, TRV F O, MEmRIL, #.
EF AR L TEBY) . 4 H TG ERE & E 0L @D
P E RS TWh, ZNEDORBEEERT %720 OEdl Y
Va—arye LT, HEd [EEML] THeet] w2
DOWE BT (X2), HIRELHAM X, 7o T—
VT d %58 4s BB 2 A0 BRI 7 BT B 7€ & AL
ZARLTHBY, —J, EEMEEA L, W (ICE) 12
WA 2 MR 72NA 7 v B AT LA LEENIC, &
ILOZEBO BETH 2 EAHBE (EV) ~0OiELZ R
LTwa, 20164 ICHAMIGTHE / — NI S
72e-POWERIZ, B HB)H & BE) R 2 L L 72100%
E—VHBOEEH T - ML A ThHb, HEIZZOD
e-POWER & EV T100%®E B SRB) O} % 6 T %,
S5 [EBL] [Heeft) 3wtz THD,
FHELARREL HRT 572012, FRMITBASNLZ
EPHIRESN TV D,

B R e e e g

Global warming

Traffic accidents

H-1 EfiiFEFEOERICHDHRE
Fig.1 Social issues as background of technology
development

1. Introduction

Nissan is focusing on the development of technologies
for four key social issues with the aim of building a
sustainable society. As shown in Fig. 1, these issues are
energy depletion, global warming, congestion and traffic
accidents. They are prevalent in both industrialized and
emerging economy countries.

In order to solve these issues, Nissan has set two
major directions, "electrification and intelligence", as its
technology development strategy. Figure 2 shows Nissan’s
technology development approach in these two areas.
Intelligent technologies are evolving in stages toward
autonomous driving. Simultaneously, electrification
technologies are evolving in stages from a level of adding
electrified elements with internal combustion engines
(ICEs) toward achieving the ultimate goal of electrification
in the form of electric vehicles (EVs). e-POWER is a new
electric powertrain concept introduced in 2016 for the
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Electrification Intelligence
Electric vehicles e ‘; ) g = Autonomous driving
p R Traffic jam pilot
e-POWER y =
e \
— - Emergency braking
Front wheel drive - =
hybiids - Intelligent parking
assist
Rear wheel drive
hybrids - Smart rear view
y mirror
Energy regeneration i = )
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Fig.2 Key concepts of Nissan technology development

-3 ¥MLHEU—T (11MY)
Fig.3 First-generation 2011 MY Nissan LEAF
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Fig.5 All-new 2018 MY Nissan LEAF

Japanese-market Nissan Note, utilizing an EV powertrain.
Nissan is using e-POWER and EV technology to advance the
penetration of all-electric-drive vehicles. As electrification
and intelligence have exceptionally strong affinities, it is
expected that they can be used effectively to resolve the
key social issues mentioned above.

2. Evolution of the Electrical Powertrain for EVs

The Nissan LEAF was launched as the first mass-
produced EV with a reasonable price in 2010. The Nissan
LEAF is a medium-size hatchback that can seat five adults
comfortably. This first-generation 2011 model year Nissan
LEAF had a driving range of 200 km under Japan’s JC08
emission test mode, sufficient to satisfy real-world consumer
requirements for daily use (Fig. 3).

As of September 2017, the cumulative sales volume
of the Nissan LEAF surpassed 280,000 units. The Nissan
LEAF has maintained its top position in cumulative sales
volume in the global EV market as shown in Fig. 4. After
Nissan launched the LEAF in 2010, many automotive
manufacturers have also launched EVs, making competition
in the EV market more intense with every passing year.

In order to keep the Nissan LEAF competitive, the
first-generation vehicle underwent a minor model change
twice to adopt electric components that evolved during its
seven-year model life. In the 1st minor change for the 2013
MY vehicle, high-voltage components were integrated for
compactness and weight reduction and the efficiency of
the electric motor and inverter was improved while
lowering the cost. Improved efficiency also contributed to
extending the driving range. In the 2nd minor change for
the 2016 MY vehicle, the energy capacity and power
density of the Li-ion battery were increased. The battery
capacity was increased to 30 kWh while keeping the
battery pack the same size as before.

In October 2017, Nissan launched the new Nissan
LEAF (Fig. 5). Maximum power and torque of the electric
motor were improved to 110 kW and 320 Nm. Li-ion
battery capacity was increased to 40 kWh, while keeping

T I T R I L g

x-1 HEY—TDEREER

Table 1 Comparison of Nissan LEAF specifications

11MY|13MY|16MY|18MY

Max. power [kW] 80 80 «— | 110
Motor

Max. torque [Nm] 280 | 254 | « | 320

Max. current [Arms] | 340 | 282 | « | 456
Inverter

Weight [kg] 16.8 | 15.3 | « | 11.4
Battery |Capacity [kWh] 24 24 30 40
Driving | ;08 (Japan) [kml | 200 | 228 | 280 | 400
range

H ZE # #R No. 82 (2018-3) 4
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Fig. 6 Evolution of the electric powertrain for
the Nissan LEAF

the battery pack the same size. The major specifications of
the new Nissan LEAF are shown in Table 1 in comparison
with those of the previous models.

Figure 6 shows the evolution of each component used
in the electric powertrain since the first-generation 2011
MY Nissan LEAF. Electronics and power semiconductor
devices evolve quickly. That evolution and new innovations
can be used in a timely manner to achieve more compact
packaging and further integration for the power electronics
components like the inverter, DC/DC converter and on-
board charger (OBC). The battery chemistry has also been
improved year by year, and this evolution has been applied
to improve the battery cell technology. On the other hand,
the mechanical interface of the battery and the dimensions
of the electric motor stator/rotor have been kept the same,
but the materials and inside structure have been changed
to improve performance. Because changing the mechanical
interface would require capital investment in production
facilities, it is desirable to use these assets as long as
possible. Nissan plans to introduce a new model with higher
performance and a longer driving range, while keeping the
components the same size.

3. Evolution of Electric Powertrain Control System

An innovative feature of the new Nissan LEAF is
e-Pedal for controlling vehicle deceleration smoothly on
various road surface conditions by just operating the
accelerator pedal. Running resistance is estimated based
on the drive motor torque, and advanced cooperative
control of the mechanical brakes and the electric motor is

R R L e g

StOp

¢ ‘?\ %&4}

B-7 e-Pedal DRIEA A—T
Fig. 7 e-Pedal operation
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Fig. 8 Smooth acceleration achieved with shaking vibration
control
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used to stop vehicle extremely smoothly even on steep
grades and to hold it in that condition (Fig. 7).

One of the distinctive features of Nissan EVs is
smooth, responsive acceleration obtained by using the
excellent response and controllability of the electric motor.
The motor has been developed and refined for over 10
years as a core EV technology. As Fig. 8 shows, simply
quickening motor responsiveness causes large vibration
due to torsional resonance of the drive shaft. Nissan has
developed a shaking vibration control system using
feedforward and feedback controllers based on a control
model, which achieves both smooth and quick response.”®
The new Nissan LEAF delivers higher power performance
without sacrificing this smooth and quick response. This
controllability of the electric powertrain not only provides
driving pleasure, but also driving ease in daily use even for
inexperienced drivers. This is one reason why the Nissan
LEAF has been so popular in the global market.

4. Conclusion

The Nissan LEAF has kept the top position in
cumulative sales in the global EV market since the
first-generation model was launched in 2010. The electric
powertrain has continuously been improved to maintain
competitiveness. In 2017, the new Nissan LEAF debuted
after a full model change. It has attracted a lot of customers
just like the first-generation LEAF. Nissan is promoting
the fascination of all-electric-drive vehicles as one of the
core values of electrification.
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High Performance Motor and Inverter System for the New Nissan LEAF

i oK — & R S 1IE G e
Kazushige Namiki Tomoaki Momose Mitsuhiro Shouji

e
Kohei Murota
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Summary This article describes a newly developed motor and inverter system with maximum
torque of 320 Nm and maximum power of 110 kW for the new Nissan LEAF electric vehicle. The system
achieves this performance with no increase in size over the previous system with maximum torque of
254 Nm and maximum power of 80 kW. This performance improvement has been achieved with a new
inverter power module that adopts a direct cooling structure, motor magnets with reduced heavy rare
earth elements, and controls that optimally manage the motor voltage and the temperatures of the
power semiconductors and motor.

Key words : Power Unit, electric vehicle (EV), motor, interior permanent magnet synchronous
motor, motor drive system, inverter, power module

1. C & Ic 1. Introduction

The Nissan LEAF was released in 2010 as the
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world’s first mass-produced electric vehicle. Its cumulative
sales volume has surpassed 280,000 units, making the
Nissan LEAF the most driven EV worldwide. The Nissan
LEAF has won numerous awards, including having its
electrified powertrain selected by Ward’s AutoWorld
magazine in the U.S. for Ward’s 10 Best Engines list in 2011,
the first such powertrain ever to be given this distinguished

honor.
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Fig. 1 Appearance of the electrified powertrain and platform
of the new Nissan LEAF
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Table 1 Comparison of motor and inverter system

specifications
Previous New
model Nissan LEAF
Type IPMSM IPMSM
Max. power | 80 kW 110 kW
Motor Max. torque | 254 Nm 320 Nm
Max. speed | 10390 rpm | 10500 rpm
Mass 54.1 kg 54.1 kg
Volume 16 L 16 L
Max. current | 356 Arms | 456 Arms
Inverter Mass 15.3 kg 114 kg
Volume 13L 9L
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The motor and inverter system of the electrified
powertrain used on the new Nissan LEAF has been
downsized and reduced in weight compared with that of
the previous model. This enables the new Nissan LEAF to
achieve further performance improvements for enhancing
its powerful, high-quality driving capabilities that typify
a motor-drive system.

This article outlines the motor and inverter
system used on the new Nissan LEAF and describes the
technologies adopted for improving performance, focusing
mainly on the changes made from the previous model.

2. System Overview

Figure 1 shows the appearance of the new Nissan
LEAF’s electrified powertrain along with the vehicle
platform. The energy flow in the electrified powertrain is
shown in Fig. 2. Like the previous model, the electrified
powertrain is mounted in the motor compartment at the
vehicle front. Consisting of four modularized parts, the
overall electrified powertrain has a compact structure
that is mechanically and electrically integrated. The drive
motor serves as the vehicle’s power source. The inverter
supplies and controls the electric energy provided from the
battery to the motor. The Power Delivery Module (PDM)
consists of the charger, DC/DC converter and the junction
box. The reducer transfers the driving force produced by
the motor to the drive shaft and tires.

The appearance of the motor and inverter system
for the new Nissan LEAF and the system specifications are
shown in Fig. 3 and Table 1, respectively, in comparison
with the system used on the previous model. The maximum
power of the system has been improved from 80 kW to
110 kW and the maximum torque from 254 Nm to 320 Nm.
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Fig.3 Appearance of the motor and inverter systems for the
new Nissan LEAF and previous model
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The interfaces of the motor and inverter system on the
new Nissan LEAF with the PDM and with the reducer have
the same geometries as those of the previous model in order
to facilitate the use of existing production facilities and
reduce part costs.

The mass and volume of the inverter have been
reduced by downsizing and lightening its internal components,
which helps to improve electric power consumption. The
motor, inverter and PDM are directly connected by busbars
to facilitate exchanges of electric energy among them,
thereby forming an integrated structure. Heat generated
by electric losses occurring in the system is evacuated
outside the system by coolant flowing through internal
channels. Like that of the previous model, the motor is an
interior permanent magnet synchronous motor (IPMSM)
that provides high power performance.

Figure 4 compares the motor torque and power
characteristics of the new Nissan LEAF and the previous
model. The motor and inverter system can deliver its
maximum torque of 320 Nm from a motor speed of 0 rpm,
as a result of improving the power module in the inverter
and optimizing the thermal protection control logic for
the power module and motor. In addition, optimization of
motor voltage management enables the system to provide
maximum power of 110 kW.

The ability to deliver maximum torque from 0 rpm
and a shaking vibration control system enable the new
Nissan LEAF to provide fast acceleration response without
any hesitation compared with other vehicles, as indicated by

the response characteristics under full-throttle acceleration
GOV VVVOOVOVOVOVVVOVOVOVOVOVOVOOOOOOOOO
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shown in Fig. 5. The vibration control system was also
adopted on the previous model and serves to suppress
torsional vibration in the drive train system for achieving
quick and smooth vehicle response.

The efficiency of the new and previous motor and
inverter systems is shown in Fig. 6 in terms of the motor
speed and torque of each motor. Efficiency has been improved
over the previous model especially in the high-speed region
by optimizing power module switching operations and motor
voltage management.

3. Inverter

The flow of electric energy in the inverter was
shown earlier in Fig. 2. Energy from the battery is stored
in a smoothing capacitor that regulates the supply of
energy to the motor according to the turn-on/turn-off
switching operations of the power semiconductors in the
power module. The control signal issued by the motor
controller in the inverter is amplified by the gate drive
circuit to control the switching operations of the power
module. This contributes to the output performance of the
inverter. The following technologies were adopted for the
inverter this time to improve performance.

3.1 Higher motor torque

The output current of the inverter must be increased
in order for the motor to generate higher torque. That
requires improvement of the heat radiation performance
of the inverter and reduction of the electrical losses when
current is conducted.

The power module adopts a new structure that
improves heat radiation. Table 2 compares the structure of
the power modules used on the new Nissan LEAF and the
previous model. As the cross-sectional view of the structure
indicates, the power module adopted on the previous model
did not have any internal electrical insulation. The power
module adopted on the new Nissan LEAF is insulated
internally and has a directly cooled structure that also
integrates the coolant fins. This eliminated the need for
the insulation sheet and grease used between the module
and the radiator on the previous model. As a result, the
power module can be mounted directly on the inverter
case as shown in Fig. 7. However, because there are seal
interfaces with the coolant channels inside the inverter, the

module structure has been designed to ensure satisfactory
COOOOOVOOVOVOVVOVOVOVOVOVOVVOVOVOOVOVOOOOOOVOOOOOOS
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Fig. 8 Appearance of smoothing capacitors for
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Fig. 9 Temperature of the semiconductor chips
at the time of inverter switching

sealing performance even after aging in order to meet
identified market requirements. This has made possible
large current conduction while still reducing the size of
the power module by approximately 50% compared with
that of the previous model.

Figure 8 compares the appearance of the smoothing
capacitors used on the new Nissan LEAF and the previous
model. Inductance between the smoothing capacitor and
the power module, which influences the losses and surge
voltage of the latter device, has been reduced by 40% from
that of the previous model. This was accomplished by
expanding the laminated area of the P- and N-phase busbars,
based on a layout optimization study, and by downsizing the
capacitor by approximately 20% by applying thinner films.

