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Preface

Toward the Digital Transformation of Heat

SAITO, Kiyoshi*

Currently, the entire country is promoting the de-
velopment of the “Society 5.0” as “a society that balanc-
es economic growth with the resolution of social issues
with a system that effectively integrates physical space
(real space) and cyberspace (virtual space).” One of the
technologies required for realizing such a society is
digital transformation (DX), which uses the Internet of
Things (IoT) to transform products, services, and busi-
ness models by connecting objects, as well as comput-
ers, to the Internet to transform business operations
themselves and even corporate cultures and climates.

I have been conducting research specialized in
the field of “thermal system dynamics and control.”
Specifically, I have worked on system modeling, opti-
mal design and control, and developing simulators de-
velopment for heat pump-related technologies, includ-
ing refrigeration and air-conditioning systems.

Heat utilization technology includes many ana-
log elements, and in Japan, technological develop-
ment has mainly focused on device technologies based
on combustion and heat transfer, including rotating
equipment such as compressors. As these technologies
require long-term gradual basic research and develop-
ment, Japan, which excels in this field, has strong tech-
nological capabilities and is expected to maintain high
competitiveness in the global market.

Recently, studies on heat utilization technologies
have been gradually advancing toward DX, with the
introduction of increasingly sophisticated learning con-
trol, motion sensors, and automated driving. Energy
management systems (EMSs), a key technology in
DX, have been increasingly introduced in various ap-
plications, from residential to industrial. In addition,
artificial intelligence (AI) has been used for predicting
loads, weather, and even human behavior, and the re-
sults of related analyses are now being put to practical
use.

In the future, for example, refrigerant charge man-
agement will become easier in the field of refrigeration
and air-conditioning if early detection of refrigerant
leakage becomes possible. As EMSs become more so-

* Director, Sustainable Energy & Environmental Society Open
Innovation Research Organization Professor, Department
of Applied Mechanics and Aerospace Engineering, School of
Fundamental Science and Engineering, Waseda University
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phisticated, this will promote the consolidation of heat
pump-related equipment, which is currently installed
in multiple locations, and expand the use of renew-
able energy sources, enabling more efficient operation
with lower COg2 emissions. In the cold chain, adding
evidence related to energy and refrigerants to digital
information distribution will lead to reduced COgz emis-
sions, lower global warming effect of refrigerants, and
even reduced food losses throughout the supply chain.

On the other hand, I feel a sense of crisis when I
look around the house and recognize DX hardly pro-
gressing. While the IoT is slowly moving forward, as
an electronics-consumer enthusiast, I have as many as
five remote controls around me, which I use to operate
devices. In addition, I have been involved in many au-
dits of energy management services, and, although en-
ergy saving and profitability are proclaimed, there are
no means to verify the effectiveness of these services.
Too often, energy management systems, if introduced,
produce little effect. If nothing is changed, Japan will
eventually fail to realize the energy management ser-
vices that are truly needed and eventually lose its glob-
al competitiveness.

In the future, the key to realizing a sustainable
decarbonized society will be the system integration
technology, which Japan has not excelled in. If Japan,
which leads the market in many fundamental technolo-
gies for heat utilization, can lead the world in heat DX,
it will be possible to continue to make heat utilization
technologies internationally competitive. One can only
hope that Japan will not repeat the footsteps taken in
the smartphone industry, which focused only on fun-
damental hardware technologies and found itself far
behind the times.

Waseda  University, together  with  more
than 30 organizations including Fuji Electric, has
launched a project entitled “Construction and Social
Implementation of an Ambient Energy Platform” as a
theme promoted by the Council on Competitiveness-
Nippon (COCN). The project is investigating the cre-
ation of a common platform to quickly realize a ther-
mal EMS by linking various heat utilization devices
from various manufacturers with IoT.

The project is also scheduled to grow into a large-
scale national project from fiscal 2023. I sincerely hope
that the DX will continue to be a driving force for the

FUJI ELECTRIC REVIEW vol.68 no.3 2022



heat utilization technology in Japan and push the de-
velopment of a series of globally competitive technolo-
gies.
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Fuji Electric’s Food Distribution Creating New Value:
Current Status and Future Outlook

ISHIBASHI, Masanobu”®

1. Introduction

The history of vending machines in Japan is
said to have begun with a stamp and postcard vend-
ing machine that appeared in 1904. Nearly 60 years
later, in 1962, a foreign beverage manufacturer en-
tered the Japanese market. Fuji Electric started
producing and selling milk vendors in 1965, and a
cup-type coffee vending machine was installed at
the Osaka Expo in 1970. Since then, vending ma-
chines have been developing in tandem with Japan’s
rapid economic growth as products that play a role
in expanding sales for beverage manufacturers.
Since open showcases were first sold in 1973, they
have supported sales growth for retail stores as
products that form a part of the sales floor.

With the global trend toward environmen-
tal protection aimed at achieving the Sustainable
Development Goals (SDGs) and realizing carbon
neutrality, as well as changes in the social envi-
ronment such as the declining population and the
COVID-19 pandemic, companies are being urged to
protect the environment and contribute to society.

Fuji Electric is working to acquire technologies
capable of addressing market changes in order to
contribute to customer sales growth and environ-
mental protection. This paper describes the cur-
rent status and future outlook of Fuji Electric’s food
distribution business, which creates new value in
the form of new technologies and products such as
these.

2. Contribution to Global Environmental
Protection

To achieve the government’s declared goal of
realizing carbon neutrality by 2050, Fuji Electric’s
customers are also working to expand their use of
renewable energy and conserve resources by set-
ting their own environmental targets. Among these
targets, energy saving has become a top priority be-
cause it has the effect of curbing the rise in running
costs associated with the recent rise in electricity
prices.

2.1 Heat pump™' technology for beverage vending
machines
Figure 1 shows the trend in the annual amount
of power consumption per beverage vending ma-
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*Values are weighted averages.
Source: Japan Vending System Manufacturers Association

Fig.1 Trend in annual amount of power consumption per
beverage vending machine

*1: Heat pump

temperature area even higher. This prin- fer more heat than the workload of a com-

A heat pump pumps heat from a low ciple is also used in refrigerators and air pressor, are gaining attention as an effective
temperature area to a high temperature conditioners. A refrigerant transfers heat means of saving energy.
area. This makes the temperature of the low between indoor and outdoor units to cool or
temperature area even lower and of the high warm the air. Heat pumps, which can trans-

* Food & Beverage Distribution Business Group, Fuji
Electric Co., Ltd.



chine. The amount of power consumption, which
tended to decline year by year, has become stagnant
since 2015, prompting calls for further energy sav-
ing. Beverage vending machines use a heat pump
to simultaneously heat and cool the interior. Fuji
Electric has been striving to achieve energy saving
in the operation of the heat pump.

Figure 2 shows the heat pump mechanism of
beverage vending machines. In beverage vending
machines installed in a variety of locations both
indoors and outdoors, the heat pump load fluctu-
ates depending on a variety of factors, including
the outside air temperature, the number of items
stored and their sales. In addition, when the sea-
sons change, some of the chambers in the machine
are switched from cooling to heating. We have de-
veloped a control technology capable of adjusting the
heat pump operating method to maximize efficiency
under these conditions and maximize energy sav-
ings throughout the year.

Heat pumps operate most efficiently under a
balance between heating and cooling. When the
load on the heating side grows due to external fac-
tors, the evaporation and condensation tempera-
tures of the refrigerant in the heat exchanger of the
heat pump are adjusted so that the performance
against the load is equal on the heating and cooling

Heating Cooling| Cooling
Dﬁzgﬁ;%gs Absorbs heat from the
the heating cooling chamber
chamber
Evapo-
Heat rator
exchanger
and evapo- —
rator for
heating
| _— Com-
pressor

(a) Simultaneous operation of cooling and heating
(heat pump between internal compartments)

Heating Cooling| Cooling
Discharges -
heat into Cooling
the heating| | chamber off
chamber
| ] H
 epp————
1
Absorbs —y
heat from LS
outside —>

(b) Heating-only operation
(heat pump between internal and external compartments)

Fig.2 Heat pump mechanism of beverage vending
machines

sides.

By applying this heat pump synchronization
control as the highest priority in operation, we
have eliminated the need for the heat pump be-
tween the interior and exterior, as shown in Fig.
2(b), thereby achieving energy saving (refer to
“Technology for Applying Heat Pumps to Beverage
Vending Machines” on page 119).

2.2 Showcase energy-saving technology

Among the equipment used in supermarkets
and convenience stores, showcases that keep prod-
ucts cooled at suitable temperatures are easily af-
fected by outside air because the product display
area is open. For this reason, they consume more
energy than refrigerators, which cool the interiors
of enclosed chambers. Accordingly, energy saving of
showcases is an important challenge.

Showcases are generally classified into two
types based on the location of the cooling unit.
Known as a built-in showcase, the first type is
equipped with a cooling unit inside the showcase
that cools the displayed items. The other type,
called a separately installed showcase, has a cooling
unit outside of the store, which is connected to mul-
tiple showcases in the store, as shown in Fig. 3.

For separately installed showcases, piping work
is carried out on site, and the lengths and bends
of the pipes vary from store to store, which often
causes the amount of refrigerant contained in the
pipes to vary, making them difficult to optimize. To
address this, we have developed and are offering a
tool that can be easily used on site to calculate the
optimal amount of refrigerant to fill according to the
piping capacity. It has been shown to optimize the
amount of refrigerant filled at the time of installa-
tion, increasing energy savings for the entire store.

We have also developed a control system using
an electronic expansion valve capable of optimiz-
ing operating conditions, which was difficult with
conventional mechanical expansion valves (refer to
“Energy-Saving Technology for Showcases” on page

| <«—— Refrigerant flow

g .
[k Ik

Outside store

Cooling unit ?

T I
I: =~ Refrigerant piping

Fig.3 Separately installed showcase
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140).

2.3 Energy saving system for stores

As mentioned in Section 2.2, showcases are
susceptible to outside air, and the equipment units
within a store affect each other. For this reason, it
is important to operate the showcases in such a way
that saves energy for the entire store, rather than
simply improving the efficiency of individual units.
In addition, it is necessary to ensure that visitors to
the store feel comfortable. For example, while it is
generally recognized that raising the temperature
setting on the air conditioning during summer is an
effective way to save energy, it may have a negative
effect on the level of comfort experienced by visitors,
which can affect sales. For this reason, it is not easy
to save energy and ensure comfort at the same time.
To address this, we identified the factors affecting
energy saving in actual stores and analyzed their
relationship with comfort. Using an index called
the predicted mean vote (PMV) to quantify comfort,
we studied not only the use of refrigeration equip-
ment and air conditioning, but also the introduction
of outdoor air, aiming to achieve both energy saving
and comfort (refer to “Energy-Saving Measures for
Stores” on page 144).

3. Addressing Changes in the Japanese
Market

Under the trend of declining birthrates, an ag-
ing society, and a shrinking population, ensuring
sales and saving manpower and labor are impor-
tant challenges in the retail industry. On top of
this, while the COVID-19 pandemic has upended
the market environment and dealt a major blow to
existing businesses, it has also created new needs,
such as the need for non-face-to-face sales. In this
period of change, there is a demand for the discov-
ery of new opportunities.

3.1 New value-added services of vending machines

Fuji Electric has already been offering vend-
ing machine services for businesses that operate
vending machines to help improve their operational
efficiency. In response to the recent accelerating
trend toward greater demand for contributions to
the SDGs, operator companies are also stepping up
efforts to improve their working environment and
reduce food loss and waste. One by one since 2020,
we have been offering new and expanded services
that address these issues while increasing sales at
the same time.

As a platform for providing these services, we
have equipped our vending machines with a multi
communication unit (MCU) (see Fig. 4). New ser-
vices using the MCU include dynamic pricing, which
enables automatic updates of the sales price display;

Fig.4 Multi communication unit

a smartphone remote controller, which enables op-
erators to use a smartphone app to perform opera-
tions such as configuring the vending machine; and
New QR Code* Payment, which enables the intro-
duction of cashless payment at a low cost. These
features reduce the need to perform tasks that were
previously performed by workers, such as making
rounds to vending machine locations to replenish
items, collecting money, and changing price display
when replacing items. In addition, these features
make it easier to sell off products at a discount
when they are approaching their best-before dates
(refer to “Expansion of Vending Machine Operation
Services” on page 114).

3.2 Networking in convenience stores

There is a need for convenience stores and
other establishments to save energy while introduc-
ing new products and equipment to keep up with
changes in the market. In addition, responding to
the labor shortage caused by the declining birthrate
and aging population has become a major issue, and
there is a need to save energy as well as manpower
and labor in operations. Fuji Electric provides a
system to support store operations through the use
of networked store equipment.

Figure 5 shows an example of the configuration
of a system that uses a store controller. By monitor-
ing and analyzing the operating status of showcase
main units and the cooling unit through this sys-
tem, not only can energy-saving control of the cool-
ing unit be achieved, but predictive maintenance
can also be performed through the detection of
signs of equipment malfunction (refer to “Network
Services for Stores” on page 137).

3.3 “Thickened beverage vending machine”
In Japan, where the population is aging, the
number of care receivers is increasing, and at the

* QR code is a trademark or registered trademark of
DENSO WAVE INCORPORATED
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same time, the shortage of labor required to pro-
vide nursing care services is becoming increasingly
severe. Since people in need of nursing care are
prone to aspiration when eating, for example, mea-
sures have been taken to thicken their beverages
and make them easier to swallow. Because these
thickened drinks need to be prepared according to
the condition of the care receiver, preparing them
required a lot of effort.

To address this, Fuji Electric has applied the
technology it cultivated in the development of cup
vending machines to develop an automatic tea dis-
penser with an in-cup mixing system, which pre-
pares thickened drinks (see Fig. 6). It enables thick-
ened drinks tailored to the condition of each user to
be prepared with simple operations, and is also de-

signed to operate with minimal maintenance, thus
reducing the workload of caregivers who serve thick-
ened drinks (refer to “Thickened Beverage Vending
Machine’ In-Cup Mixing Automatic Tea Server” on
page 128).

3.4 Frozen food vending machine

Lifestyle changes due to the COVID-19 pan-
demic have led to rapid growth in the ready-made
meal market. Among such products, frozen foods
are attracting attention from the perspective of the
SDGs as a means to address food loss and waste
because of their long shelf life as well as improved
quality due to developments in freezing technology.

In the restaurant industry, which has experi-
enced a decline in sales during the COVID-19 pan-
demic due to stay-at-home policies, shortened busi-
ness hours, and the general trend toward non-face-
to-face communication, vending machines are seen
as a promising new sales method to recover from the
decline.

With this in mind, Fuji Electric has developed
the “Frozen Station,” a new frozen food vending ma-
chine (see Fig. 7). It is equipped with a spiral rack
that can be used to sell a wide variety of products,
and the space inside is effectively utilized to ac-
commodate large items and increase the number of
items that can be stored. We also used simulations
to analyze the movement of conveyed items and de-
velop a conveyance mechanism that ensures that
items can be delivered without issue. In addition,
we also provide operation support services to enable
those who are unfamiliar with operation of vend-
ing machines to use them without trouble. This
service 1s geared toward customers who have never
operated vending machines before and is expected
to expand the market for frozen food sold in vend-
ing machines (refer to “Frozen Station’ Frozen Food
Vending Machine” on page 123).

Fig.6 “Thickened Beverage Vending Machine”

3

o o
LT e
L 8

Fig.7 “Frozen Station” frozen food vending machine
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4. Taking on Challenges for Further Growth

This section describes other solutions for the
Japanese and international markets. We conduct
research and development to create new value by
addressing issues in society and improving conve-
nience for customers.