Optimization of the gate drive circuit also
contributed to reducing power module losses. The trade-
off between losses that occur during turn-on/turn-off
switching operations and surge voltage, i.e., voltage
overshoot, was evaluated by comprehensively varying the
electrical characteristics of the power module. The gate
drive circuit design was determined on that basis. As a result,
power module losses were reduced by approximately 14%
compared with the previous model.

Thermal protection logic was adopted for the power
semiconductor chips used on the new Nissan LEAF. This
logic uses the power module temperature measured with a
thermistor on the power module substrate and the coolant
temperature measured with a sensor installed at the
coolant channel inlet of the inverter. The temperature of
the power semiconductor chips, which are subject to severe
temperature restrictions, was measured using an infrared
(IR) camera as shown in Fig. 9 during experimental
inverter switching operations under an applied motor
load. The correlation between the power semiconductor
chip temperature and the thermistor sensor value under
each operating condition was found and used to determine
the thermal protection specification for a condition of high
current conduction.

3.2 Higher motor output
In order to increase the motor output, it is
necessary to apply voltage to the motor that is higher than

OOV VOVOVOVOVVOVVVOVVVOVOVOVVOVOVVOVOVOVOOVOOOOOS
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Table 3 Comparison of motor voltage management
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the induced voltage at high motor speeds. That requires the
availability of high voltage for application to the motor.

The motor control software incorporated in the
inverter optimizes motor voltage management on the new
Nissan LEAF as shown in Table 3. This enables the use of a
modulation ratio up to 1.0 as the usage ratio of the voltage
output to the motor relative to the voltage input to the
inverter. This was achieved by analyzing the data recorded
for the previous model to ascertain the variation in motor
magnet characteristics due to temperature dependence. The
effects of changes in magnet characteristics were analyzed
and verified to enable use of the higher modulation ratio
that contributes to greater motor output and efficiency.

4. Motor

The disassembled components of the motor used
on the new Nissan LEAF are shown in Fig. 10. The motor
continues unchanged the basic configuration of the motor
employed on the previous model so as to facilitate use of
the existing production facilities. Neodymium magnets
are used in the rotor core. The stator core is made of thin
laminated electromagnetic steel sheet in order to reduce
iron losses. A resolver is used as the rotational position
Sensor.

4.1 Resource savings

Heavy rare earth elements such as dysprosium
(Dy) are added to the neodymium magnets used in the rotor
core to maintain magnetic force under high temperatures.
For the new Nissan LEAF, the magnet particle size was
made finer and heavy rare earth elements are diffused
only at the grain boundary interfaces as shown in Fig. 11.
These measures improve heat resistance and reduce the
quantity of heavy rare earth elements used, thereby
achieving resource savings.

4.2 Higher motor torque

The new Nissan LEAF adopts e-Pedal as a new
vehicle control function that facilitates acceleration,
deceleration and stopping by simply operating the
accelerator pedal. It was envisioned that this new function
would increase the frequency of motor use at low vehicle
speeds and also that large current conduction would be
needed to generate higher torque. Accordingly, a new
thermal protection system was adopted to protect the
motor coil.

As an example of a driving situation where the
motor coil temperature rises when current is passed, it is
assumed that current flow is concentrated temporarily in
one phase under a condition of a low motor speed. To cope
with this situation, this system adopts thermal protection
logic as shown in Fig. 12 to facilitate higher motor torque.
This logic estimates the motor coil temperature based on
the value from a single motor temperature sensor and by
using the coolant temperature and commanded current
value.
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Fig. 11 Reduction of rare earth elements for motor magnets

5. Conclusion

The motor and inverter system newly developed for
powering the new 2018 model year Nissan LEAF produces
maximum power of 110 KW and maximum torque of 320 Nm
and incorporates the following major features.

(1) A new power module with a directly cooled structure
and control logic for optimally managing the
temperatures of the power semiconductors and the
motor contribute to the attainment of higher torque.

(2) The motor core made of thin laminated electromagnetic
steel sheet and optimized motor voltage management
contribute to higher power performance and efficiency.

(3) Reduction of the quantity of heavy rare earth elements
added to the magnets contributes to resource savings.

These features and the development of motor
control logic matching the power module and motor
characteristics bring out the maximum performance of
the motor and inverter system. This makes it possible to
provide customers with powerful performance and a
unique driving feel that only an EV can deliver.

We will continue to develop this system with the
aim of achieving even higher torque and power performance
so as to meet market requirements in the years ahead.
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Electric Powertrain Control System for the New Nissan LEAF
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Summary

The new Nissan LEAF features a new powertrain that maintains the quiet, smooth, and

responsive acceleration performance characteristic of Nissan EVs, while improving the vehicle’s power
performance and driving range. We have also newly developed e-Pedal that combines braking control
with the e-POWER Drive mode incorporated in the fully motor driven e-POWER electric powertrain
adopted on the 2017 Note e-POWER. e-Pedal enables the vehicle to be accelerated, decelerated and
stopped on many roads by accelerator pedal inputs alone in cooperation with braking control. The new
Nissan LEAF achieves a driving range of 400 km in the JC08 mode as a result of improving the
efficiency of the motor/inverter, enhancing the system control and installing a large-capacity battery.

Key words : Power Unit, Performance, Electronics, power train, electric vehicle (EV)
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1. Introduction

The Nissan LEAF has proposed smooth and highly
responsive driving performance as attractive characteristics
of motor drive, since the first-generation model was
released in 2010 as the world’s first mass-market electric
vehicle (EV). The driving range of the Nissan LEAF was
extended in two minor model changes by improving driving
force control and increasing the capacity of the high-
voltage battery.

The new Nissan LEAF is equipped with an electric
powertrain that continues the attractiveness of motor drive,
which is a compelling feature of Nissan EVs, and also
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Power delivery system

PDM: Power delivery module
(DC/DC converter, charger, junction box )

Charging system
Normal/quick charging port

Drive system %
Inverter Energy storage system

High-voltage battery
Motor
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Fig. 1 Configuration of the electric powertrain
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Table 1 Comparison of component specifications

Component PreViOuS NeW
model Nissan LEAF
Motor Max. power 80 kW 110 kW
Max. torque 254 Nm 320 Nm
Inverter | Mass 15.3 kg 114 kg
Volume 13L 9L
Battery Capacity 30 kWh 40 kWh
400 M
— 32%thorque e == Previous model
g - e New Nissan LEAF
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Fig.2 Motor torque vs. speed
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substantially improves the vehicle’s power performance
and driving range.

This article outlines the new electric powertrain
system used on the new Nissan LEAF, describing its
performance and presenting an overview of its control
system.

2. Powertrain System

2.1 System configuration

The configuration of the new electric powertrain
system is shown schematically in Fig. 1. The system
consists of a drive motor for propelling the vehicle, an
inverter, a reducer, a power delivery module (PDM) that
integrates a junction box, a DC/DC converter and a
charger, and a battery as the energy source. While the
components are smaller in size than their counterparts on
the previous model, their performance has been greatly
improved. Consequently, they have been installed on the
vehicle without making any major changes to the platform.

2.2 Component specifications

The specifications of the main powertrain
components are listed in Table 1 in comparison with those
of the previous model. While the drive motor is the same
size as that of the previous model, its maximum power has
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Fig.4 Function block diagram

been improved by 35% and maximum torque by 25% as
shown in Fig. 2. The inverter has been downsized and
lightened in weight, but its maximum current has been
increased by strengthening the cooling performance. The
power and torque of the motor have been improved through
improvements made to the control system.

Like the previous model, the new Nissan LEAF
continues to be powered by a lithium-ion battery. The
battery capacity has been increased by approximately 30%
by adopting a new cell design, while maintaining the same
battery size. Its maximum power has also been increased
by approximately 14% in conjunction with the higher motor
output.

3. Vehicle Performance

3.1 Power performance

The standing-start acceleration and passing
acceleration of the new Nissan LEAF are shown in Fig. 3 in
comparison with the performance of the previous model.
Its standing-start acceleration G greatly exceeds that of the
previous model, and it also ensures powerful acceleration
in passing situations at intermediate speeds.

3.2 Driveability

The e-POWER electric powertrain adopted on the
Nissan Note incorporates an e-POWER Drive mode that
takes advantage of the motor’s characteristics to facilitate
longitudinal vehicle control by the motor torque in many
acceleration/deceleration situations. For the new Nissan
LEAF a more advanced version of eePOWER Drive called
e-Pedal was developed that works in cooperation with
braking control.

By having e-POWER Drive operate in concert with
braking control, e-Pedal can stop the vehicle under severe
conditions and hold the vehicle by means of the braking
system. For example, the vehicle can be stopped smoothly
on a steep grade and held in that condition. In addition, in
a situation where the battery is already fully charged such
as when traveling on a long downhill road, cooperative
action with the braking system compensates coasting
deceleration G. As a result, approximately 90% of real-world
deceleration events can be executed by just operating the
accelerator pedal alone.

Previously, when letting up on the accelerator
pedal and stopping the vehicle, motor torque was produced
to match the road grade so as to bring the vehicle to
a smooth stop. However, large motor torque had to be
sustained to hold a stopped vehicle on a steep road grade,
making it necessary to greatly strengthen the cooling
performance provided for the motor and inverter system.
Because e-Pedal works in concert with braking control, a
stopped vehicle can be held by the friction braking force of
the mechanical braking system, thereby suppressing heat
generation by the motor and inverter system.

In addition, energy regeneration by the motor was
previously limited after the battery became fully charged
due to charging on a long downhill road, which restricted

H ZE # #R No. 82 (2018-3) 18
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the available coasting deceleration G. Because of the
cooperative control between e-Pedal and the braking
system, coasting deceleration G is compensated, making
longitudinal vehicle control possible in many situations
through accelerator pedal inputs alone.

A function block diagram of e-Pedal is shown in
Fig. 4. With e-POWER Drive, the driving force demanded
by the driver is determined on the basis of the vehicle
speed and the accelerator pedal angle, and a motor torque
command is issued. However, when the e-Pedal mode is
selected, the driver’s requested driving force is constantly
distributed between the motor torque and friction braking
force so as to ensure smooth braking action. Moreover,
similar to eePOWER Drive, motor torque is compensated
according to the road load such as the road grade. In
addition, by working in concert with the braking system,
e-Pedal makes it possible to stop and launch the vehicle
smoothly by accelerator pedal inputs alone on a steep 30%
road grade, which is one of the severest conditions in real-
world driving.

Figure 5 presents data for cooperative braking by
motor torque and the mechanical braking system during
coasting deceleration in the e-Pedal mode under a
condition where regenerative motor torque is limited by
the high state of charge of the battery. When the e-Pedal
mode is selected, the driver’s requested driving force is
distributed between the motor torque and the braking
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force of the friction braking system. Consequently, the
friction braking force can sustain the coasting deceleration
G, enabling longitudinal vehicle control at all times by
accelerator pedal inputs alone.

Figure 6 presents data for stopping and launching
the vehicle in the e-Pedal mode on a 30% uphill grade.
The system assumes a steep uphill grade and smoothly
controls the motor torque and friction braking force in
concert to facilitate the vehicle launch on the steep slope.
For stopping the vehicle, on the other hand, the motor
torque is used to stop the vehicle smoothly. After the
vehicle is stopped, the work done by the motor torque is
transferred to the friction braking force to hold the stopped
vehicle. This cooperative action prevents the temperature
of the motor and inverter system from rising and facilitates
stable stopping of the vehicle.

3.3 Driving range

The cell arrangement of the battery used on the new
Nissan LEAF continues that of the previous model with
96 cells connected in series in two rows. The capacity per
cell was improved to attain a battery capacity of 40 kWh,
enabling the new Nissan LEAF to achieve a driving range
of 400 km (Fig. 7).

Moreover, the efficiency of the motor and inverter
system was improved by reducing iron losses through
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a material change to a low-loss electromagnetic steel
sheet and by reducing power module switching losses as
a result of increasing the gate drive speed. System control
incorporates coasting deceleration G that efficiently
recovers regenerative energy during vehicle deceleration.

Figure 8 compares the characteristics of coasting
deceleration G in the Eco mode between the previous and
new models. Previously, coasting deceleration G was
designed in reference to that of an engine-mounted
vehicle. However, the friction braking system produced
losses in cooperative action with motor regenerative
deceleration when the brake pedal was operated in the low
and intermediate speed ranges. In order to reduce such
losses, deceleration G due to regenerative motor torque
was expanded to reduce the frequency of using the friction
braking system, which contributed to extending the
driving range. In the high-speed range, on the other hand,
because the frequency of depressing the brake pedal is
low, coasting deceleration G was weakened to reduce motor
losses caused by unnecessary acceleration and deceleration.

In situations involving cruising at intermediate to
high speeds, unnecessary acceleration/deceleration
previously occurred due to the driver’s slight operation of
the accelerator pedal, which increased motor losses. To
reduce such losses, the new Nissan LEAF also adopts a
gliding control feature like that included in the e-POWER
system on the Nissan Note.

Figure 9 shows the driving force distribution on
a suburban road in Japan. It is seen that the driver is
unconsciously accelerating/decelerating the vehicle
slightly while cruising. Because this repetition of slight
acceleration/deceleration occurs in the region of low motor
efficiency, the increase in motor losses cannot be ignored.
Figure 10 shows the configuration of the gliding control
that was adopted to improve this situation. Like the Note’s
e-POWER system, the driver’s slight accelerator pedal
inputs are cancelled in the vicinity of the driving force
needed for cruising according to the vehicle speed, thereby
reducing motor losses (Fig. 11). This gliding control
improves the practical driving range of the new Nissan
LEAF by approximately 6%.

4. Conclusion

The new Nissan LEAF provides powerful acceleration
owing to the improved torque and power of the electric
powertrain while continuing the smooth, responsive
acceleration performance that is a distinctive feature of
Nissan EVs. It also adopts e-Pedal that enables longitudinal
vehicle control in various driving situations by means of
accelerator pedal inputs alone. e-Pedal was developed by
further improving cooperative control with the braking
system in the e-POWER Drive mode incorporated in the
e-POWER electric powertrain used on the Nissan Note
released in 2016.

In addition, the driving range of the new Nissan
LEAF was extended to 400 km under Japan’s JCO08
emission test mode. That was accomplished by adopting



EHEY—TJDOEE)/NT— A VEIY AT L

5. 2 £ X @t

1) K. Yoshimoto et al.: Strategic Development Plan
of Electrical Powertrain, Proc. of 26th Aachen
Colloquium Automobile and Engine Technology
(2017).

2) S. Nakazawa et al.: The Nissan LEAF Electric
Powertrain, 32nd International Vienna Motor
Symposium (2011).

3) H. Shimizu et al.: Development of an Integrated
Electrified Powertrain for a Newly Developed
Electric Vehicle, SAE Paper No. 2013-01-1759 (2013).

4) T. Nakada et al: The New Electric Powertrain on the
2013 MY Nissan LEAF, Proc. of 34th International
Vienna Motor Symposium (2013).