4.1 General-purpose goods vending machines

In Southeast Asia (including Thailand,
Malaysia, Singapore and Indonesia), more than
10,000 food vending machines have already been
installed. In recent years, convenience store chains
have entered the vending machine business, and de-
mand for the sale of a variety of beverages and foods
has been on the rise. The variety of the shapes of
cans and plastic bottles sold in this region is in-
comparably greater than in Japan and cannot be
handled using beverage vending machines for the
domestic market. In Taiwan, the use of vending
machines for dispensing pharmaceuticals at hospi-
tals is being considered. This is because vending

= -
l——————-‘:nmuu___\'l} 'y
¢

Fig.8 “FGG160DCY”

machines are expected to be useful for preventing
human error by pharmacists and for storing phar-
maceuticals at constant temperatures.

Accordingly, Fuji Electric has developed a vend-
ing machine equipped with a product conveyance
mechanism that can store many items of various
shapes and dispense even soft items without dam-
aging the shape of the contents (see Fig. 8) (refer
to “FGG160DCY’ General-Purpose Goods Vending
Machine” on page 132).

4.2 Edge devices

As the demand increases for real-time perfor-
mance to provide further benefits, the increasingly
popular Internet of Things (IoT) systems are chang-
ing from traditional cloud-centric configurations to
more sophisticated configurations that enable pro-
cessing to be performed on edge devices.

Accordingly, in order to meet diverse needs, Fuji
Electric has defined the requirements and pursued
software to achieve a new IoT platform. We have
thus developed the edge computing device that
forms the fundamental technology for edge devices.

We have leveraged open-source software (OSS)
to provide flexibility for meeting diverse needs and
reduce the time required for application develop-
ment. The hardware is configured with enhanced
connectivity and is capable of both wired and wire-
less connection. The configuration of function mod-
ules has been innovated to facilitate future updates.
Security software is provided as standard, ensuring
secure use (refer to “Fundamental Development and
Application of the Next Generation Edge Devices”
on page 154).

4.3 Frost-free technology for heat exchangers

Heat exchangers are used not only in showcases
and vending machines, but also in refrigerators and
other equipment used to cool objects. The evapora-
tive latent heat of the refrigerant circulating inside
the heat exchanger is used to cool the interior of

Humid air

Heat exchanger

Humid air

Cooling face

Heat exchanger

o

(a) Frost formation mechanism of conventional heat exchangers

|

(b) Frost-free mechanism

B ... L 2

Frost growth

—
Condensation water == Repetition of flowing down
droplets growth and drainage

Droplet growth
(Supercooling
promotion)

Fig.9 Mechanism of frost-free technology
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the equipment. Water in the air condenses on the
surfaces of heat exchangers that become cold during
operation, which, if cooled below 0°C, freezes and
develops into frost, reducing the efficiency of heat
exchange. In the past, defrosting was performed,
for example, by heating the heat exchanger surface
with a heater, which required extra energy.

Figure 9 shows the mechanism of frost forma-
tion prevention. Application of a specific material
to the surface of the heat exchanger functions to ac-
celerate supercooling (which hinders the action of
ice nuclei, which are the starting points for freezing)
and the condensed moisture grows without freez-
ing and runs off under its own weight, preventing
frost from forming. We are working on the research
and development of technologies that eliminate the
need for energy used for defrosting, which has been
necessary to date, to further improve the energy-ef-
ficiency of showcases and vending machines (refer to
“Frost-Free Technology for Heat Exchangers Using
Functional Coating” on page 149).

5. Postscript

This paper has presented the current status and
future outlook of Fuji Electric’s effort to create new
value in the food distribution field. The market en-
vironment will continue to change at a faster pace,
and emphasis will be placed globally on environ-
mentally friendly management.

We will continue to improve the core technolo-
gies for food distribution—thermal technology, me-
chatronics and IoT—to respond quickly to these
market changes and provide new value.
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Expansion of Vending Machine Operation Services

TANAKA, Seiichi”

YANAGAWA, Hiroyuki"

MIZUNO, Kenta*

ABSTRACT

In the vending machine business, there are calls for efforts to contribute to the SDGs, such as by improving the
working environment and reducing food loss and waste. Having been rolling out its Vending Machine Operation
Services to improve the efficiency of vending machine operation, Fuji Electric has now developed new functions.
These functions are dynamic pricing, which changes product selling prices according to set rules; a smartphone re-
mote controller, which simplifies vending machine remote operation; and New QR Code Payment, which enables the
introduction of QR code payments at a low cost. These functions are expected to reduce operating hours by 20%,
create an easy operating environment, and increase sales of vending machines.

1. Introduction

Fuji Electric has long been offering the “Vending
Machine Operation Service” for businesses that op-
erate vending machines to help improve their op-
erational efficiency. In response to the recent rise in
calls for contributions to the Sustainable Development
Goals (SDGs), operator companies are stepping up ef-
forts to take on challenges such as improving working
environments and reducing food loss and waste. Since
2020, we have been gradually offering new and ex-
panded services that address these issues and increase
sales. This paper describes our expanded Vending
Machine Operation Service.

2. Challenges in Operation of Vending Machines

The vending machine market is saturated in
Japan. In addition, the expansion of retail channels,
such as supermarkets and convenience stores, has in-
tensified sales competition, which poses challenges for
vending machine operators in terms of how to increase
sales per vending machine.

Furthermore, with the decline in the working-age
population due to the declining birthrate and aging
population, and with the need to review and improve
working environment in response to work-style reform,
operators are looking for ways to improve efficiency
in sales and inventory management operations. For
example, workers who make their rounds of vending
machines, having to go around multiple locations in a
day, cannot increase the number of rounds any further
because their jobs are very time-consuming, such as
product replenishment and product replacement along

* Food & Beverage Distribution Business Group, Fuji Electric
Co., Litd.
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with price changes. New measures are also required
to address the issue of having to dispose of items that
have not sell before the best-before date.

3. Foundation for the Vending Machine
Operation Service

To date, Fuji Electric has built a system that
quickly transmit information to operators and other
staff on sales, items sold out, failures, and operation of
the vending machines. The information is aggregated
on a cloud server in real time via a multi communi-
cation unit (MCU) integrated in vending machines.
Figure 1 shows the system configuration of vending
machine operation services. These existing services
provide inventory management, which associates in-
formation about replenishment of products in vending
machines with that about sales at vending machines,
enabling remote management of product inventory and
best-before dates, as well as route management, which
provides suggestions for the best route to take based
on the inventory information and route information.

The vending machines are connected to cloud serv-
ers via the Internet, and information is encrypted
and sent back and forth. Cloud servers also ensure
security by restricting access through operator user
authentication and vending machine device authenti-
cation.

4. New Management Service Options

Fuji Electric has developed the following the
Vending Machine Operation Services as listed in Table
1: dynamic pricing, which changes product sales prices
remotely according to set rules; a smartphone remote
controller that simplifies the operation of vending ma-
chine remote controls, which would otherwise require
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Table 1 Examples of the Vending Machine Operation Services

Effect of introduction Service

Sales management

Inventory management (sold out prod-
ucts, best-before dates of products, etc.)

Operation efficiency

. Route management (rounds and replen-
1mprovement

ishment plan)

Dynamic pricing

Smartphone remote controller

Product line-up optimization
New QR Code Payment

Sales improvement

[ ]: Services described in this paper

proficiency to operate; and New QR Code*' Payment,
which enables the introduction of QR code payment at
a low cost.

Table 1 shows the new service options developed to
improve the efficiency of vending machine operation,
along with the conventional options. Details of the
features of these new services and their effects are de-
scribed as follows:

4.1 Dynamic pricing service

Product discounts have long been used to sell off
products in order to promote new products or replace
products. Recently, unmanned sales without face-to-
face interaction have attracted attention due to the
COVID-19 pandemic, and food vending machines are
also becoming more widespread. There is also a need
to reduce food loss caused by a failure to sell products
before the best-before dates.

Price changes for discounted sales currently re-
quire the use of the remote controller come with the

*1: QR code: Trademark or registered trademark of DENSO
WAVE INCORPORATED

Expansion of Vending Machine Operation Services

vending machine to change the pricing for each item.
Furthermore, vending machines that do not have an
automatic price display function to display changed
prices need manually changing the price labels in the
product display. These tasks require operators to go to
the locations of vending machines and are a major bur-
den for vending machine operations.

To improve the efficiency of such operations, we
have developed a new dynamic pricing service capable
of changing the prices of items in vending machines
remotely and automatically. Figure 2 provides an over-
view of this service.

With this service, operators can access the cloud
server provided by Fuji Electric from their company
devices and change the settings of the respective vend-
ing machines to which rounds are made. The changed

| <+—— Online <=---- Offline |
Product price
Going
? 2 on site
Operator/ Operator
Vending Operation ~ Worker
machine remote controller

(a) Conventional operation

Cloud server

Operator

Vending machine

Promotional display

(b) Operation of dynamic pricing service

Fig.2 Dynamic pricing service overview
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settings are sent from the cloud server to the vending
machines via the vending machine MCU to reflect the
new settings. This eliminates the need for operators to
make rounds for pricing changes. In addition, the ser-
vice allows operators to make changes based on the set
rules according to their use cases. For example, avail-
able functions include a function to change the speci-
fied date/time/period for limited sales (timed sales)
for events and prior to seasonal product changes, as
well as a function to change the equipment and inven-
tory condition specifications, which takes into account
equipment conditions such as installation location, as
well as inventory conditions such as sales and expira-
tion dates.

In conjunction with this, we have also developed
a new price display button that can maximize the ef-
fect of the dynamic pricing service. Figure 3 shows a
conceptual image of the new price display button. The
new features enabled by this new price display button
are described as follows:
(1) “Recommended!” indication

Operators can show the text “Recommended!” on
buttons assigned to items they especially want to sell.
With conventional vending machines, operators used
their own POP signs to make such promotional indica-
tions. This product accomplishes this using the indica-
tors inside the buttons. In addition, the indication can
be made to flash in order to highlight products.
(2) “Discount” indication

The text “Discount” can be shown on buttons as-
signed to items to be sold at discounted prices. With
conventional vending machines, only the discounted
sales prices are displayed when discounts have been
applied, and the preparation of separate POP signs
was required to tell purchasers that the products were
discounted. As with the “Recommended!” indication,
the “Discount” indication can be made to flash to high-
light products, allowing easy solicitation to purchasers.
(3) Temperature indication

The temperature range (hot or cold) of the prod-
ucts can be shown on assigned buttons. While this
was conventionally shown by using POP signs inside
the product display, this button is equipped with tem-
perature indicator lamps (orange, blue and purple) and
temperature indicators (hot, cold, and room tempera-
ture), which can be linked to indicate the temperature

¥
_HOTI M ]|

co NI
BB AFHY) A5k B3

Fig.3 Conceptual view of new price display button
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of a product. In addition, on conventional vending
machines, room-temperature products needed to be in-
dicated using POP signs, but with these buttons, room-
temperature products can be indicated using the pur-
ple setting of the temperature indicator lamp and the
room temperature setting of the temperature indicator.
(4) Use of four digits for display prices

With our sights set on non-beverage products such
as food and goods, which are expected to expand in the
future, this service supports four-digit price indication.
Conventionally, the price indications only had three
digits and, to handle any product worth 1,000 yen or
more, the use of price labels was necessary, even if the
buttons had a price display function.

Use of this service eliminates the need for opera-
tors to make rounds of vending machine locations to
change the settings, reducing the work time of making
rounds by 20% compared with conventional operations.

In addition, by conducting flexible promotions
tailored to sales conditions and the surrounding envi-
ronment, operators can increase sales without miss-
ing out on sales opportunities, and reduce the risk of
having to dispose of products that were left unsold.
Furthermore, four-digit price indication can be used to
increase sales opportunities for a variety of products,
including food and other goods besides beverages.

4.2 Smartphone remote controller

With conventional vending machines, operational
settings were changed using the remote controller
come with each vending machine, but this operation is
not straightforward, which is assumed to have made
new customers hesitant to introduce vending ma-
chines.

Conventional remote controllers for vending ma-
chines use a system in which users enter designated
code numbers specified for individual purposes. Table
2 shows examples of inputs of the operation remote
controller, and Fig. 4 shows an example of operation of
the conventional operation remote controller. Opera-
tors are required to memorize these code numbers or
read the instruction manual. Multiple buttons on the
remote controller must be used to enter the desired
code number, and multiple button operations are also
required on the menu screen corresponding to the code
number. In this way, with a conventional remote con-
troller, it takes time to change and check the settings,
which results in long work hours for operators.

We have developed a remote control system
that can use a smartphone as the remote controller.

Table 2 Examples of operation remote controller input

Operation Input

Sales aggregation key: TC
Mode key: 2-09
Test key: T5T1
Pricing key: Price input

Sales management

Lighting conditions

Item dispensing action

Sales price change

FUJI ELECTRIC REVIEW vol.68 no.3 2022



[Example] Item dispensing action confirmation

(1) Press “Test” key

(2) Use “Up” and “Down” keys to enter code
number “T5T1”

(3) Use “Up” and “Down” keys to enter column
number for the item to be dispensed

(4) Use “Start/Stop” key to execute

<Problem>

O The code number for executing the item
dispensing action must be known.

O Entering numbers takes time and effort.

O Users need to memorize the column
arrangement (column number) of the
desired product.

Fig.4 Example of operation of conventional operation remote
controller

- G ) [Example]

Item dispensing action

confirmation

(1) Tap “Confirm item
dispensing action”

(2) Tap the item to
dispense

LT T8 T ML
FE LR
LEE] T ERE

<Effect>

O Intuitive
identification enabled
by text and pictorial
depictions

O The number of steps
is significantly
reduced

Fig.5 Smartphone remote controller

This system connects the MCU to a smartphone via
Bluetooth*? and allows the user to set up a vending
machine and check information using an application
installed in the smartphone in advance. Unlike the
code number input operation of conventional remote
controllers, the new controller clearly indicates the op-
eration procedure with pictures and letters, which are
guided through screen displays for intuitive operation.
In addition, with the smartphone remote controller,
the settings stored on a cloud server can be changed in
advance, greatly reducing on-site work time and pre-
venting configuration mistakes.

4.3 Easy-to-introduce New QR code payment

Electronic money using near-field communication
(NFC) has been the dominant form of cashless pay-
ment at vending machines, but with the rapid increase
in the number of purchasers using QR code payment
in Japan, the introduction and operation of payment
devices that support QR code payment for vending
machines has also been expanding. In order to make
these QR code payments, either the QR code displayed
on the mobile device must be read by the payment de-
vice (consumer-presented mode: CPM) or the QR code

*2: Bluetooth: Trademark or registered trademark of Blue-
tooth SIG, Inc.
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must be displayed on the payment device and read by
the mobile device (merchant-presented mode: MPM),
as shown in Fig. 6. CPM requires a scanner or a cam-
era, and MPM requires a liquid crystal display or an-
other display device, making payment devices expen-
sive. Many customers have given up introducing cash-
less payments because of this initial cost.

To solve this problem, we have constructed a new
QR code payment system (New QR Code Payment)
that can be introduced inexpensively by simply post-
ing a single printout of a QR code. Figure 7 shows the
conventional QR code payment flow (MPM system)
and Fig. 8, the New QR Code Payment flow (MPM
system). The New QR Code Payment system uses the
MCU installed in a vending machine. The printed
QR code is read by a mobile device and connected via
Bluetooth, and the same QR code information for pay-
ment used for conventional QR code payments is sent
to the MCU. The MCU of the vending machine sells
an item by receiving the result of a payment made by

Payment
device

Payment Mobile device

device (b) MPM

Fig.6 QR code payment system

| =— Online =---- Offline

(2) Payment request
(6) Payment result

request (5) Payment

processing

Payment server

Payment
application
Android *
i0S*3
(4) QR code read
(Payment QR code information)

— n Expensive display

(8) Product dispensing

(3) Payment QR code*!
information

(7) Payment result

(1) Item selection

Mobile device
Vending machine

+1: QR code: Trademark or registered trademark of DENSO WAVE
INCORPORATED

*2: Android: Trademark or registered trademark of Google LLC.