W=E&  Author(s)ll

Y d¥)

] F& HI HOE £ 0
Yoshinori Seki Takahisa Kurosawa

a high-capacity battery, improving the efficiency of the
electric powertrain, and reducing motor power losses in
the practical driving range, among other improvements.
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Summary

When driving in the e-Pedal mode, the drive motor generates powerful regenerative

torque and the direction of motor torque frequently changes. Drive shaft torsional vibration is induced
by the impact of gear backlash that occurs when motor torque reverses direction. A new method has
been developed for controlling drive shaft torsional vibration to secure smooth acceleration and

deceleration.

Key words : Electronics, Vibration, electric vehicle (EV), electric motor, electronic control, gear

backlash
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1. Introduction

The e-Pedal function newly adopted on the new
Nissan LEAF all-electric vehicle (EV) enables the driver to
accelerate, decelerate and stop the vehicle by operating
just the accelerator pedal. It helps to lighten the driver’s
operational workload by reducing the frequency of
switching the foot to depress the brake pedal. This
function is especially effective in situations involving
repeated acceleration, deceleration and stopping due to
surrounding traffic conditions, actions that are typical of
city driving.

Because acceleration and deceleration are
accomplished by the drive motor with this function,
situations frequently occur in which there is a reversal of
direction between drive torque and regenerative torque.

T e T R

Battery
Drive shaft
Inverter
Ac‘;}gﬁtor [ ithiyy Gear
Vehicle Motor Driver
,ﬁ_' g?;l(ﬁtfé T controller [ Power
device

M-1 BRERI AT LB

Fig. 1 Configuration of drivetrain system
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The impact of gear tooth contact occurring at that time
induces torsional vibration in the drive shaft, giving rising
to vehicle longitudinal vibration. The drive shaft torsional
vibration control? technique used on the previous LEAF
model suppressed such vibration without sacrificing the
high responsiveness of the drive motor, but there was an
issue that slight vibration remained in situations where
torque reversed directions. Therefore, we endeavored to
improve further the performance for controlling drive shaft
torsional vibration in order to secure smooth acceleration/
deceleration with e-Pedal.

This article describes a new method for controlling
drive shaft torsional vibration in order to ensure smooth
acceleration/deceleration by suppressing vibration due to
gear backlash.

2. Configuration of Drivetrain System

Figure 1 shows the configuration of the drivetrain
system used on the new Nissan LEAF. As the drive motor,
the vehicle is equipped with an interior permanent magnet
synchronous motor IPMSM). The vehicle control module
determines the motor torque command value according to
the vehicle state, including the accelerator pedal angle,
vehicle speed, state of charge of the lithium-ion battery
and other conditions. The motor controller controls the
motor torque via the power device according to the motor
torque command value received from the vehicle control
module. The drive shaft torsional vibration control system
is incorporated in the motor controller.

3. Control System

3.1 Vehicle model
Figures 2 and 3 respectively show the models of

the drive torque transmission system of an EV and the
COOCOCVOOOCVOOOVOVOOOVVOOVOVOVOVOVOOVOVOOOOOOOOOOOCS

Tire

Motor T,

m

Drive shaft Gear

X-2 BRENVIGEERETIV
Fig. 2 Driving torque transmission model

F Wheels

-3 EFEREHET IV

Fig. 3 Model of forward/backward motion of the vehicle body
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forward/backward motion of the vehicle body, which were
used to derive a system for controlling drive shaft torsional
vibration. The equations of motion for the vehicle
represented in Figs. 2 and 3 are expressed as shown below
in Eq. (1).

d T,
Jmem_ Tm —F

d
2JwEaJw: T,— rF

d., _
MV =F )

Td=Kd ﬂd
F=K(rw,—7V)

Wy
gd: f(W—a)w)dt

The parameters are defined as follows:

J,,  :motor inertia

Iy :inertia of one drive wheel

M :vehicle equivalent mass including driven wheel
inertia

K,  :torsional rigidity of drive shaft

K, : coefficient for tire-road surface friction

N : overall gear ratio

r : radius of tire load

T,  :motor torque

T, : drive shaft torque

F : driving force

w,, :angular velocity of drive wheels
V : vehicle body velocity
0,  :drive shaft torsional angle

Based on the equations of motion in Eq. (1), the
transfer function G,(s) consisting of Ty, as the input and
the motor angular velocity @y, as the output are found with
the following Eqgs. (2) and (3).

w,, = G,(s)T,, 2

3 2

1 Bas® + Brsc + Bys + 0

Gp(S)=§' 3 3 2 5 ! 0 3)
0!3S +(X2S +0£1S+0!0

The constants are defined as follows:
az = 2J,J,M
a, = K.J,(2J, + r*M)
a; = K,M(J,, + 2J,,/N*)
ay = K,K,(J,, + 2J,,/N* + r>M/N?)

Bs = 2J,M

B, = K, (2J,, + }’2]\/1)
B = KM

Bo = KK,

Next, Eq. (3) is reorganized to obtain Eq. (4)
expressed as:
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The frequency characteristics of the motor angular
velocity W, were found in relation to the motor torque Tr,
using the specifications of the new Nissan LEAF. The
results are presented in Fig. 4 as the vehicle response. The
results indicate that the vehicle has a pronounced
resonance characteristic around 9 Hz.

3.2 Configuration of drive shaft torsional vibration
control system

As shown in the block diagram in Fig. 5, the
system for controlling drive shaft torsional vibration
consists of a feedforward compensator and a feedback
compensator.

3.2.1 Feedforward compensator

The feedforward compensator calculates the
feedforward torque command value 7% by subtracting
from the toque command value 7% the value obtained by
multiplying by gain D the derivative of the estimated
drive shaft torque value Td calculated by the vehicle model.
The vehicle model also calculates the reference response
@, of the motor angular velocity Wy, .

Based on the equations of motion in Eq. (1), the
transfer function G,(s) consisting of the motor torque Tp,
as the input and the drive shaft torque Ty as the output
are found with Egs. (5) and (6), respectively.

7,=G,(s)T,, 5)

G (s) = AR ©
a3s3 + oczs2 +oys + o

R R - e R R =

+K’
___________________________ T ,
: - A O + Vehicle ]

+
: , +
: Vehicle I T
T, A model —
with

backlash

_______________________________

Feedback compensator

-5 BREpEM1a U DIRENHIGES A5 L
Fig. 5 Drive shaft torsional vibration control system
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i e
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Fig. 6 Backlash characteristic of drive shaft torque
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The constants are defined as follows:
7= 2K4J,,MIN
Vo = KuK,(2J,, + r*M)N

Next, Eq. (6) is rearranged to obtain Eq. (7)
expressed as:

4Lt @

Gils) = as(s + a)(s* + 28,0p s+ w%)

An investigation of the poles and zeros of Eq. (7)
reveals that @ = Y,/V1, so the transfer characteristic of
the drive shaft torque can be approximately expressed as
shown in Eq. (8).

&
8
s2+2(pwps+w}, ®

Gt(s) ~
where
8, = 1o/ (aza)

By subtracting from the input motor torque Tr,
the value obtained by multiplying the drive shaft torque
T, by the differential gain D, Eq. (9) is obtained.

&
= T, — DsT, 9
S2+2prps+a)12,(”' sTy) (€)

Ty

Reorganizing Eq. (9) yields Eq. (10) expressed as:

= & T
52+ (2¢,0p + gD)s + wg "

T, (10)

By letting Eq. (11) represent gain D, the
attenuation coefficient of the drive shaft torque transfer
characteristic becomes 1, making it possible to control
drive shaft torsional vibration.

p=2(1-{)w,/g, (1)

In addition, by modeling the backlash
characteristic of the drive shaft torque in the dead zone, it
can be expressed as shown in Eq. (12) and Fig. 6. The
notation 0., is the total value of the backlash from the
motor to the drive shaft. By taking into account the dead
zone characteristic of backlash in the vehicle model in the
feedforward compensator, the compensator can calculate
the feedforward torque command value for controlling
drive shaft torsional vibration induced by backlash.

Ki0=2) (=)

2
(— 2t < g, <%t} (19)

(==

2

T, = 0
0+

3.2.2 Feedback compensator

Drive shaft torsional vibration can theoretically by
suppressed by applying the feedforward compensator
described in the preceding section. However, there are
times when sufficient control performance cannot be
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Fig. 8 Experimental results for drive shaft torsional vibration
control for acceleration response from deceleration

obtained in an actual vehicle due to the effects of modelling
error or external force input from the road surface, among
other factors, all of which are referred to here generically
as disturbances. Therefore, a feedback compensator is used
in parallel for the purpose of removing the effects of such
disturbances.

The notation H(s) used in the feedback compensator
shown in Fig. 5 represents a band-pass filter. As indicated
in Eq. (13) below, it serves to make the central frequency
coincide with the natural vibration frequency @, of the
controlled object.

2(1=())wp s
2

_— 13
S2+2a)ps+wp (13)

H (s)=
In the control system shown in Fig. 5, by deriving
the response of w,, from Eq. (2) and Eq. (4) in relation

to disturbanced, a response without any resonance
characteristic is obtained as shown in Eq. (14) below.”

Bys + Bos® + Bis + B 4 10

1
®,= <"
TS ag(sta)(s?+2wp s+ wp)

Figure 7 compares the frequency characteristics
obtained with and without the feedback compensator.

4. In-vehicle Test Results

Figure 8 shows the vehicle response obtained in
an experiment where a vehicle traveling at a speed of
approximately 10 km/h was decelerated by regenerative
torque and then re-accelerated by an accelerator pedal
input. These driving conditions were designed to represent
a situation with acceleration/deceleration inputs via the
accelerator pedal while driving in a congested traffic lane
under the e-Pedal mode.

In the case of the conventional control system
where the backlash characteristic was not taken into
account in the feedforward compensator, drive shaft
torque overshoot occurred, giving rise to vehicle
longitudinal vibration. With the newly developed control
system in which the backlash characteristic is taken into
account in the feedforward compensator, drive shaft
torque overshoot did not occur, and the fluctuation
amplitude of vehicle longitudinal acceleration was reduced
from approximately 0.5 m/s? to approximately 0.2 m/s?
These results indicate that the smooth acceleration/
deceleration performance characteristic of e-Pedal was
obtained.

5. Conclusion

This article has explained a newly developed
method for controlling drive shaft torsional vibration
induced by gear backlash. With this control method, the
vehicle model in the feedforward compensator takes into
account the gear backlash characteristic. This makes it
possible to control the vibration due to gear backlash that
occurs in situations involving a reversal of direction
between regenerative torque and drive torque. As a result,
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6. & # W Wt the new Nissan LEAF provides smooth acceleration/
deceleration by the drive motor.
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Nissan developed the e-Pedal system for true one-pedal vehicle operation, enabling
drivers to accelerate, decelerate and stop by using just the accelerator pedal. Highly responsive and
smooth vehicle control is enabled by precise motor control. This is the first time this type of technology
can bring the vehicle to a full stop and hold it, even on a slope, making it a real comfort feature during
stop-and-go driving, such as when commuting in major metropolitan areas. Today, strong coasting
deceleration is one iconic feature of EVs, however, e-Pedal has more useful functionality thanks to its
capability to fully stop and hold the stationary vehicle.

Key words : Electronics, regenerative-friction brake coordination, EV and HV systems, brake-by-

wire, antilock braking system (ABS), ABS, accelerator pedal
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1. Introduction

A current trend in functions symbolizing the
inherent nature of electric vehicles (EVs) is strong
regenerative braking action by the drive motor during
coasting with the foot off the accelerator pedal. Nissan
provides this function, referred to here as “strong coasting
deceleration,” in the e-POWER electric powertrain.
Electronically controlled regenerative-friction brake
coordination technology has been integrated with strong
coasting deceleration control to develop the e-Pedal system
that further expands the range of deceleration possible
by operating the accelerator pedal alone and also assists
in stopping the vehicle. The system greatly reduces the
driver’s operational workload involved in switching between
pedals and provides peace of mind by automatically holding
the stationary vehicle on slopes. Moreover, it also provides
a new sensation of driving pleasure based on vehicle control
by operating the accelerator pedal (Fig. 1).

This article outlines the functions, performance
and benefits of e-Pedal. It also explains the results of an
investigation into changes in drivers’ operational behavior
when using this system.
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AT LBFEER EV and HEV System Engineering Department
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2. System Configuration

The configuration of the e-Pedal system is shown in
Fig. 2. Its principal functions are located in four systems:
a vehicle control module (VCM), an electrically driven
intelligent brake (EDIB) system, a chassis controller and a
motor/inverter system. The coordinated operation of these
systems facilitates the functions of e-Pedal.

In short, the VCM calculates the target drive/
braking torque based on the position of the accelerator
pedal. It then sends a request for braking torque to the
EDIB system, which optimally distributes the braking
torque between friction braking torque and motor-based
regenerative braking torque. Friction braking torque is
produced by the EDIB system and regenerative braking
torque is produced by the motor and inverter system via
the VCM.

When stopping the vehicle, the chassis controller
calculates torque for stopping and holding the vehicle
according to the road grade. The EDIB system functions
to hold the stationary vehicle via the friction brakes. The
chassis controller also calculates torque compensation for
the target drive/braking torque and illuminates the brake
lamps.

3. Overview of Control Functions

The e-Pedal system is mainly composed of
deceleration and stopping functions. The former consists
of a deceleration function that is a key element of strong
coasting deceleration, a regeneration coordination function
and a regenerative-friction brake coordination function for
slippery road surfaces and curves. The latter consists of a
function for fully and smoothly stopping and a function for
holding the stationary vehicle. These are elements for
achieving comfortable and reliable stopping and holding
capabilities that facilitate everyday use. The following
sections explain these functions in detail.

3.1 Strong coasting deceleration function

Similar to the strong coasting deceleration function
of e-POWER, this function produces larger deceleration
than that of a conventional vehicle according to the
accelerator pedal angle. The e-Pedal system, however, is
designed to generate maximum deceleration of 2 m/s? (0.2
G). It can also cover a larger range of deceleration than
e-POWER and reduces the driver’s operational workload of
switching between pedals.

Figure 3 shows a distribution of deceleration
occurring in the major markets of Japan, the U.S. and
Europe. The results indicate that deceleration of 2 m/s?
(0.2 G) covers over 90% of the frequency of driving
situations requiring braking action in each market. The
high-speed region is one where strong deceleration is not
frequently needed because the changes in vehicle speed
are small and there is also a large deceleration effect due
to wind resistance. Accordingly, the e-Pedal system is
designed to suppress any jerky feeling as it does not
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generate deceleration much larger than what is generally
necessary.

It will be noted that brake pedal operation is
necessary in any driving situation where strong deceleration
is needed for risk avoidance.