#3:108: Trademark or registered trademark of Cisco Systems, Inc.

Fig.7 Conventional QR code payment flow (MPM system)
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(7) Payment
(-\) processing

Payment server

(2) Payment request
(8) Payment result
request

(3) Payment QR code*! information
(9) Payment result

(1) Item selection

(4) QR code read

___(5) Bluetooth** connection

(6) Payment QR code information

Mobile device

Payment
application

SDK

(10) Product dispensing

Inexpensive label

Vending machine

+1: QR code: Trademark or registered trademark of DENSO
WAVE INCORPORATED

#2: Android: Trademark or registered trademark of Google LLC. s

#3:108: Trademark or registered trademark of Cisco Systems, Inc. Android *¥/

*4: Bluetooth: Trademark or registered trademark of Bluetooth i0S*?
SIG, Inc.

Fig.8 New QR code payment flow (MPM system)

operating a mobile device from the payment server.
From the purchaser’s viewpoint, the payment flow is
compatible with the QR code reading system (MPM)
that uses the camera of a mobile device. Under this
system, the MCU of a vending machine protects and
secures payment information from spoofing, data forg-
ery, and other incidents through three-party legiti-
macy verification of the transaction with the mobile
device and the payment server. Building this system
will need to develop a mobile device payment applica-
tion. To this end, Fuji Electric has prepared a software
development kit (SDK) to facilitate this process, which
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is provided upon customer request.

The New QR Code Payment, which is less costly
to build than the conventional system, can be intro-
duced even by customers who had given up installing
cashless payment devices because of the initial cost.
Support for QR code payment allows linking with
discounts and loyalty programs by payment service
providers, and its user-friendliness can be expected to
increase the number of purchasers and boost vending
machine sales.

5. Postscript

This paper has presented developments in the
Vending Machine Operation Services. Developed as
new services to solve customer problems, we believe
that these services can improve the efficiency of vend-
ing machine operations and increase sales.

In the future, we will aim to contribute to the busi-
ness of vending machine operator companies through
further value enhancement of vending machines by
continuously creating services that cater to market
needs, such as by developing electronic key systems
that improve operators’ key management, as well as
vending machine security and electronic receipt ser-
vices, for which demand is increasing for vending ma-
chines due to the digitization of expense reimburse-
ment processes.
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Technology for Applying Heat Pumps to Beverage
Vending Machines

WATANABE, Tadao® KONO, Amane”

ABSTRACT

Beverage vending machines, widely used for their convenience, are required to improve their energy efficiency.
Fuji Electric has developed a technology for beverage vending machines to expand the use of heat pumps between
internal compartments and improve energy efficiency. An electronic expansion valve is used to precisely control the
amount of refrigerant expansion to maintain the target evaporation. This load adjustment operation based on the
evaporation temperature allows the adjustable operating range of the heat pumps to be expanded. PID control keeps
the condensation temperature to match the target value. This technology was able to run vending machines only on

heat pumps between internal compartments, thereby saving approximately 4% of energy.

1. Introduction

Beverage vending machines are highly convenient
products that readily provide beverages at ready-to-
drink temperatures 24 hours a day. There are approxi-
mately 2.25 million vending machines in use in Japan.
Since beverage vending machines consume energy,
they were designated as special equipment in the Act
on the Rational Use of Energy (Energy Conservation
Act) in 2002 and are required to achieve a higher level
of energy efficiency. Fuji Electric has been involved
in the development of various technologies, including
heat pumps. In this paper, we will describe a heat
pump application technology for beverage vending ma-
chines that sell both canned and bottled beverages.

2. Heating and Cooling Mechanisms in Beverage
Vending Machines

2.1 Internal structure and operation of beverage vending

machines

Figure 1 shows the internal structure of a beverage
vending machine. A typical beverage vending machine
has three product storage chambers (left, middle, and
right) inside the storage compartment and a machine
room outside the storage compartment. In terms of
product storage racks, in addition to the standard
racks, which mainly hold small-capacity canned bever-
ages of 350 ml or less, plastic bottle racks are used to
hold large-capacity beverages in 500 ml plastic bottles.
There are also a wide variety of width and depth di-
mensions for beverage vending machines, depending
on the type of product to be stored.

Beverage vending machines have built-in heat

* Food & Beverage Distribution Business Group, Fuji Electric
Co., Ltd.

Left chamber ~ Middle chamber  Right chamber
(Heating/cooling (Heating/cooling  (Cooling
chamber) chamber) chamber)
e | 3
I = | =]
Product S ]
storage 2 2 Product
section 2 2 storage
(Racks) EY S < chamber
= § § ¢ (Internal)
]
Heat exchanger N jus \:"_1/ ==
and evaporator | L} Evapo-
for heating - \1% % /W rator
Cooling/heati ! 1
ooling/heating
ti I_( . .
section Refrig- Machine
erant room
» | piping (External)
N
Condenser Refrigerant piping Compressor

Compressor: Compresses and discharges refrigerant gas.

Condenser: Cools and condenses (liquefies) refrigerant gas.

Evaporator: Performs heat exchanging and evaporates (vaporizes) refriger-
ant liquid.

Fig.1 Internal structure of a beverage vending machine

pumps to cool and heat drinks. Each storage cham-
ber can be divided into a cooling chamber or heating
chamber depending on the type of product. In typical
vending machines, the left and middle chambers serve
as both cooling and heating chambers, while the right
chamber is dedicated to cooling.

Table 1 shows the different uses (operation modes)
of the cooling and heating chambers for beverage vend-
ing machines. There are four operation modes, and
most of the time, during the summer season, all three
chambers are operated in the CCC mode for cooling.
During other seasons, cooling and heating operations
are switched depending on sales trends and other fac-
tors, but in actual operation, the HCC mode shown in
Fig. 2 is used for most of the year. Therefore, a reduc-
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Table 1 Operation modes of beverage vending machines

Left Middle Right Main
Operation | chamber chamber chamber operatin
mode* (Heating/cool- | (Heating/cool- | (Cooling Seasonsg
ing chamber) | ing chamber) | chamber)
CCC Cooling Cooling Cooling Summer
HCC Heating Cooling Cooling Sgﬁ?fﬂ?ﬁd
. . . Spring and
CHC Cooling Heating Cooling Autumn
HHC Heating Heating Cooling Winter
*C: Cold; H: Hot
Heating | Cooling [ Cooling
Disch:
ﬁigt?f,%gs Absorbs heat from the
the heating cooling chamber
chamber
Evapo-
Heat 1 rator
exchanger
and evapo- \\% %/
rator for
heating
| —— Com-
pressor

(a) Simultaneous operation of cooling and heating
(heat pump between internal compartments)

Heating | Cooling | Cooling
Discharges -
heat info Cooling
the heating chamber off
chamber
‘ T
Absorbs = '
heat from ——
outside >

(b) Heating-only operation
(heat pump between internal and external compartments)

Fig.2 Heat pump mechanism of beverage vending machines
(HCC operation mode)

tion in power consumption in this operation mode can
be expected to have a significant energy-saving effect.

2.2 Heating and cooling mechanisms of heat pumps

Heat pumps are called heat transfer pumps and
are used, for example, in residential air conditioners
for cooling and heating. In the case of heating, air
conditioners are used to heat indoor rooms by collect-
ing heat from the outdoor air with very little electri-
cal energy. In the case of cooling, air conditioners are
used to cool indoor rooms by collecting heat from the
indoor air and releasing hot air outside. In contrast
to air conditioners, which switch between cooling and
heating, beverage vending machines simultaneously

120

perform cooling and heating by drawing heat from
cooling chambers so that it can be used in the heating
chamber.