3.2 Regeneration coordination function

It is well known that the range of torque producible
by regenerative braking varies according to the battery
state of charge and temperature. In order to obtain larger
deceleration when the accelerator pedal is fully released, it
is necessary to always generate stable deceleration relative
to the operation of the accelerator pedal. For that reason,
braking force for compensating deceleration is necessary
when the amount of torque producible by regenerative
braking has declined.

Therefore, the e-Pedal system is designed such
that deceleration is compensated by friction braking
when regenerative braking cannot function fully. This
is accomplished by using electronically controlled
regenerative-friction brake coordination technology. This
electronically controlled regenerative-friction brake
coordination technology is the braking system equipped on
the previous Nissan LEAF model. Because regenerative-
friction brake coordination is also available when the
brake pedal is depressed, energy can be recovered efficiently
by regeneration regardless of whether e-Pedal is turned
on or off. This technology facilitates both stable e-Pedal
deceleration performance and extension of the driving
range.

3.3 Regenerative-friction brake coordination
function for slippery road surfaces and curves

In the case of two-wheel-drive vehicles, attempting
to obtain strong coasting deceleration by regenerative
braking on a slippery road surface generates strong braking
force only at the two drive wheels. Consequently, tire lockup
tends to occur at the drive wheels, making it difficult to
steer the vehicle or the vehicle is apt to start spinning.
However, if regenerative braking torque is weakened to
avoid such states, vehicle deceleration is reduced.

In addition, if strong coasting deceleration is
performed on a curve, other vehicle states must be
envisioned in the event the braking force is unbalanced
between the front and rear wheels. For example, front-
wheel-drive vehicles may display oversteer behavior due to
a tuck-in tendency or an understeer tendency due to the
locking of the front wheels.

The e-Pedal system also uses electronically
controlled regenerative-friction brake coordination
technology to suppress such vehicle behavior. This is done
by adjusting the distribution of regenerative braking
torque and friction braking torque at the four wheels to
match the slipping state of the drive wheels or the vehicle’s
spinning state. As a result, unstable vehicle behavior
is precluded while stably obtaining strong coasting
deceleration, thereby enabling maximum recovery of
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energy through regeneration.

On icy and other extremely slippery road surfaces,
there are times when the tires may tend to lock up even
though the braking force distribution to the four wheels is
optimized by the friction braking system. This is caused by
the fact that the desired coasting deceleration is too large
for the road surface . It can be avoided by depressing the
accelerator pedal slightly to lessen coasting deceleration,
but this operation requires experience on the driver’s part.
Accordingly, e-Pedal automatically corrects and reduces
the coasting deceleration requested by the system if a tire
lockup tendency is apparent even after switching solely to
braking by the friction brakes at all four wheels. At this
time, coasting deceleration is corrected until the tire
locking tendency is reliably controlled. Because this gives
the tires some friction force margin, it leaves leeway for
the driver’s steering action and further depression of the
brake pedal. Therefore, it maintains drivers’ capability to
control the vehicle themselves on slippery road surfaces.

3.4 Road grade compensation function

The e-Pedal system incorporates a function for
compensating drive torque so as to cancel the effect of the
road grade. This reduces the driver’s workload for adjusting
pedal operations, such as depressing the accelerator pedal
according to an uphill grade or depressing the brake pedal
on a downhill grade so that the vehicle speed does not
increase excessively.

The system estimates the road grade based on the
relationship between drive motor torque and vehicle
acceleration/deceleration as well as information mainly
on the friction braking force. Based on the estimated road
grade, it adds to the motor torque an amount of torque
sufficient for overcoming the road grade. However, the
amount of torque compensation must be at a level that
does not cause the driver any unnatural feeling due to a
large difference between the expected vehicle behavior
and the actual behavior (Table 1). Toward that end, the
support range of the road grade compensation function
has been set at +10% of the road grade based on the road
design standards in various countries (Table 2).

3.5 Stopping function

With the e-Pedal system, simply releasing the
accelerator pedal decelerates the vehicle to a complete
stop on slopes and then automatically holds the stationary
vehicle. This function reduces the frequency of switching
from the accelerator pedal to the brake pedal.
3.5.1 Function for complete, smooth stopping

When the driver releases the accelerator pedal
while driving, accurate control of the driving force of the
drive motor functions to decelerate the vehicle to a speed
of 0 km/h, bringing it to a complete stop. In order for the
drive motor to completely stop the vehicle on a slope,
precise motor control is required for generating drive
torque matching the road grade at exactly the same time
the vehicle reaches a speed of 0 km/h.
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Reduces the amount of Z?:b 59, B ASHE E 70U VK
accelerator pedal depression. | (722

s . . Vehicle seemingly doesn’t move
. T ENAREND2EE T | forward despite depressing the

Acceleration | A 7 g/ accelerator pedal.

Reduces two-stage depression
of accelerator pedal to the
desired pedal angle.

JE D ORFD B, BOEER | 7 L— % _RE VKSR 2 O
R/ TLE S FEDMENE S D

Surrounding scenery gives Reduces frequency of switching
the impression of reduced foot to depress the brake pedal.
deceleration.

Deceleration

Motor torque control is performed to reduce any
vehicle jerking just before the vehicle is brought to a stop.
This makes it possible to stop the vehicle smoothly, like
an experienced driver does, without needing to adjust the
accelerator pedal.

It will be noted that the road grade range in which
the vehicle can be completely stopped just by releasing the
accelerator pedal is from an uphill grade of approximately
30% to a downhill grade of approximately 10%. This range
was defined to avoid giving the vehicle occupants any
unnatural feeling due to a physical perception of excessively
strong braking between braking by the e-Pedal system
and acceleration due to gravity.

3.5.2 Function for holding stationary vehicle

After the vehicle stops completely, a transition
occurs from a stopped state due to drive motor torque to a
state of holding the stationary vehicle by the friction brake
system. The necessary friction braking force is calculated
based on the estimated road grade mentioned above. The
stationary vehicle can be held on both uphill and downhill
grades of up to approximately 30%.

The e-Pedal system also incorporates a function for
increasing the friction braking force if vehicle movement
such as slipping backward is detected while it is being held
by the e-Pedal system. This ensures more reliable holding
of the stationary vehicle. It also mitigates any change in
vehicle behavior before the driver applies the brake pedal
in the event that the vehicle moves on a slope or in some
other place.

4. System Benefits and Investigation of Change in
Driving Behavior

4.1 Benefit of reducing driver’s workload

Figure 4 shows the number of brake pedal
applications with/without the e-Pedal system. Cases A to D
are the results obtained during urban driving in the U.S.
and cases E to H are the results for urban driving in Japan.
The course, distance driven, time and other measurement

R o R e R e -

x-2 BEDERDE

Table 2 Road grades in various countries

Design | Japan

Fresd sy
Ak e

Germany| France | Austria

lat t
e ating | ainous

20 9(12)
30 8(11)
32 9 12 14 8 11 16
40 7(10) 8 9
48 9 11 12 7 10 14
50 6(9) 8 8

60 5(8) 8 7
64 9 10 10 7 9 12
70 7 6
80 4«7 4 5 7 7 8 10 6 8 10 6 6 5
90 5
96 3 4 6 6 7 9
100 3(6) 4.5 5 3
112 3 4 5 5 6 7
120 2(5) 4 4 3
140 3

() special values ##{3ft

Japan: Road Construction Law ;##3#%i%7, America: AASHTO, Germany: RAS-L, France: ICTAAL, Austria: RVS

H - [EATEE [E RIS S RTZERT EEEE 667
Source: National Institute for Land and Infrastructure Management, Ministry
of Land, Infrastructure, Transport and Tourism, Document No. 667
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conditions differed in each case. However, it is seen that
the number of brake pedal applications was substantially
reduced with the e-Pedal system in all the driving tests.
These results indicate that the e-Pedal system contributes
to reducing the driver’s workload of switching between
pedals. In addition, the reduction rate of around 90% agrees
reasonably well with the envisioned effect based on the
deceleration distribution shown earlier in Fig. 3 for three
selected markets.

Figure 5 shows the results of an analysis of the
factors involved in the brake pedal applications in Fig.
4. The greater majority of the applications were for
deceleration. However, it is inferred that the amount of
reduction in brake pedal applications is influenced by
various factors such as the driving environment, individual
driving styles and the amount of experience with the
system. Therefore, it is difficult to discuss the variation
seen in the reduction effect in each driving test. Brake
pedal application for the purpose of deceleration means
that there were driving situations where deceleration
exceeding that set for e-Pedal was necessary. Even in those
situations, the driver was able to depress the brake pedal.

The single application of the brake pedal measured
in all driving tests at start-off is attributed to the test
vehicle specifications themselves. Such instances should
be excluded from any examination of the effectiveness of
the e-Pedal system. In contrast, brake pedal application
while the vehicle was stopped is only seen in limited cases.
This is attributed to the effect of the system in reliably
holding the stationary vehicle by the friction brake
system. Therefore, it contributed to reducing the driver’s
operational workload.

Figure 6 compares drivers’ behavior with and
without the system when driving on a winding downhill
road. In this evaluation, the preceding vehicle was equipped
with the e-Pedal system and the following vehicle was not.
This method was used to avoid any large difference in the
average driving speed. The vehicles were driven under the
assumption of ordinary speed limits.

The results show a large difference in brake pedal
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application. The driver of the vehicle without the system
frequently applied the brakes to adjust the vehicle speed.
In contrast, the driver of the vehicle with the e-Pedal
system never depressed the brake pedal at all and drove
down the evaluation course by operating only the accelerator
pedal. Whenever the vehicle speed rose unintentionally or
it was necessary to adjust the speed just before a curve,
the e-Pedal system markedly reduced the troublesome
operational workload of having to switch from the
accelerator pedal to the brake pedal.

4.2 Benefit of smoothing vehicle speed changes
and longitudinal acceleration

Figure 6 shows the results of a further
confirmation of the effectiveness of the system when
driving on a winding downhill road. An examination of the
operation of the accelerator pedal of the vehicle with the
e-Pedal system shows that there were only a few instances
when the pedal was returned to a fully released position.
This indicates that the driver was constantly operating
the accelerator pedal to adjust the vehicle speed. As a
result, the range of change in the vehicle speed was smaller
for the vehicle with the system than for the one without
it. This indicates that lateral acceleration also changed
smoothly for the vehicle with the system. Figure 7 presents
an enlarged view of some of the data in Fig. 6.

For the vehicle without the system, a relationship
is seen between brake pedal application and overshoot of
the change in vehicle speed. As indicated by the dashed-
line arrows, the brake pedal was depressed right after the
vehicle speed rose to a higher level and the pedal was
released after the vehicle speed became too low. This
driving pattern is frequently seen.
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In addition, as indicated by the dot-dashed-line
arrows, deceleration by returning the accelerator pedal
and re-acceleration by depressing it occurred at an earlier
timing for the vehicle with the system than for the one
without it. This difference in driving behavior appeared
because unnecessary changes in vehicle speed were reduced
by the e-Pedal system to support smooth longitudinal
acceleration.

Figure 8 shows the relationship between
accelerator pedal operation and longitudinal acceleration/
deceleration with and without the system. The results reveal
that acceleration/deceleration was continuously linked to
the operation of the accelerator pedal. This characteristic
facilitates smooth control of the vehicle speed and makes
it easy to finely adjust the load balance between the front/
rear wheels by operating the accelerator pedal, thereby
leading to improved handling performance.

Moreover, this characteristic is effective in
situations where fine control of the drive/braking force of
the tires is necessary such as on icy road surfaces. Figure
9 presents test data for deceleration and crawling with a
system-equipped vehicle. Adjustment of the accelerator
pedal smoothly increased deceleration, and the accelerator
pedal was fully returned at around a vehicle speed of 15
km/h. Operation of the accelerator pedal is effective even
for large deceleration, and stable deceleration can be
maintained by the regenerative-friction brake coordination
function explained earlier even when the tires are slipping.
These capabilities make it easy to obtain the necessary
deceleration by returning the accelerator pedal even on
snow-covered roads. This enables easy vehicle speed
control by simply adjusting the position of the accelerator
pedal.

Subsequently, the driver lightly depressed the
accelerator pedal just before the vehicle stopped. Because
of the nature of the calculation logic used for determining
the wheel speed, the time graph shows a speed of 0 km/h,
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but the vehicle was actually creeping at a speed of around 1
km/h in this situation. Operation of the accelerator pedal
enables continuous driving force control from deceleration
to acceleration, and driving force is accurately linked to the
operation of the accelerator pedal. These capabilities make
it possible to control both the driving force and vehicle
speed as the driver wishes even on snow-covered roads.
This facilitates smooth driving without any tire slipping or
sudden changes in longitudinal acceleration.

These driving characteristics relieve the driver’s
stress and allow relaxed driving even on icy road surfaces
where careful attention must be paid to the operation of
the accelerator pedal and brake pedal.

4.3 Changes in driving behavior

Unlike a conventional automatic transmission (AT)
vehicle, the operational style suitable for smooth driving
with the e-Pedal system is for the driver to constantly
adjust the accelerator pedal appropriately without
completely releasing the pedal. Accordingly, it is assumed
that drivers’ degree of experience with this system will
appear in their manner of operating the accelerator pedal.

Figure 10 shows the amount of accelerator pedal
operation and distance to a stopping target when the
vehicle was decelerated toward the target and stopped by
just operating the accelerator pedal. A comparison is made
between driving behavior before and after the subjects
gained experience with the operation of the e-Pedal system.
Subjects without any experience with the system completely
released the accelerator pedal even for slight deceleration
and then subsequently repeatedly depressed the pedal. As
a result, operation of the accelerator pedal involved more
work, and the rate of deceleration was not constant. In
contrast, after experiencing the operation of the system
during driving for about one hour, they suitably adjusted
the accelerator pedal without completely releasing it and
also brought the vehicle to a stop at a constant rate of
deceleration.

5. Conclusion

The e-Pedal system adopted on the new Nissan
LEAF combines electronically controlled regenerative-
friction brake coordination technology with the strong
coasting deceleration function of eePOWER. This expands
the range of deceleration possible with the accelerator
pedal and also supports the capability to stop and hold the
vehicle. Consequently, vehicle speed control by means of
the accelerator pedal alone is possible in nearly all
everyday driving situations. As a result, the frequency of
switching between pedals is markedly reduced to lighten
the driver’s operational workload.

Driving with the e-Pedal system requires suitable
adjustment of the accelerator pedal at all times, which
tends to differ from pedal operation in conventional
AT-equipped vehicles. However, it is easy to become
familiar with the method of driving with e-Pedal. Once
drivers are familiar with the system, smooth vehicle
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motions and other benefits are reliably obtained.
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Summary

Nissan is pursuing R&D activities along two strategic axes of electrification and

intelligence. In 2017, Nissan launched the new Nissan LEAF electric vehicle powered by a high-capacity
lithium-ion battery that was developed in an electrification program. Electric vehicle performance, such
as driving range and power performance, is highly dependent on battery performance. This article
describes the development of a high-capacity lithium-ion battery for the new Nissan LEAF.

Key words : Automotive General, electric vehicle (EV), new model, lithium-ion battery, battery
pack design, lithium-ion cell, laminated cell
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1. Introduction

Nissan began focusing on the potential of lithium-
ion batteries for automotive use in 1992 ahead of other
competitors and has continuously pursued R&D efforts for
electric vehicles (EVs), hybrid electric vehicles (HEVs)
and fuel cell electric vehicles (FCEVs), including repeated
market introductions of these vehicles. By making effective
use of the know-how gained in this process, Nissan has
developed a complete and coherent suite of electric vehicle
technologies, ranging from the battery cell level to the
vehicle level. In 2010, the Nissan LEAF mounted with a
lithium-ion battery was launched as the world’s first mass-
produced EV.*?

The knowledge gained with the first-generation
Nissan LEAF, including information on driving styles
unique to EVs, has been reflected in all the components

and in the design of every battery part. Consistent efforts
COOCOCOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOS

M-1 HBEHEY-TJEUFOLAFTVINvTY
Fig.1 New Nissan LEAF and lithium-ion battery

*EV - HEV /N w 7 1) — [ %#6 EV and HEV Battery Engineering Department
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have been made to develop fundamental technologies and
production engineering techniques and to adapt them
continuously to vehicles over the years. As a result, the
driving range and other performance attributes of the
Nissan LEAF have continually evolved through the
execution of two minor model changes. A full model
change was then carried out and the new generation of the
Nissan LEAF fitted with a high-capacity lithium-ion battery
was put on the market in October 2017 (Fig. 1).

The performance of an EV, including its driving range,
power performance (input/output characteristics) and
other attributes, is largely dependent on the fundamental
performance of the battery. For the driving range in
particular, it is important to increase the amount of energy
stored in a given battery size, i.e., to improve the energy
density per unit volume. The newly developed high-
capacity 40 kWh battery has approximately 67% more
energy density than the 24 kWh battery used on the first-
generation model. This improvement made it possible to
equip the new Nissan LEAF with a higher capacity battery
without changing the battery size, thereby achieving a
driving range of 400 km under Japan’s JCO8 emission test
mode. The driving range is double that of the first-
generation model with a 24 kWh battery and more than
40% greater than that of the minor-change model with a 30
kWh battery (Fig. 2).

This article describes the development of this high-
capacity lithium-ion battery used on the new Nissan LEAF.Y

2. Development Overview of High-capacity Battery

The energy density per unit volume of the newly
developed high-capacity 40 kWh battery was improved by
approximately 67% through two principal measures, while
achieving a balance between performance and reliability.
One measure was to adopt electrode materials with high
energy density for the cells. The other was to improve
the volumetric efficiency of the modules and pack. The
increase in weight due to the higher capacity was held to
around 10% by optimizing the battery structural members.
In addition, input/output characteristics and durability
were also improved by enhancing cell performance.

2.1 Battery layout design
The battery layout design must ensure roomy
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Fig.4 Battery circuit diagram
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interior space, a low center of gravity for vehicle
operational safety and protection of the battery against
external force inputs. From these perspectives, the battery
must be mounted under the cabin floor in a flat state within
a limited space (Fig. 1). The component layout of the new
40 kWh battery fitted on the new Nissan LEAF is shown in
Fig. 3, and a battery circuit diagram is shown in Fig. 4.

Like the previous batteries, the modules of the new
battery consist of a stack of laminated cells and are laid
out according to the floor geometry. In addition to the
modules, the battery pack includes a battery management
system (BMS) that monitors and controls the battery
internal state, a junction box (JB) that turns On/Off the
high voltage, and a service disconnect switch (SD/SW)
to ensure safety when maintenance work is done. In
connection with the higher capacity and higher output of
this new battery, the performance of auxiliary parts such
as the fuses and current sensor was reviewed and their
installation positions were optimized. A heater was also
adopted for keeping the battery warm on vehicles shipped
to very cold regions.

The new battery comprises an integrated package
of all the parts and functions needed by an EV battery.

2.2 Battery specifications

The major specifications of the new 40 kWh battery
used on the new Nissan LEAF are listed in Table 1 in
comparison with those of the first-generation 24 kWh
battery.
2.2.1 Adoption of high-energy-density electrode
materials for a new cell

A new cell was developed to obtain higher capacity
and lower resistance for use in the new 40 kWh battery.
The cathode material was changed from the previously
used lithium manganese oxide (LiMn20.) with a spinel
crystal structure to a three-element mixed material
consisting of nickel, manganese and cobalt (NMC) with a
new layered structure. This NMC material stores a high
density of lithium ions in its crystal structure, giving it a

T R T g

=1 NvFUDEBEIARY Y
Table 1 Main specifications of battery pack

24 kWh battery 40 kWh battery
Pack Energy [kWh] 24 40
e e 360 350
Power [kW] 90 125
Weight [kg] 275 303
No. of modules 48 24
(in series) (in series)
Energy density
—— 1 1.67
Rr\;ﬁrl'ﬁédensny 87 132
Module | No. of cells 4 8
(2 parallel, 2 series) | (2 parallel, 4 series)
Cell Structure Laminated
Material | Cathode LiMn,O p——
with LiNiO, LiNiMn,Co,0,
Anode Graphite
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capacity ratio 0.6 times greater than that of the previous
manganese system (Fig. 5).

However, because the high-energy-density NMC
material has a layered structure, there was concern that its
crystal structure might be weaker and its reliability lower
in an overcharged condition compared with the previous
manganese material. Accordingly, in order to improve
robustness and reliability, the material composition ratio
of NMC as well as the constituent materials and parts,
as typified by the separator structure, were optimized,
and the cell design was executed so as to achieve a total
balance of performance and reliability. These measures
improved the high energy density of the battery without
sacrificing cell reliability.

In addition, cell internal resistance was reduced
by 50% from that of the previous cells by lowering the
resistances of the anode/cathode materials, electrode
physical properties and electrolyte and also by optimizing
the layered structure of the cells (Fig. 6).

2.2.2 Improvement of volumetric efficiency of
modules and pack

The new 40 kWh battery has an improved module
structure compared with that of the first-generation 24
kWh battery. With the previous laminated cell, four cells
were stacked to form one module. In contrast, for the
newly developed module, eight cells are stacked to form
one module, and two modules are integrated. The module
structure was optimized so that suitable pressure would
be applied to the cells in consideration of the increased
module weight resulting from integration and the
increased thickness due to the higher cell capacity. As a
result, the same external pack dimensions were achieved
as those of the previous battery pack, and the cell packing
density (capacity increase per unit volume) inside the pack
was improved (Fig. 7).

The results of a simulation of pack heat generation
during charging and discharging showed that a large
capacity of 40 kWh was attainable without adding any
cooling structure, the same as for the previous battery
pack.

The maximum output of the motor used on the new
Nissan LEAF was increased to 110 kW compared with 80
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Fig. 9 Charge characteristics of battery

kW for the first-generation model. Because the maximum
current flowing in the battery was increased, the
functionality of the current sensor for measuring the
current value was improved. Besides expanding the
measurable current range over that of the previous sensor,
a circuit for obtaining high measurement accuracy was
also incorporated in the sensor. This has improved the
calculation accuracy of the vehicle’s allowable driving
range.

3. Battery Characteristics

The development of the cell, module and pack as
described above improved the energy density of the new
40 kWh battery used on the new Nissan LEAF without
changing the battery size from that of the first-generation
24 kWh battery, thereby attaining a driving range of 400
km under the JC08 emission test mode. In addition, the
reduction of cell internal resistance also improved the
input/output characteristics of the battery.

First, with regard to output characteristics, the new
40 kWh battery enables the motor used on the new Nissan
LEAF to generate its maximum power of 110 kW in nearly
all state of charge (SOC) regions (Fig. 8). Likewise the new
40 kWh battery also features improved input characteristics.
A comparison of the battery capacity after 40 minutes of
rapid charging at 50 kW is shown in Fig. 9. The charge
capacity of the new 40 kWh battery was approximately
60% higher than that of the first-generation 24 kWh battery
at normal temperature and nearly double that of the latter
at low temperature. This improvement has enhanced the
practical performance of the new Nissan LEAF (Fig. 9).

Battery durability has also been greatly improved
as a result of taking the following measures during the cell
development process.

(1) Improvement of the performance of anode/cathode
materials and constituent materials of the electrolyte

(2) Optimization of the anode/cathode composition and
electrode properties

(3) Optimization of the cell design for a total balance of
performance and reliability

(4) Optimization of cell production process requirements
and quality control
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Capacity retention rates were estimated for the
first-generation 24 kWh battery after five years and the
new 40 kWh battery after eight years. The results in Fig.
10 show that an estimated increase of 10% in capacity
retention can be expected for the new battery. As a result,
the capacity warranty period of the new 40 kWh battery
has been extended to eight years or 160,000 km from the
date of new vehicle registration, compared with five years
or 100,000 km for the first-generation 24 KkWh battery. (The
warranty covers parts for capacity up to nine bars on the
battery capacity gauge in the event that the gauge falls
below nine bars.)

4. Battery Reliability Design

Targets for battery reliability are set based on the
market environment and the ways in which customers
drive their vehicles. Battery reliability is assured by
equipping vehicles with batteries showing test results that
satisfy the reliability targets (Fig. 11). This is achieved by
assuring the durability of the battery pack as noted in
items (1) and (2) below and pack protection as noted in
item (3).

(1) Optimal allocation of reliability targets to each level
making up the system (from the highest level: vehicle
— pack — module — cell)

(2) Conversion of stress required by the vehicle
environment to reliability targets

(3) Commitment on the safe side through control and
failsafe measures in the optimal range of each type of
control

Moreover, in order to assure safety in the event the
pack is rendered out of control, safety requirements are
also built in as prescribed by the laws, regulations and
standards of the countries where the vehicle is used. The
steadfast efforts made to build in these safety
requirements contribute to achieving a record of zero
serious problems.

5. Conclusion

This article has described the important cell
design, module/pack design, reliability design and battery
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characteristics that were developed for the new high-capacity

40 kWh lithium-ion battery. The resultant extended driving

range, improved input/output characteristics and enhanced

durability, among other attributes, have contributed
significantly to improving the product appeal of the new

Nissan LEAF.

‘We intend to continue our efforts to achieve higher
energy density through the measures noted below and
further develop low-cost batteries with a good balance
of performance and reliability (Fig. 12). Such batteries
will help to promote the full-fledged penetration of EVs
in the coming years and to provide attractive vehicle
performance.

(1) To enhance cell energy density by applying anode/
cathode materials with even higher capacity and by
optimizing the properties and material composition of
the electrodes.

(2) To improve the cell packing density in the battery pack
by thoroughly reviewing the module/pack structures.
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The Latest Status and the Outlook of Quick Charging
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Summary

In order to popularize electric vehicles that achieve zero-emissions during operation,

Nissan is pushing the expansion of charging infrastructure. Quick charging equipment is very
important as a means to solve the long charging time that is one of the key issues of electric vehicles.
Nissan is promoting the expansion of quick charger installations through the CHAdeMO Association.
This article describes the latest technologies and trends of international standards such as CHAdeMO,

the Combined Charging System and GB/T.

Key words : Regulation, standard, electric vehicle (EV), quick charger
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1. Introduction

Expanding the charging infrastructure is
absolutely necessary for supporting the penetration of
electric vehicles (EVs). Nissan has been promoting the
implementation of charging stations in conjunction with
the market release of the company’s EVs. Because EV
batteries can be charged from the home power supply, fuel
replenishment at service stations like that for internal
combustion engine (ICE) vehicles is not necessary. EVs also
have an advantage with respect to operating costs.

However, for traveling long distances or in
situations where it is desired to charge the battery quickly,
quick charging for extending the driving range in a short
period of time is necessary. For that reason, quick chargers
are being installed at public locations such as shopping
malls, convenience stores, expressway service areas/parking
areas and roadside stations along highways, among other
places. In addition, accompanying technological innovations
in lithium-ion batteries, the battery capacity is being
increased for further extending the driving range of EVs.
To make the charging time with quick chargers equal to
that of the refueling time of conventional vehicles, high
current charging is necessary. Toward that end, charging
standards have been studied in recent years for increasing
the current and voltage of quick chargers.

This article describes the technological and

*EV - HEV ¥ A7 43, EV and HEV System Engineering Department
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standardization trends mainly for quick chargers using the
CHAdeMO system as well as for other systems such as the
Combined Charging System (CCS) and the GB/T system.

2. Quick Charging Systems and Penetration Status

Quick charging standards can be classified into
three main types: the CHAdeMO standard originated in
Japan, the CCS standard originated in Europe and the GB/T
standard originated in China. The CHAdeMO standard
was issued by the CHAdeMO Association established in
2010. This association has been standardizing for quick
charger specifications with high safety and compatibility.
At present, over 7,000 quick chargers complying with the
CHAdeMO standard have been installed in Japan and
more than 16,000 have been installed worldwide. These
numbers are continuing to increase (Fig. 1). A charger
certification system has also been established, enabling
third-party institutions to conduct certification tests.

3. Technological Trends for Quick Chargers

The Vehicle-to-X (V2X) standard was established in
2012, making it possible to supply electric power from EVs
to home electric wiring or installed outlets, thus proposing
new value for EVs. The standards documents issued by the
CHAdeMO Association have been revised in turn for the
purpose of further improving the safety, compatibility and
reliability of quick chargers. New functions added in recent
years include dynamic control, high current control and
multi-outlets.

3.1 V2X protocol

V2X refers to a concept that allows the provision
of electric energy from EVs to other electrical systems,
such as Vehicle to Home (V2H) and Vehicle to Grid (V2G)
applications. V2H systems for general home use began to
be commercialized in Japan in 2012, and several thousand
units have been installed for general home use. These
units have economic benefits for users by shifting electric
power consumption away from the peak period. They can
also be utilized as an emergency power source during power
outages. In addition, use as a virtual power plant (VPP) is
also expected and verification trials have been started in
various countries in addition to Japan. In this case, the
Internet of Things (IoT) technology is used to link together
energy sources dispersed geographically to form a single
power plant that functions as a VPP.

3.2 Dynamic control

Dynamic control refers to a function for
dynamically varying the maximum output of a quick
charger during charging. On holidays and other occasions,
waiting lines form for charging EV batteries with quick
chargers that are used by many people at service areas/
parking areas along expressways, among other places. This
function enables the output of a quick charger equipped
with multiple charging connectors to be suitably distributed
according to the charge acceptance capacity of the EV
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Fig.2 Example of the use of dynamic control

batteries to be charged. A single EV can be charged using
the maximum output, and multiple EVs can be charged by
distributing the output accordingly, thereby reducing the
waiting time for charging (Fig. 2).