Products in the heating and cooling chambers are
required to be kept within an appropriate tempera-
ture range. In principle, heat pumps cannot perform
cooling and heating separately. Therefore, they need
to cool the cooling chambers and heat the heating
chambers in sync. In conventional beverage vending
machines, the heat pump between internal compart-
ments [see Fig. 2(a)] is controlled primarily for the cool-
ing chamber and secondarily for the heating chamber.
For example, if the ambient temperature is 15°C, the
temperature difference between the cooling chamber
temperature of 5°C and the heating chamber tempera-
ture of 55°C will be 10 K and 40 K respectively. Since
the load for heating is higher, an insufficient amount
of heat will be provided to the heating chamber. To
compensate for this, an external heat pump [see Fig.
2(b)] is installed between internal and external com-
partments to draw heat from the air outside the cham-
ber. Figure 3 shows the operation of the heat pump.
When the temperature in the cooling chamber rises to
the set temperature, the heat pump between internal
compartments begins operating, cooling the cooling
chamber and heating the heating chamber. When the
temperature in the cooling chamber drops to the set
temperature, the heat pump between internal com-
partments stops. At this point, however, the heating
of the heating chamber is insufficient. Therefore, the
heat pump between internal and external compart-
ments is immediately started to continue heating the
heating chamber. When the temperature in the heat-
ing chamber reaches the set temperature, the heat
pump between internal and external compartments
stops. After this, the process is repeated when the

Heat pump between Heat pump between internal
internal compartments and external compartments
Operation period Operation period

Temperature j Setting
b value

Heating

chamber
(Left chamber)

Setting

value
Cooling (High)
chamber

(Middle + right|
chambers)

Setting
value
(Low)

Time

Controls by prioritizing cooling chamber and combining with heat pump
between internal and external compartments

Fig.3 Operational behavior of a heat pump (conventional
machine)
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temperature in the cooling chamber rises again.

The heat pump between internal and external com-
partments is used only for heating by drawing heat
from outside the chamber. It is less efficient than the
heat pump between internal compartments that per-
forms heating and cooling at the same time. In order
to save energy, it is necessary to reduce the usage of
the heat pump between internal and external compart-
ments.

3. Improving the Operating Efficiency of Heat
Pumps

To solve the issues described in Section 2.2, we de-
veloped a technology that performs heating and cooling
using only the heat pump between internal compart-
ments, eliminating the need of the low-efficient opera-
tion of the heat pump between internal and external
compartments.

3.1 Balancing heating and cooling capacity by controlling

evaporation temperature

Conventional heat pumps between internal com-
partments have insufficient heating capacity relative
to cooling capacity. However, by changing the tem-
perature at which the refrigerant in the evaporator
evaporates (evaporation temperature), it is possible to
change the ratio of cooling capacity to heating capacity.
Figure 4 shows the relationship between the refriger-
ant evaporation temperature and the ratio of cooling
capacity to heating capacity in our newly developed
vending machine. The ratio of heating capacity to cool-
ing capacity increases as the evaporation temperature
increases. By controlling the evaporation temperature
by changing the flow rate of refrigerant at the expan-
sion valve, cooling can be delayed and the heat pump
can be controlled so that the temperatures in the cool-
ing and heating chambers reach their respective set-
ting values at the same time. Conventional machines
can only operate at a pre-set evaporation temperature,

Heating/cooling capacity ratio E
=

-
)
B

L L L L
-8 -6 —4 -2 0
Evaporation temperature (°C)

|
=
o

Fig.4 Relationship between the refrigerant evaporation
temperature and heating/cooling capacity ratio in our
newly developed vending machine

Technology for Applying Heat Pumps to Beverage Vending Machines

but our newly developed machine can expand the oper-
ating range of the heat pump between internal compo-
nents by adjusting its capacity based on the evapora-
tion temperature as needed.

3.2 Improving heating efficiency by controlling condensa-

tion temperature

The temperature at which the refrigerant con-
denses in the condenser (i.e., the condensation temper-
ature) involves conditions that maximize the heating
efficiency of the heat pump. By controlling the speed
of the compressor, this condensation temperature can
be maintained to maximize heating efficiency. By
controlling the compressor speed with an inverter us-
ing proportional-integral-differential (PID) control, the
condensation temperature of the heat exchanger in
the heating chamber can be maintained at the target
value. Figure 5 shows the block diagram for PID con-
trol.

3.3 Effect

Figure 6 shows the operational behavior of the heat
pump with the control described in Section 3.1 applied.
In this case, the heat pump is controlled primarily

Feedback Condensation

temperature
measuring component
Condensation PID controller System

temperature —~(CO— (Compressor || (Vending
target value speed)

Condensation
temperature

machine)

Block diagram: The signal transmission path and transmission state of the
control system. The target value of condensation temperature is shown on
the left side. The system operates at the compressor speed calculated by the
PID controller, provides feedback on the condensation temperature output
result, and adjusts the compressor speed in order to align the condensation
temperature to the target value.

Fig.5 Block diagram for PID control

Heat pump between internal compartments operating period

|
Temperature j Setting .
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Heating (High) N : :
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(Left chamber) : : .
Setting }
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TLow) ‘
[}
|
i
Cooling :
chamber ‘
(Middle + right| :
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Control prioritizes heating chamber

Fig.6 Operational behavior of heat pump (newly developed
machine)
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for the heating chamber and secondarily for the cool-
ing chamber. When the temperature in the heating
chamber drops to the set temperature, the heat pump
between internal compartments starts operating to be-
gin heating the heating chamber and cooling the cool-
ing chamber. When the temperature in the heating
chamber rises to the set temperature, the heat pump
between internal compartments stops. By controlling
the evaporation temperature of the refrigerant in the
evaporator, the temperatures in the heating and cool-
ing chambers can reach their respective setting values
at the same time.

Figure 7 shows the transition of condensation tem-
perature during heat pump operation. Our newly de-
veloped machine operates at the target condensation
temperature by using PID control. The target conden-
sation temperature is the minimum temperature re-
quired to heat the applicable products.

Figure 8 shows the transition of energy efficiency
from the start to the end of heat pump operation. Our
newly developed machine has an approximately 18%
higher ratio of heating capacity to cooling capacity

Target Conventional machine _ o oouo

. ==
condensation .- S
temperature .-

.....

Newly developed machine

fae|
Condensation temperature Ug,

=
<}
&

Time

Fig.7 Transition of condensation temperature during heat
pump operation
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Heat pump between internal compartments (newly developed machine)

Heat pump between
internal and external
compartments
(conventional machine)

Heat pump between
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(conventional machine)

High

——
-

Efficiency
Y
A Y
AY
AY
A}
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Time

Fig.8 Energy efficiency during heat pump operation

than a conventional machine, and is more energy effi-
cient than a conventional machine from start to finish.
The effect of using only the heat pump between inter-
nal compartments instead of combining it with a heat
pump between internal and external compartments is
significant, achieving a 4% energy savings in the ex-
ample shown in Fig. 8.

4. Postscript

In this paper, we described a heat pump applica-
tion technology for beverage vending machines. This
research has enabled us to expand the operation and
improve the efficiency of heat pumps between internal
compartments. In the future, there will continue to
be a need for optimal energy-saving operation suited
to the installation environments of beverage vending
machines. We will continue to promote technological
development aimed at improving the circuit technology
of heat pumps and increasing the sophistication and
precision of control to achieve to higher efficiency.
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“Frozen Station” Frozen Food Vending Machine

FUKUDA, Katsuhiko*

IWAKO, Tsutomu”*

NAKANISHI, Toshikazu®

ABSTRACT

The market for home meal replacements has been growing rapidly due to changes in lifestyles, and in particular,
frozen foods are increasingly in demand for their improved flavor provided by freezing technology advancement and
as promising means of solving the problem of food loss. Fuji Electric has developed the“ Frozen Station” frozen food
vending machine, which can sell products in stores at various locations 24 hours a day without face-to-face interac-
tion. While achieving the industry’s largest storage capacity capable of stocking 70 large-sized products, the storage
structure and conveyance technology for various forms of frozen products stabilize the posture of the products by
controlling the posture during dropping. In addition, by optimizing the shape of the conveyance chute, the convey-
ance resistance is reduced, enabling stable conveyance of goods.