3.3 High current control

High current control makes it possible to raise the
charging current to a maximum of 400 A so as to reduce
the charging time or to cope with the increased capacity of
batteries installed on EVs. Because raising the charging
current causes the connectors and cables to generate more
heat, it is necessary to increase the diameter of the cable
conductor for suppressing heat generation. This has
various undesirable effects such as increasing the cable
weight and worsening handling ease, which impair user
convenience. To avoid such effects, a specification has been
standardized for cooling the conductor inside cables,
thereby enabling the flow of high current without changing
the diameter from the conventional conductor.

In addition, a temperature monitoring function has
been applied to connectors and cables so that charging is
performed within a range where the temperature does not
rise excessively. This has also made it possible to operate
quick chargers using a short-term rated current that passes
a high current temporarily (Fig. 3). On the other hand, the
provision of a cooling hose in connectors and cables is
limited by the layout. There are also other issues such
as how to improve cooling efficiency and how to ensure
connector durability against dropping and cable durability
if stepped on. Technologies must be improved to deal with
such issues.

3.4 Multi-outlets

The use of a multi-outlet with multiple connectors
can increase the types of vehicle models that can be
charged by combining it with dynamic control described
above or by using a charger equipped with connectors for
different charging systems like CHAdeMO and CSS.

In addition, the use of higher charging voltage is
being considered as a new specification to be included in
the next standard revision. It is possible that the existing
charging voltage limit of 500 V may be extended to 1000 V.
Charging infrastructure is being prepared in connection
with the increase in the onboard battery capacity. However,
voltage above 750 V is classified as high voltage in Japan,
so efforts are needed to address installation and operational
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unit
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Fig. 3 Basic configuration for cooling and monitoring the
temperature of cables and connectors
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Charging cable
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issues, including revising the related laws, regulations
and standards.

4. Creation of International Quick Charging Standards

Work is under way globally to establish
international standards to enable charging under the
same standards worldwide, not only in Japan (Table 1).
The CHAdeMO standard has also been adopted in the
International Electrochemical Commission (IEC) standards.
Charging system specifications are specified in IEC
61851-23 and connector specifications in IEC 62196-3. In
addition, discussions are under way to incorporate a cable
standard in the IEC 62893-4 standard.

The IEC 61851-23 charger standard document lists
common requirements for the DC chargers used for EVs.
In addition, the CHAdeMO system is specified in Annex
AA, the GB/T system in Annex BB and the CCS system
in Annex CC. Edition 1 was issued in 2014. Revision
discussions are now under way for the creation of Ed. 2.
Discussions on increasing the current and voltage of
chargers are proceeding as requirements to be added to
Ed. 1. Preparations are being made to expand the charging
power of each system. Studies are also being carried out for
adding a multi-outlet specification for chargers equipped
with multiple connectors and a V2X specification for enabling
EVs to provide electric power to home electric wiring and
outlets, in addition to charging.

5. Expansion of CHAdeMO Technology beyond
Passenger Vehicles

The trend toward electrification in recent years has
not been limited to passenger vehicles, but also includes
large vehicles like buses and trucks as well as motorcycles.
In addition, charging systems are also being diversified to
include pantograph and wireless charging (Fig. 4). In order
to expand the benefits of standardization to cover a wider
range of electrified vehicles, the CHAdeMO Association
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CHAdeMO communication protocol, part of
NEDO demonstration project)
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is currently preparing a specification for accommodating
various types of charging systems, while inheriting the
core technologies of CHAdeMO.

6. Conclusion

Nissan has vigorously promoted efforts to
standardize quick chargers and to expand their use with
the aim of supporting the penetration of EVs. Further
evolution of quick chargers in the future is also necessary
in view of the expected extension of the driving range of
EVs. At the same time, increasing the charger output to
unprecedented levels will involve the use of high current
and high voltage. In this regard, it will be increasingly
important to resolve various installation and operational
issues and to establish the related laws, regulations and
standards. As Nissan targets to be an EV leader, more will
be expected of the company not only regarding vehicles, but
also for infrastructure implementation and standardization
activities in order to promote the further expansion of
quick chargers.
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Development of the New KR20DDET VC-Turbo Engine with World's First Variable
Compression Ratio Technology
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Katsuya Moteki Eiji Takahashi
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Summary A new four-cylinder, 2.0-liter gasoline turbo engine was developed with the world’s first
mass-producible variable compression turbo (VC-Turbo) technology using a variable compression ratio
(VCR) mechanism. This technology uses a multi-link mechanism to change the top and bottom dead
center positions, thereby allowing the compression ratio to be continuously changed. The VC-Turbo
engine can vary the compression ratio from 14:1 for obtaining high thermal efficiency to 8:1 for
delivering high torque by taking advantage of the strong synergy with turbocharging. This article
presents an overview of the VC-Turbo engine and describes in detail the working principle, purpose and
characteristics of the VCR mechanism. It also explains key performance technologies which generate
synergies with VCR for acceleration performance, fuel efficiency and NVH.

Key words : Power Unit, gasoline engine, variable compression ratio, turbocharger, downsizing,

dynamic performance, thermal efficiency, Atkinson cycle
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1. Introduction

Activities to reduce the environmental impact of
vehicle are imperative if vehicles are to continue to exist as
viable elements of the sustainable society. Toward that end,
vehicle manufacturers are vigorously advancing a shift
toward powertrain electrification. Nissan has been a
leading company in promoting electrification beginning
with the Nissan LEAF and is continuing to work hard on
electrification as a top-priority strategy. However, at
present there are various issues including infrastructure
aspects that remain to be overcome in order to promote
the global diffusion of electrified vehicles such as electric
vehicles, fuel cell vehicles and other types without an
internal combustion engine (ICE). Given this reality, it
is presumed that ICE vehicles will continue to represent
the mainstream for some time to come. Therefore, it is
also necessary to improve the thermal efficiency of ICE
vehicles.

Nissan has continued its vigorous efforts to
improve the efficiency and reduce the environmental
impact of ICEs without sacrificing the joy and pleasure of

X7 — ML A 70T =7 MR Powertrain Project Department * T3 & N7 ¥ A3 v I 3 Y HiliBIFEER, Engine and
Transmission Engineering Department **/37 — b L 4 »ill##IBi 556, Powertrain Control Engineering Department
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Fig.1 Compression ratio and indicated output

driving, such as by adopting direct fuel injection, variable
valve timing, downsizing and turbocharging technologies,
among other things. The KR20DDET “Variable Compression
Turbo” (VC-Turbo) engine introduced here features a
variable compression ratio (VCR) and Downsizing Turbo
technologies. This engine has been newly developed to
achieve both dynamic performance and environmental
performance simultaneously at the highest possible levels.
The concept of VCR has been around for a long time, but
Nissan is the world’s first manufacturer to successfully
incorporate this concept in a mass-produced engine that
is mounted on the latest generation of the INFINITI QX50.

2. Development Aim of VC-Turbo Engine

The theoretical thermal efficiency of an engine
increases with a higher compression ratio, thereby making
it possible to improve its fuel economy (Fig. 1). However,
raising the compression ratio tends to cause engine knock
and excessively high cylinder pressure. Consequently, the
compression ratio of actual engines is restricted by the
knock limit and allowable cylinder pressure limit at full
load, which is the most severe operating condition. Under
part load operation, on the other hand, the pressure and
temperature of the burned gas in the cylinder are lower,
which allows leeway for raising the compression ratio in
relation to the occurrence of knock and the allowable
cylinder pressure. Accordingly, adopting a variable
compression ratio (from 8:1 to 14:1 with this system) would
make it possible to set the optimal compression ratio for
each operating condition, which would improve both thermal
efficiency and power (Fig. 2). For turbocharged engines in
particular, for which there is a tendency to set a lower
compression ratio, this would allow the compression ratio
to be set equal to or higher than that of naturally aspirated
(NA) engines for operation in the non-turbocharged region.

B I I I I L T e e e e e g
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Fig. 2 Effect of variable compression ratio
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Table 1 VC-Turbo engine specifications

Engine type Inline 4 DOHC 16V

Compression ratio 8:1-14:1
Bore [mm] 84.0
90.1 (CR 8:1)

Stroke [mml] 88.9 (CR 14:1)

1,997 (CR 8:1)
1,970 (CR 14:1)

Intake Turbocharged with air cooled

Displacement [cc]

Fuel system Direct and port fuel injection

Int.: Electric valve timing control

Wolyertaiing confrg] Exh.: Hydraulic valve timing control

Max. power [kW] 200
Max. torque [Nm] 390
LEV III-ULEV70

Emission level

CR: compression ratio
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The combination of a turbocharged engine and VCR would
be highly advantageous, resulting in the attainment of
greater benefits. This thinking was the motivation for
developing the VC-Turbo engine.

Table 1 lists the main specifications of the
VC-Turbo engine. To maximize the benefits of VCR, the
engine incorporates a host of advanced technologies,
including electric valve timing control (VTC), a wide-range
turbocharger with an electronically controlled wastegate,
a direct and port fuel injection system, and a variable
displacement oil pump, among others (Fig. 3).

3. Nissan VCR Mechanism

3.1 Configuration of multi-link crankshaft rotation
mechanism

In this VCR engine, Nissan’s unique multi-link
crankshaft rotation mechanism replaces the conventional
piston-crank system (conventional system). Similar to the
conventional system, this unique mechanism still has the
piston and crankshaft, but they are connected in tandem
by two links, namely, upper link (U-link) and lower link
(I-link), instead of by a conventional connecting rod, as
shown in Fig. 4. One end of the L-link is connected to
control link (C-link) and control shaft. The rotational
orientation of the eccentric control shaft is controlled by
an electric actuator via actuator link (A-link). In the case of
an inline multi-cylinder engine, each cylinder is provided
with a piston, U-link, L-link and C-link, but the crankshaft
and control shaft are shared in common by all the cylinders
(Figs. 4 and 5).
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Fig. 3 Main technologies of VC-Turbo engine
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Fig. 5 Principle of varying compression ratio

3.2 Operating principle of VCR mechanism

The rotational orientation of the control shaft
changes in the clockwise direction in relation to the engine
block. When the eccentric control shaft, i.e., the swivel
point of the C-link moves downward, the L-link turns in
the clockwise direction around the crank pin. The included
angle of the U-link and the L-link increases at top dead
center and the U-link and the piston move upward,
enabling the mechanical compression ratio of the engine to
be raised. Conversely, when the rotational orientation of
control shaft is changed in the counterclockwise direction,
the mechanical compression ratio can be lowered. In the
case of an inline multi-cylinder engine, one control shaft
is shared by all the cylinders. Accordingly, the mechanical
compression ratio in all the cylinders can be changed
simultaneously by the change in the rotational orientation
of the single control shaft relative to the engine block
(Fig. 5).

3.3 Electric actuator for compression ratio control

The rotational orientation of the control shaft can
be maintained or varied according to the engine operating
conditions via an actuator for compression ratio control, as
shown in Fig. 6. The actuator assembly combines an electric
motor and a reduction gear and is provided separately from
the multi-link crankshaft rotation mechanism described
above. It is attached to the outer surface of the oil pan side
wall. The compression ratio control actuator is connected
to the control shaft via the A-link; it reduces the rotational
motion of the electric motor, which is controlled by the
engine control unit (ECU), and controls the rotation of the
control shaft. A newly designed Harmonic Drive® reduction
gear has been adopted that achieves a high reduction ratio
in a compact space and also has very little backlash.

3.4 Distinctive piston stroke

The multi-link crankshaft rotation mechanism has
features not found in a conventional piston-crank system.
Compared with the conventional system, the piston stroke
motion resembles simple sine wave, thereby enabling a
substantial reduction of the second-order vertical excitation
force that tends to be augmented in an inline 4-cylinder
engine. In general, the piston motion in the conventional
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Fig. 6 Configuration of VCR electric actuator
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system is very fast near top dead center, whereas it is slow
near bottom dead center. It is known that this absolute
difference in piston acceleration between top and bottom
dead center causes second-order inertial vibration. The
multi-link crankshaft rotation mechanism markedly reduces
this absolute difference in the piston’s acceleration compared
with that of the conventional system. (It is reduced to
approximately one-tenth of that of a conventional Nissan
system having an identical piston stroke length.) As a result,
it eliminates the need for a second-order balancer system
that is often used as a countermeasure against booming noise
in the passenger compartment of vehicles equipped with an
inline 4-cylinder engine having a conventional piston-crank
system (Fig. 7).

3.5 Friction characteristic

The multi-link crankshaft rotation mechanism has
still another unique feature. That is, the U-link positioned
directly below the piston maintains nearly an upright
orientation during the piston’s downward stroke. This
greatly reduces the side thrust force on the piston ordinarily
induced by the tilting of a conventional connecting rod
when combustion force pushes downward on the piston.
As a result, friction between the piston side wall and the
cylinder bore is significantly reduced. The effect of reducing
friction caused by the side thrust force offsets the increase
in friction due to the larger number of sliding surfaces of
the bearings in the multi-link mechanism. As a result, it
achieves a friction characteristic equal to or even lower
than that of a conventional system without second-order
balancer shafts.

4. Technologies for Improving VC-Turbo Engine
Performance

4.1 Improvement of fuel economy

The compression ratio of conventional fixed
compression ratio engines has been raised to attain peak
thermal efficiency. However, as the compression ratio is
increased, the ignition timing tends to be more limited by
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the occurrence of knock during high load operation, thus
restricting the region of good fuel economy to the low load
side. For this reason, it has been necessary to determine
an acceptable compromise point for this trade-off when
designing conventional fixed compression ratio engines.
With VCR engines, this trade-off can be overcome by setting

a high compression ratio in the non-turbocharged region

to obtain higher peak efficiency equivalent to that of a

high compression ratio NA engine; the compression ratio

is gradually lowered in the high load turbocharged region
to obtain peak efficiency. This achieves good fuel economy
over a wide operating range that includes the turbocharged
region (Fig. 9).
4.1.1 Setting of compression ratio

This section presents an example of an actual
compression ratio map defined for the VC-Turbo engine
and the thinking behind it. The compression ratio map
shown in Fig. 10 was defined with primary emphasis on
the following operating regions based on the results of a
simulation and experimental validation.

* The compression ratio is set on the high side in the
operating region frequently used in ordinary driving at
low speed and low load so as to obtain the best thermal
efficiency.

¢ In the region of a transition from non-turbocharging to
turbocharging, the compression ratio is selected so as to
maintain the maximum attainable torque of non-
turbocharged operation.

* The compression ratio is set on the low side in the high
load region so as to obtain the best thermal efficiency
during turbocharging.

¢ In the region of high speed and medium to low load, a
medium to low compression ratio is set that is optimal
for turbo lag and torque response, considering the
driver’s intention to use this operating region.