1. Introduction

The impact of COVID-19 has changed lifestyles
and increased the demand for ready-to-eat meals. In
particular, domestic factory shipments of frozen foods
for household use reached a record high in 2021.%)" The
frozen food market is expected to grow 8.37% annually
until 2030. The reason for this is that consumers are
attracted to frozen foods because of their deliciousness
achieved through improvements in freezing technol-
ogy, as well as their ability to reduce food loss and
waste, contributing to one of the sustainable develop-
ment goals (SDGs). Against this backdrop, there is a
growing need for restaurants, which have played a key
role in the food service industry, to sell dishes previ-
ously served in their restaurants in the form of frozen
foods as a countermeasure against the decline in sales
and shortened business hours caused by COVID-19
restrictions. In response to this change in consumer
preferences, Fuji Electric has developed a vending
machine that can sell frozen foods at various locations
such as stores, 24 hours a day, without face-to-face in-
teraction. In this paper, we will introduce the “Frozen
Station” frozen food vending machine.

2. Challenges Facing Frozen Food Vending
Machines for Restaurants

This newly developed frozen food vending machine
is expected to be used by restaurants to sell frozen
foods (dishes) as a new sales channel for the products
they have conventionally offered in their stores. Since
theses frozen foods will be prepared by the restaurants
themselves, they will come in a wide variety of shapes,

* Food & Beverage Distribution Business Group, Fuji Electric
Co., Ltd.

Fig.1 Food pack

sizes, and weights. Furthermore, it is assumed that
products will often be wrapped in a food pack shown
in Fig. 1. Therefore, this new frozen food vending
machine needed to have a storage structure and con-
veyance mechanism capable of handling a variety of
products types. Moreover, it was important for the fro-
zen food vending machine to be able to store as many
products as possible at one time. This reduces the loss
of sales opportunities due to sold-out products and de-
creases the frequency of product replenishment.

It is also assumed that this frozen food vending
machine will be operated directly by the restaurant
that installed it. Another important issue is to ensure
that the vending machine could be operated smoothly
even by users who are not familiar with its operations.

3. Features of the “Frozen Station” Frozen Food
Vending Machine

3.1 Overview

Figure 2 shows the appearance of the Frozen
Station, and Table 1 lists its specifications. The dimen-
sions of the Frozen Station are the same standard size
as our ice cream vending machines. This allows it to

123

issue: Fuji Electric’s Food Distribution Creating New Value



o

(%2
9
AN

nl

Fig.2 “Frozen Station”

Table 1 “Frozen Station” specifications

Drive motor

R
Rack door Single spiral

Sold-out product
detection lever

Item Specification
Type name FFS107TWFXU1
Dimensions W1,161 x D836 x H1,830 (mm)

Type of sales 7 selections with 10 selection buttons

Mass of products that

can be stored 500 g or less

Product mass 330 kg

Lighting LED

Insiiallatlon Installable indoors and outdoors
environment

Product storage

—-23°C to —19°C
temperature

Power consumption 2,500 kWh/y

be installed in general locations while maintaining suf-
ficient internal volume.

3.2 Storage structure for various products

In designing the storage structure, we first sur-
veyed food packs and commercially available frozen
foods, and determined that the product sizes should be
able to accommodate a width of 150 to 230 mm, depth
of 100 to 155 mm, and height of 41 to 51 mm. Table 2
shows the specifications.

Assuming the sale of large products such as pasta
and ramen noodles, we designed the rack structure
with an emphasis on efficient storage in order to en-
sure a sufficient number of product types and capacity.
Figure 3 shows the rack structure of its vertical single

Table 2 Specification of products sold

Item Specification
Maximum capacity per 10
column
Width 150 to 230 mm
Depth 100 to 155 mm
Height 41 to 51 mm
i\/Iaxunum diagonal 950 mm or less
ength
Mass Single rack total

4,000 g or less, 500 g or less per product
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Fig.3 Rack structure of the vertical single spiral system

spiral system. As a system capable of efficiently stor-
ing large-sized frozen foods, based on a rack structure
that has a proven track record in our ice cream vend-
ing machines, we placed a large-diameter spiral of
110 mm at the back of the racks to create a slim struc-
ture without spiral fixing parts on either side of the
racks, delivering a capacity of 10 products in a rack.

Figure 4 shows the rack arrangement. By slim-
ming down the rack in the width direction, we ar-
ranges four columns in the horizontal direction, giving
a total of seven columns suitable for large products.
This enabled it to achieve the industry’s largest stor-
age capacity of 70 large-sized products, such as frozen
pasta and side dishes.

We also provided it with movable partition plates
(adjusters) that can adjust the rack width. This pre-
vents products from falling out of a rack due to the
variety of container sizes and types and also stabilizes
conveyance for all product sizes. Figure 5 shows an
example of the partition plate adjustment. To hold
products of various sizes stably in the racks, operators
can adjust the inner width of the racks in six levels ac-
cording to the width of the products. It utilizes an ad-

=== —— 1
i i Back 4
| ) (5) (6) @) :A‘/ columns
! :
:_________________________l:::::::ll:
1 I Free 1! Front 3
! | space | '4"| columns
! @) 2) (3) [T R |

1
| Exm
1

Fig.4 Rack arrangement (top view)

FUJI ELECTRIC REVIEW vol.68 no.3 2022
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Min. 150 mm |

Max. product‘
. Min. product

Min.
100 mm

Partition plate_
(Right) (4 levels)

Max. 155 mm

Partition plate (left)
(2 levels)

Attachment (2 levels)

Front

Fig.5 Example of the partition plate adjustment

juster structure that can be easily adjusted with a slid-
ing motion that eliminates the need for troublesome
operations such as reattaching the partition plate. To
accommodate the depth of different products, it has a
lightweight attachment that can be attached to or de-
tached from the door side, allowing for two levels of ad-
justment. These features allow food packs of different
dimensions to be stably stored.

In terms of product height, the Frozen Station
comes standard with spirals that can accommodate
products within the dimensional range specified in the
specifications. To accommodate products with heights
outside this range, spirals with spacing appropriate to
the height of the products are available as an option.

This design contributes to the mechanism that can
store products of various sizes.

3.3 Mechanisms to ensure the dispensing of products
(1) Spiral rack mechanism

As mentioned previously, the rack structure for
storing products uses a vertical spiral system that fa-
cilitates product replenishment. In a vertical spiral
system, the spiral of the conveyance unit rotates to
push products downward. It is available as a single
spiral system [see Fig. 6(a)] or a twin spiral system
[see Fig. 6(b)]. In a twin spiral system, as shown in
Fig. 6(b), both ends of the product are inserted into
the left and right spirals to hold the product horizon-
tally, making it easier to control the falling posture of
the product when dispensing it. The use of two spi-
rals however causes the rack width to be larger than
that of the product. In a single spiral system, the rack
width is reduced to enable products to be loaded diago-
nally along the spiral, and the storage efficiency can
be increased relative to the floor level of the vending
machine. In light of these features, we uses the single
spiral system for the Frozen Station.

However, with this system, if the product is rectan-
gular-shaped, it could fall upright in the longitudinal

“Frozen Station” Frozen Food Vending Machine

Single spiral

Twin spiral

Bk

Product

(a) Single spiral system (b) Twin spiral system

Fig.6 Rack and product dispensing behavior (front view)

direction when it is dispensed, potentially causing it
to be jammed in the upright position. As a preven-
tive measure, it has a function to control the posture
of products by installing two layers of posture control
guides under the racks, a primary guide to control the
fall of products in the longitudinal direction, and a
secondary guide to adjust the posture of products fall-
ing in the lateral direction. Figure 7 shows the posture
control in dispensing products. In this way, we achieve
a highly reliable dispensing mechanism that prevents
product jamming by controlling the posture of products
when they land on the conveyance chute and using a
single spiral system with high storage efficiency for
large products.
(2) Conveyance chute

Figure 8 shows the conveyance chute. Products
that fall from the rack mechanism are received by the
conveyance chute. The conveyance chute has a func-
tion for drawing the products dispensed from the racks
on the left, right, front and rear sides to the center
and conveying them along the slope to the outlet . The
structure is integrally molded with a plastic designed
for low temperatures and constructed with a low-

Primary
guide

(a) Without posture control (b) With posture control
guide guide

Fig.7 Posture control in dispensing products
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Fig.8 Conveyance chute

friction, seamless, three-dimensional curved surface
structure to prevent product jamming due to snagging.
However, products are becoming larger, the passage of
the conveyance chute needs enlarged, which leads the
center area with loose curvature become wider, rais-
ing concerns that the products would not slide down
and instead get stuck. Using textured surface for the
conveyance chute can reduce the contact area with
the product and decrease the frictional force, allowing
products to slide even on gentle slopes. We experimen-
tally determined the relationship between the weight
of the products and the contact area where the prod-
ucts can slide without stagnation, and reflected this in
the design of the textured surface.