4.1.2 Adoption of electric VTC system

The adoption of VCR technology enables the use of
a mechanical compression ratio of 14:1 in the low load
region of the VC-Turbo engine. To maximize the effect of
this compression ratio, the intake valve closing (IVC)
timing is retarded to a crank angle of 110° after bottom
dead center with the aim of using the Atkinson cycle as is
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@ Fuel share in FTP-75

"g 400
Z 350 Compression
% 300 ratio
=4 250J . 8
3., Medium CR 11:
S 200 ‘
®
& 150 1 1
‘5 ‘
5 |
50 ‘ 14
0 3
1200 1600 2000 2400 2800 3200 3600 4000 4400 4800 5200 5600 6000

Engine speed [rpm]

CR: compression ratio
FTP: federal test procedure

X-10 FEMRLEREY v 7 EERRE

Fig. 10 Compression ratio map

H ZE # #R No. 82 (2018-3) 58



Development of the New KR20DDET VC-Turbo Engine with World's First Variable Compression Ratio Technology

AR ARG ENTE (W11, H12),

42 BHAESUVARYAZ@IISEDTA KLY
&—iR
Y —RF X =T v OEFHNIB W T, 100kW/L &)
) SARSEFEIIC BT B MV L AR Y ADTMALE EE
U720 @I B Td, RIS & D o SRR,
PERIREOHIFINIHBARTE L, 205, L) TEshEL
BOLIENTELRD, VCF — Kid#260kPa (abs)
DEBEBEZ AL, 2006W OEH bz FEH L 72,
—fEMIZ Y — U A A el & 35 L RIS
., VARV ADEALZED) 2%, BIIEEL A
RY AWM. EEL72DIZ, ¥ I3dFHR T 1 T2k
9 5 2 & TGRSR O HEE I U/CO* e % el fb L.
IR BT A7 —E R E M LS Tnb, F72,
WZEVERA F = LD EH L TBY, Bl s
FABEHBL AR ZADM Ex o7z KU ¥ —Era—
& AEE, CO: ¥ —¥ ra— AW HE)
a2 T Ly kA =IO TH F72, R &R
B TOMVI VAR AZMIL.EEAH2O, 2T
FWFERIFEDO T A L v b E ZE L% e 2 FE L 72,
Iy rvORKETIE, Thbbar Ly HEHED K
ReBDRA Y e, 3y T Ly FWBEIED 65%LINIC
ML EHIEBLOD, Ty T Ly R, Z kD 5
T THHP)LTFAX (4T ALFEEHIOED
) #/AELEREL. =Y 94 R EBANL T 2.
EhETNY Yy IIIROZE R E ER L7z AR,
20L7 5 ADY =KLy Yy ADay T Ly dshER<y 7
EDOHIZBWT, ary Ly HENE 1c=20TOH—
DI H 5 6EUIMTEGENE F COBIEE it EIEE # 20%
WEEFTTIA FLyyar7Lyy2EBL (¥13).
NS —ErBIar sy o RELREHC
Iy, BS54 0% — 7 MulgERIZNY Fv—2

I T e g

o o High compression
(i.e. High expansion )
: o ! E Base compression
VC-T Late intake valve|closing
g (w/o e-iVTC)
‘I y,,{:-\;\v}‘}‘
Base

0 o w0 %0

Base intake valve closing

Cylinder gas pressure

30 0 3 0

Piston stroke

X-11 VCR &EE VTC DHEEEMR
Fig. 11 Effect of combination with e-iVTC

59 NISSAN TECHNICAL REVIEW No. 82 (2018-3)

often seen with hybrid vehicle engines. This results in
improved thermal efficiency by reducing pumping losses
and obtaining high expansion. Consequently, the range of
the valve timing change is larger than before. In addition,
when accelerating the vehicle, the valve timing response
speed from the retarded IVC timing to that of the high load
region translates directly into torque response. Therefore,
an electric VTC (e-iVTC) system was adopted that has a
faster response speed than that of a conventional hydraulic
VTC system. This e-iVTC system ensures sufficiently fast
torque response even from the most retarded IVC state
(Figs. 11 and 12).

4.2 Wide-range turbo for both high output and
quick response

The turbocharger was designed in consideration of
obtaining both high power output of 100 kW/L and quick
turbo response in the low speed region. In the high speed
region, the low compression ratio allows leeway with
respect to the limitations on the ignition timing and the
exhaust gas temperature. That makes it possible to increase
charging efficiency to a corresponding extent, which allows
high boost pressure of approximately 260 kPa (abs) and
enables the VC-Turbo engine to achieve higher output of
200 kW.

Designing the turbine with a high flow rate
characteristic generally results in a larger size that often
degrades response. A mixed-flow turbine was adopted to
obtain both high output and quick response. The U/C0
characteristic, where U is the turbine rotor inlet peripheral
speed and CO is the adiabatic theory flow rate, was
optimized as the speed ratio in the low flow rate region to
improve turbine efficiency in the low speed range. This
also made it possible to achieve lower inertia for improving
boost response in the low speed region.

The compressor wheel was also designed for
obtaining both high maximum output and quick torque
response in the low flow rate region by taking into account
the compressor’s wider range of adiabatic efficiency. Care
was taken to keep the point where the compressor does
maximum work, i.e., the point of maximum engine output,
within 65% of the compressor’s adiabatic efficiency. At
the same time, the surge line was widened toward the low

flow rate side by designing a small compressor trim size,
B e e e e e e e e e e e e e e e e g
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i.e., the ratio of the impeller inlet diameter to its outlet
diameter, which is the factor that determines the compressor
efficiency characteristic. Additionally, the shape of the
housing was aerodynamically optimized. As a result, a
wide-range compressor was achieved that improves the
corrected mass flow rate per unit width by approximately
20% from the surge line to 65% adiabatic efficiency at a
compressor pressure ratio nc = 2.0 in comparison with
the compressor efficiency map for an existing 2.0L class turbo
engine model A (Fig. 13).

Design optimization of the turbine and compressor
characteristics achieved the benchmark level defined for the
output vs. intercept point (Fig. 14). The maximum engine
output and acceleration response thus obtained provide a
performance one level higher for stress-free driving in
expressway entry and passing situations.

5. Performance Achieved by VC-Turbo Engine

The new VC-Turbo engine achieves the power and
torque characteristics shown in Fig. 15, thanks to the VCR
system and the principal technologies described above. In
addition, the new INFINITI QX50 mounted with the
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VC-Turbo engine attains the benchmark levels set for both
vehicle fuel economy and power performance (Fig. 16).

6. Conclusion

As described here, the new VC-Turbo engine
combines the world’s first mass-produced VCR mechanism
and a host of advanced technologies to dramatically improve
fuel economy while also enhancing the power performance
of a downsized turbo engine. We are confident that this
engine can contribute to the sustainable society by playing
an important role in reducing the environmental impact,
without sacrificing the pleasure and joy inherent in driving
a vehicle.

Finally, the authors would like to thank everyone
involved inside and outside the company for their invaluable
cooperation with research and development of the VCR
system extending over 20 years from its conceptualization
and with the commercialization of the VC-Turbo engine.
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Summary

The new Nissan LEAF was developed as a model to bring electric vehicles (EVs) into

mainstream mobility and to make Nissan’s EV leadership well-founded. It was unveiled at its world
premiere in Japan in September 2017 amid the rapid shift to EVs in the automotive market. This article

presents a product overview of the New Nissan LEAF.

Key words : Automotive General, new car, LEAF electric vehicle (EV)
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Fig.1 New Nissan LEAF

1. Introduction

Nissan led other automakers in introducing the
world’s first mass-market electric vehicle (EV) when it
launched the first-generation Nissan LEAF in 2010. Since
then, the Nissan LEAF has been marketed in 48 countries
worldwide and has been favored by more than 270,000
customers. Their cumulative driving distance totals some
3.4 billion km, and there has not been even a single
serious incident caused by the battery. This stellar record
attests to the high reliability of Nissan’s EV technologies.
The first-generation Nissan LEAF has also enjoyed an
exceptionally high degree of satisfaction among customers. It
boasts the highest ratings among Nissan vehicles especially
with regard to acceleration performance and quietness.

As the second-generation model, the new Nissan
LEAF (Fig. 1 and Table 1) inherits the impressive
achievements of the first generation and is intended to
further penetrate Nissan EVs and to make the company’s
EV leadership well-established. It has been developed as
a vehicle to symbolize Nissan Intelligent Mobility.

I I L R I e e g

x-1 EHmsET
Table 1 Vehicle dimensions
Length (mm) 4,480
Width (mm) 1,790
Height (mm) 1,540
Wheelbase (mm) 2,700

* W& A5, Product Planning Department
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2. Product Concept

In the process of developing the new Nissan LEAF,
various concepts for the direction of vehicle were debated.
They included the idea of expanding the sales volume by
thoroughly lowering the price and the idea of pursuing an
upscale direction by dramatically improving the driving
range. However, the project team for the new Nissan LEAF
selected “Driving the Future of Mobility” as the concept,
going back to the starting point represented by Nissan’s
mission and the expectations of customers toward the
vehicle. Nissan’s mission is to provide cutting-edge
technologies at readily affordable prices and to promote
EVs toward being more mainstream vehicles. Customers’
expectations of the new Nissan LEAF include a desire to
drive a vehicle that truly feels like it already embodies
future mobility.

Our research revealed that such customers have
three distinguishing characteristics.

(1) They willingly use products incorporating the latest
technologies in order to make their lives better.

(2) While they do not like to sacrifice anything, they want
to contribute to building a better society.

(3) They expect an enjoyable and exciting driving
experience from EVs.

Therefore, we call such customers “progressive
thinkers” who select advanced products that can be used
wisely. We decided to develop the new Nissan LEAF as a
vehicle that would enable them to enjoy new lifestyles
based on an EV in their everyday lives.

3. Appealing Features

3.1 Improved driving range

The driving range is one anxiety that customers
have when considering purchasing an EV. The battery
capacity of the new Nissan LEAF was increased to attain a
driving range of 400 km under Japan’s JC08 emission test
mode. Models sold in North America and Europe achieve
a driving range of 150 miles under the EPA emission test
mode and 378 km under the New European Driving Cycle
(NEDC), respectively. (These figures are provisional as the
vehicles are still undergoing the homologation process.)

The new Nissan LEAF ensures a driving range that
will give even owners of ordinary gasoline vehicles peace
of mind about driving an EV because approximately 80% of
them drive less than 100 km a day. In addition, owners of
gasoline vehicles drive approximately 12,500 km a year on
average. Converting that distance to a weekly basis results
in a figure of approximately 240 km. For people who drive
the average annual distance, charging the new Nissan
LEAF only once a week would suffice. Moreover, they
would also avoid the hassle of having to make a specific
trip to a gasoline station.

3.2 Enhanced EV driving pleasure
The first-generation LEAF enjoyed a high degree of
customer satisfaction for its quick, smooth acceleration
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and quietness that characterize EVs. In order to further
enhance EV driving pleasure, the motor power of the new
Nissan LEAF was increased to 110 kW from 80 kW for the
first generation, thereby improving both standing-start
acceleration and passing acceleration at intermediate
vehicle speeds.

This increased power is combined with Nissan’s
newly developed e-Pedal, a vehicle longitudinal control
function that enables the driver to start, accelerate,
decelerate and stop the vehicle by simply adjusting the
depression of the accelerator pedal. Depressing the
accelerator pedal strongly produces instant acceleration.
Letting up on the accelerator pedal reliably decelerates
the vehicle just like pressing the brake pedal. Releasing
the accelerator pedal stops the vehicle and holds it. In
emergencies or when stronger deceleration is needed, it is
necessary to depress the brake pedal. However, in stop-
and-go city driving, for example, e-Pedal makes driving
more enjoyable by reducing the frequency of depressing
the brake pedal. Moreover, on winding roads and in other
situations, drivers can enjoy a sporty feeling by
accelerating/decelerating easily as they wish. Another
feature of e-Pedal is that it provides stable driving on
snow-covered and other slippery road surfaces because it
facilitates effective operation of the accelerator pedal.
With e-Pedal, drivers can thoroughly enjoy the driving
performance of the new Nissan LEAF with its increased
motor output of 110 kW. All models naturally come with
e-Pedal as standard equipment, but it can be switched On/
Off according to the driver’s preference or vehicle use.

3.3 Enhanced interior quietness characteristic of EVs

Because the new Nissan LEAF does not have an
engine, it is intrinsically much quieter than gasoline
vehicles. As interior quietness is improved, road noise
produced between the tires and the road surface and wind
noise in high-speed driving become more noticeable.
Therefore, the body of the new Nissan LEAF was
meticulously designed to thoroughly eliminate gaps that
serve as paths for the incursion of outside noise.
Additionally, technologies for optimizing sound-absorbing
materials and structures were applied to develop a body
with high sound-insulation performance. The new Nissan
LEAF provides interior quietness equal to that of European
premium-brand vehicles in the E-segment.
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3.4 Usable equipment with cutting-edge technologies

The new Nissan LEAF features ProPILOT
autonomous driving technology that is used during single-
lane highway driving. This technology is already provided
on the Serena and X-Trail models for the Japanese
market and is highly popular with customers. The smooth
acceleration and exceptional quietness that characterize
the new Nissan LEAF are combined with ProPILOT to
create extraordinarily comfortable mobility never before
seen in vehicles. This is one reason why EV technology
and autonomous driving technology are regarded as having
such high affinity.

The new Nissan LEAF also comes with ProPILOT
Park, a Nissan-first feature that makes use of the
company’s autonomous driving technology. This feature
assists customers with parking, which is a typical example
of a driving situation that they ordinarily feel is a hassle.
This function begins with the vehicle finding and informing
the driver of a place to park as a result of a simple input
operation. After the driver selects the position for parking,
ProPILOT Park automatically controls the steering wheel,
accelerator, brake pedal, shift lever changes and even the
parking brake to guide the vehicle into the selected
parking spot. The driver can optionally select not only
reverse parking, but also parallel parking and forward
parking (Fig. 2). The forward parking capability is
especially important because the charging port on the new
Nissan LEAF is located at the vehicle front. ProPILOT
Park differs from other similar systems that are based
solely on sensors. In addition to 12 ultrasonic sensors
mounted on the vehicle, it also has four high-resolution
cameras located on the right and left sides at the front and
rear. Camera images are used to detect white lines on a
cark park floor. This makes it possible to position the
vehicle properly in one parking space in cases where two
adjacent parking spaces are open.

3.5 Design

The exterior design of the new Nissan LEAF is
based on that of the IDS Concept (Fig. 3) that Nissan
announced in 2015. The IDS Concept represented a future
vision of Nissan Intelligent Mobility. In other words, it

anticipated that the production model of the new Nissan
R S e e e e e e e e e e

X-5 #FEHEU—JTORETY1Y
Fig.5 New Nissan LEAF interior styling
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LEAF would symbolize Nissan Intelligent Mobility.

The key theme of the exterior design is a “cool
tech attitude.” It combines both dynamic styling suggestive
of exhilarating driving performance and excellent
aerodynamics for maximizing the driving range. It
embodies distinctive design elements of the Nissan brand
such as the V-motion grille, signature boomerang-shaped
headlights, floating roof and kick-up waist line. In addition,
the unique flush-surface grille with a captivating clear blue
layer effect and the rear bumper’s blue molding serve as
identifying EV icons (Fig. 4).

The theme of the interior design (Fig. 5) is the
coexistence of a relaxing ambience and a cool, high-tech
look. The design approach emphasized high perceived
quality that eliminates unnecessary decoration, with the
display, switches and other controls positioned so as to
allow smart ease of operation.

4. Conclusion

The new Nissan LEAF is not merely a new
generation of an EV. Rather, it embodies the concept of
Nissan Intelligent Mobility and is a product that can
propose new lifestyles to customers through its use.

Intelligent Power is given concrete expression in
exciting EV driving achieved through battery technologies
that improve capacity and extend the driving range and
through motor and inverter technologies that boost power
output. Another key technology supporting Intelligent
Power is e-Pedal that facilitates a novel driving style one
would expect from the new Nissan LEAF. Intelligent
Driving is distinctly exemplified by ProPILOT and
ProPILOT Park technologies that are provided on the new
Nissan LEAF.

Nissan’s mission is to continue to provide
customers with such cutting-edge technologies at readily
affordable prices and to lead the future of mobility for the
sake of our customers. The new Nissan LEAF is concrete
proof that we are actually implementing this mission.

Finally, the author would like to thank everyone
involved, including the R&D, design, manufacturing,
marketing, sales and other divisions, for making it possible
to announce and release with the new Nissan LEAF with
perfect timing amid the marked shift to EVs in the global
vehicle market.
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Summary

The all-new INFINITI QX50 is a premium midsize SUV, which has been developed with

the aim of providing dynamic performance competitive with European premium brand rivals. This
model is the most compelling INFINITI to date, featuring the VT-C engine with the world’s first mass-
production variable compression ratio technology, ProPILOT Assist, which is INFINITIs first
application of Nissan’s technology for supporting autonomous driving in the same expressway lane and
is combined with Direct Adoptive Steering, INFINITI’s signature exterior design projecting powerful
elegance, and class-leading interior roominess on an entirely new platform.

Key words : Automotive General, new car, powerful elegance, design, variable compression ratio

engine, VVC-Turbo, ProPILOT, platform
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Fig. 1 New QX50 exterior

1. Introduction

Premium midsize sport utility vehicles (SUVs)
account for approximately 50% of the total premium
segment demand in the U.S. and China, where annual
vehicles sales in this category are around 500,000 units in
each market. European premium brand models typified
by the Audi Q5, BMW X3 and Mercedes GLC compete
fiercely in this crowded segment. The previous-generation
INFINITI EX (J50 model, renamed the QX50 in July 2013)
was released in 2007 as the pioneer premium midsize
crossover SUV. It has been highly acclaimed and has
recorded cumulative sales of 115,000 units. The new
QX50 has been developed as a vehicle that embodies the
latest INFINITI brand qualities and is fully capable of
competing with European premium brand models (Fig. 1).

2. Product Concept

The product concept was defined as an
“uncompromising life creator; copilot of your drive in life.”
While the new QX50 is targeted at customers in their 30s
with a family as a vehicle for making their lives easier and
more comfortable, it can also be a personal expression. It
was designed around the themes of distinctive proportions
and powerful elegance. The QX50 features space efficiency
achieved with a new platform, improved dynamic
performance, and the world’s first variable compression
ratio engine. These features are intended to surpass rival

* T Eh ik EE - A1E%R Product Strategy and Planning Department
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Table 1 Vehicle dimensions

Length (mm) 4,693
Width (mm) 1,903
Height (mm) 1,679
Wheelbase (mm) 2,800

-2 FHEQAXBO Ny I IF—5—Ea1—
Fig.2 New QX50 back quarter view

European premium midsize SUVs in all qualities, including
design, power performance, fuel economy, handling, ride
comfort and quietness.

3. Appealing Features

3.1 Exterior design exuding “powerful elegance”

The driver’s eye point is set at 1,287 mm above the
ground level and large 19-inch or 20-inch wheels, one inch
larger than those of rival models, were adopted. These
features project a powerful stance befitting an SUV and
create distinctive body proportions recognizable at a
glance even from a distance (Table 1, Fig. 2). A clamshell
hood was adopted together with 4-bar linkage hood hinges,
resulting in a unique body side view with the character
line continuously running smoothly along the body sides
from the front to the rear. It also contributes to making
the hood look longer visually. The door waist character line
has a cross-section included angle of 125°, the smallest
in this class and giving the door cross section a deeply
chiseled look resembling sculpture, which imparts a solid
impression.

3.2 Interior design featuring advanced human
artistry

The interior design was defined based on the
concept of “driver-centric, yet passenger-minded.” The
layout of the operating controls and display systems was
determined in consideration of safety and ease of use for
supporting the driver’s operation of the vehicle. Ease of
operation from the front passenger’s seat was also taken
into account.

The overall interior was designed with the aim of
projecting an impression of stellar quality and a hand-
crafted feeling (Fig. 3). Meticulous care was taken in
choosing and refining the materials based on the principles
of selection and tailoring so as to incorporate Japanese
delicate sensitivity. Many areas of the interior are covered
with either artificial or real leather, depending on the trim
grade, rather than plastic, which, in combination with the
stitching, pursues a feeling of authenticity and fine
craftsmanship. The wood-grain finishers feature an open-
pore material that imparts an impression of natural

COVOOCOOOOOOTCOOOOPOOOOPOTGOOOOGOCOOOOO

y oo W
-3 #HEBQAXB0AVFU7
Fig.3 New QX50 interior
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genuineness.

The interior trim of the top-of-the-line models
adopts distinctive color coordination schemes of blue, brown
and white as well as real leather trim at places occupants
touch, with the aim of projecting an impression of premium
quality and genuineness.

3.3 VT-C engine—world’s first with variable
compression ratio

All models are equipped with the VC-T engine, the
world’s first mass-producible variable compression ratio
turbocharged engine (Fig. 4). As a result of making the
compression ratio variable, the engine produces power
equal to a 3.5L V6 gasoline engine, despite being a 2.0L
in-line 4-cylinder unit, while also providing fuel economy
equivalent to that of the latest 2.0L diesel engines. The
multi-link mechanism continuously varies the compression
ratio to match the engine operating conditions, ranging
from 8:1 for high performance to 14:1 for high efficiency
(Fig. 5). The engine produces maximum power of 200 kW
and maximum torque of 380 Nm. Front-wheel-drive models
achieve fuel economy of 27 mpg (15.5 km/L) and four-
wheel-drive models provide 26 mpg (11.0 km/L) under the
U.S. combined city/highway test cycle. Both figures
represent class-leading fuel economy and correspond to a
35% improvement over the previous V6 gasoline engine.
An auxiliary benefit of the multi-link mechanism is that
the connecting rods are maintained in nearly an upright
orientation during engine operation, which reduces the
thrust force applied to the cylinder walls. This enables the
engine to operate with notable quietness without requiring
balancer shafts.

3.4 New platform

The new QX50 is built on an all-new platform. One
of its distinctive features is that it achieves class-leading
packaging efficiency to maximize both interior roominess
and luggage area space. The platform was newly developed
with the objective of providing handling, stability, ride

T I I R I L e e g
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Fig.4 VC-T engine
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comfort, quietness and safety equal to or better than rivals
in the European premium brand class and also to reduce
the vehicle weight.

The luggage area measures 990 mm in length,
which is sufficient to accommodate a large baby stroller
in the lengthwise direction. This is a prominent feature
compared with rival models. The sliding mechanism of the
rear seat allows long travel of 150 mm, enabling flexible
use of the rear seat and luggage area.

The front and rear crushable zones are made
of 980 MPa high tensile strength steel sheet with high
formability. This application is a first for the automotive
industry and the body structures enable highly efficient
absorption of crash energy. The placement of high tensile
strength steel sheet at suitable locations and the double
tubular body construction increase the stiffness of the
body rear end and around the luggage area opening. As a
result, torsional stiffness is 23% higher than that of the
previous model, which contributes to improving handling
and stability and to reducing the transmission of vibration
to the cabin.

The suspension has been tuned to provide an
optimum balance of steering accuracy and pleasant ride
comfort, while emphasizing stability so as to avoid driver
fatigue even on long-distance drives.

3.5 ProPILOT Assist for autonomous driving support
in the same expressway lane

The new QX50 is the first INFINITI model to
adopt ProPILOT Assist, a Nissan technology supporting
autonomous driving in the same expressway lane. This
system is intended to be an in-between step toward
autonomous driving technology in the future. A distinctive
feature of this system on the new QX50 is that it is
combined with Direct Adaptive Steering (DAS). Compared
with a conventional steering system, the steering wheel
and the steering shaft are not mechanically connected.
This reduces the inertial mass of the steering system,
which enables accurate lane-keeping when driving straight
ahead or cornering and also ensures smooth vehicle
motions.

4. Conclusion

The new INFINITI QX50 was a highly successful
project that created an ideal vehicle from a blank drawing
board, thanks to the newly developed platform with high
efficiency and the VC-T engine incorporating the world’s
first variable compression ratio technology. The goal set
for the new QX50 was to respond to customers’ expectations
at all times without simply continuing the previous model.
The resulting new QX50 is a vehicle that embodies the
latest INFINITI-ness and is capable of competing head-on
with European premium band SUVs.
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Magnetization State Manipulation Method with Low Vehicle Vibration for
High Speed Operating Region of Variable Flux PMSMs
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1. Introduction

Variable flux permanent magnet synchronous
machines (VF-PMSMs) have been proposed to reduce the
energy consumption of electric vehicles over a driving
cycle. With this type of motor, the magnetization state
is varied so as to expand the high efficiency region.
Manipulating the magnetization state requires control
of the magnetizing/demagnetizing current. However,
with the conventional method, the obtainable maximum
magnetization state is limited in the high-speed region due to
large back electromotive force. In addition, the magnetizing
current influences drive axle torque fluctuation.

In this article, the fundamental principle of the
straight line stationary flux linkage trajectory (SLAST)
method, which has been proposed for increasing the
obtainable maximum magnetization state in the high-speed
region, is clarified by visualizing the spatial magnetomotive
force distribution that occurs on the stator at the time of
magnetization state manipulation. Experiments and
simulations were conducted to investigate the effect of the
proposed SLAST method when applied to a vehicle traction
motor. The results revealed that the desired magnetization
state can be achieved in the high-speed region, and drive
axle torque fluctuation can be suppressed during
magnetization state manipulation.

2. Overview

With the conventional method, the spatial stator
magnetomotive force that moves in synchronization with
rotor rotation is produced to control the magnetization
state. Consequently, back electromotive force is produced
that is proportional to the rotational speed and the
intensity of magnetomotive force. Because the back
electromotive force becomes large in the high-speed
region, it is necessary to control the voltage by lowering
the intensity of the magnetomotive force. As a result, the
obtainable maximum magnetization state has been limited

*EV ¥ A7 A0%EHT, EV System Laboratory **University of Wisconsin-Madison **-E V) 71 - ¥ — Y AfZEAT, Mobility
Services Laboratory *** i .36k Shibaura Institute of Technology
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(Fig. 1-a).

In contrast, the SLAST method produces the
magnetomotive force that is fixed at an arbitrary position on
the stator, thereby reducing the back electromotive force. As
a result, the desired magnetization state can be obtained in
the high-speed region (Fig. 1-b). It is noted that torque ripples
that originate in the magnetizing current occur in the motor.
However, the response of the magnetizing current control
is improved by the surplus voltage obtained by reducing
the back electromotive force. Therefore, the magnetization
state manipulation period becomes shorter than the
vehicle response time so the transfer of torque ripples to
the drive axle is suppressed.

Figure 2 presents the experimental results
obtained when the SLAST method was applied to a VE-PMSM
having an output comparable to that of a vehicle traction
motor. It also shows the drive axle torque calculated at the
time of magnetization state manipulation in a simulation
that was conducted using the experimental results. The
results show that using the SLAST method makes it
possible to obtain the maximum magnetization state even
in the high-speed region, and that drive axle torque does
not fluctuate during magnetization state manipulation.

3. Conclusion

The magnetization state manipulation method
described here resolves one of the principal issues involved
in applying a VF-PMSM for vehicle traction. It is expected
that this method will contribute to the expanded application
of VF-PMSMs in the coming years.
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Editorial Postscript

The special feature in this issue focuses on the electric powertrain for the new Nissan LEAF. The articles
extensively describe the technologies incorporated in the electric powertrain adopted on the new Nissan LEAF that
made its world premiere in September 2017. Compared with the previous model, the new Nissan LEAF features an
extended driving range, improved power performance and also additional new functionality to enhance its captivating
appeal, while the price has been kept at the same level. The technologies have been developed on the basis of those
of the first-generation model and by feeding back vast amounts of data collected in real-world driving to build up
the underlying technical fundamentals. As a member of the editorial staff, I will be very happy if readers view the
technologies as resulting from efforts made to achieve new targets based on substantial feedback gathered from
customers with the aim of satisfying their requirements at the highest possible dimension.

The origin of electric vehicles (EVs) goes back a surprisingly long way, as EVs have a history of over 100 years
equal to that of internal combustion engines. However, it has only been in recent years that EV technologies have
shown such dramatic advances. Development of the first-generation Nissan LEAF started approximately ten years
ago, and the present time and coming years will be age of EV revolution that will go down in history. Considering that,
we feel very fortunate as engineers to be able to witness this momentous time. It is hoped that this special feature will
be a useful reference to everyone who is constantly undertaking the challenge to develop various new technologies for
resolving the issues surrounding vehicles today.

Taiichi Onoyama
Member of the Nissan Technical Review Editorial Committee
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Nissan is pushing ahead with the development of various new electrification
technologies in order to further popularize electrified vehicles that use
electricity as their power source. The new-generation Nissan LEAF that was
released in 2017 is equipped with many new technical features in addition to
existing technologies. The cover design this time expresses four key technical
features of this all-electric new Nissan LEAF together with a cutaway view of
the vehicle in motion. The features represented are: (1) an acceleration
waveform indicating superior response and acceleration performance, (2) a
block diagram depicting a feeling of smooth deceleration achieved by accurate
motor control during vehicle deceleration, (3) an accelerator pedal that
symbolizes the driving ease obtained with one-pedal vehicle operation, and (4) a
30% (approximately 16°) slope on which the e-Pedal system, combining a 40-kWh
battery and a 110-kW motor, can stop and hold the vehicle.
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