It is also necessary to consider the direction in
which the textured surface shapes should be arranged.
If textured surface shapes are arranged so that steps
are formed in the conveyance direction of products,
it may result in products becoming snagged. There-
fore, we investigated the trajectory of products flow-
ing against the base surface of the conveyance chute,
arranged the textured surface shapes along the tra-
jectory so as not to interfere with the movement of
products sliding down, and determined the pitch of the
textured surface shapes so that the contact area ratios
would consist of gently curved surfaces. Figure 9 shows
the arrangement of the textured surface shapes we
designed for the conveyance chute. This arrangement
allows a conveyance chute shape that even lightweight
bagged items can slide. The contact area of the con-
veyance chute has been reduced to one-tenth of that of
conventional products, providing stable product con-
veyance even under adverse conditions, such as when
condensation hinders slippage.

Figure 10 shows the falling behavior of products af-
ter rack dispensing.

3.4 Operation support services for vending machines
This newly developed frozen food vending machine
comes with a communication unit that notifies opera-
tors of the vending machine’s status as a feature that
supports its operation.? By using this feature, opera-
tors can check product sales remotely without having

126

Valley Mountain

Mountain |
Valley

Mountain

Valley

Product

Fig.9 Arrangement of the textured surface shapes designed
for the conveyance chute

Product falls horizon-
h tally along the guide

(a) Without posture control guide (b) With posture control guide

Product falls
vertically

Fig.10 Falling behavior of products after rack dispensing

to visit the installation site. This also means that the
vending machine can be replenished with product on a
single visit.

In addition, it has a function that immediately no-
tifies operators via email when problems occur, such
as sales trouble and running out of changes, due to
unskilled workers improperly replenish products or
setting configurations. This facilitates prompt coun-
termeasures and minimizes the loss of sales opportuni-
ties.

4. Postscript

In this paper, we introduced the “Frozen Station”
frozen food vending machine. This frozen food vending
machine provides the market with the ability to sell
new types of products previously unavailable at stores
without face-to-face interaction. Moving forward, we
plan to develop technologies that accommodate vari-
ous container shapes so that we can further contribute
to the expansion of the frozen food vending machine
market.
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“Thickened Beverage Vending Machine” In-Cup
Mixing Automatic Tea Server

KUROYANAGI, Yasuhiko®

KIDA, AKkira™

OZAWA, Tatsunori”

ABSTRACT

As the population of Japan continues to age, there is a need to address labor shortages and improve the working
environment in the nursing care field. Fuji Electric has launched the” Thickened Beverage Vending Machine,” which
facilitates the preparation of thickened beverages using the technology it has cultivated in cup vending machines
and other products. Thickened beverages have more viscosity than usual to prevent aspiration, that is, accidental
entry of food or drink into the trachea. In the medical and nursing care field, the viscosity must be varied depending
on the condition of each individual care receiver by hand, placing a burden on the caregivers. Our newly developed
Thickened Tea Vending Machine can automatically adjust the beverage temperature and viscosity according to the

care receiver.

1. Introduction

The number of people in need of nursing care con-
tinues to increase as the birthrate in Japanese society
declines and the population ages, making it an urgent
social issue to eliminate labor shortages and improve
the working environment at nursing care sites. For
example, when caring for people with difficulty swal-
lowing, measures need to be taken to thicken meals
and drinks to prevent aspiration. This creates a heavy
burden on caregivers because the work is cumber-
some and requires careful attention. To help solve this
problem, Fuji Electric has developed and released the
“Thickened Beverage Vending Machine” that can eas-
ily serve thickened beverages optimally suited for each
person requiring nursing care by utilizing technology
cultivated in vending machines.

2. Development Background and Challenges

2.1 Thickened beverages

Thickened beverages have more viscosity than
usual. In order to prevent elderly people and other
patients with weakened throat functions from aspi-
ration and choking, we are supplying this product to
medical institutions, long-term care facilities, senior
citizen housing facilities, and nursing homes. Adding
a little viscosity to a beverage slows the rate at which
it passes down the throat and thus helps prevent aspi-
ration. This viscosity should be changed according to
the condition of the person requiring care. In addition,
temperature control is also important because thick-
ened beverages take time to pass through the throat
and may cause burns if the temperature is too high.

* Food & Beverage Distribution Business Group, Fuji Electric
Co., Litd.

128

Currently, thickened beverages are made by hand by
caregivers such as hospital staff. In order to prepare
a thickened beverage of the quality (viscosity and tem-
perature) suitable for each person requiring nursing
care, careful measuring of ingredients and lengthy stir-
ring are required, placing a heavy burden on caregiv-
ers.

2.2 Challenges in developing the “Thickened Beverage

Vending Machine”

There are some challenges to developing the
Thickened Beverage Vending Machine, as described
below. Table 1 shows the challenges and correspond-
ing solutions for the Thickened Beverage Vending

Table 1 “Thickened Beverage Vending Machine” development
challenges and corresponding functionalities

User | User needs Corresponding Function
challenges
Adjust- Precise weigh-
able to a ing and blend-
Prepa- | prescribed | . &
ration viscosity ng
Provide accord- Uniform
Care re- suitable ing to mixing. no In-cup mixing,
coivers beverages | the con- resi duge’ shaking control
for care dition
receivers | of care | Adjust- Controlling the
receiv- | able to a temperature
ers prescribed | and amount of
tempera- cold and hot
ture water
. Automated
Can make | Automation of bever- : )
drinks age preparation preparation us
] ing buttons
easily and - - -
reliably Prevents operation Selection guide
Caregiv- errors function
ers Easy .
clean Automatic
up after Ensures sanitation cleaning
prepara- (New propeller
tion system)




Machine.
(1) Preparation according to the condition of the per-
son requiring care

Care receivers need thickened beverages that have
a suitable viscosity, uniform composition with ingredi-
ents completely dissolved, and a suitable temperature.

The Japanese Society of Dysphagia Rehabilitation
has established three levels of criteria for thickened
beverages, depending on the degree of dysphagia. The
Thickened Beverage Vending Machine is also required
to comply with this criteria.

Temperature control is also important for prepar-
ing properly thickened beverages. Interviews with
medical professionals and raw material manufactur-
ers showed that a temperature of approximately 45°C
is desirable for hot beverages. At the same time, it is
also important to consider how to prepare and control
the temperature of cold beverages.

Another need for care receivers is to be able to
drink thickened beverages at the right time without
waiting. Therefore, another challenge is to reduce the
preparation time of the Thickened Beverage Vending
machine so that it is faster than preparing beverages
by hand.

(2) Ease of use

Caregivers are responsible for operating the
Thickened Beverage Vending Machine to serve care re-
ceivers thickened beverages. Therefore, another chal-
lenge is to improve the ease of use of the Thickened
Beverage Vending Machine. Conventional tea vend-
ing machines are designed for convenience, offering
users a one-touch selection of beverages by just press-
ing a button. However, in the case of the Thickened
Beverage Vending Machine, if the wrong button is
pressed, it could dispense a beverage with the wrong
viscosity. If this beverage was served to a care re-
ceiver, it could lead to aspiration. Therefore, the most
important requirement is to be designed so that opera-
tors can select the thickening agent being added or not
and thickening viscosity without fail.

(3) Ensuring sanitation

Sanitation control is essential for caregivers in
hospitals and nursing homes who are responsible for
managing the Thickened Beverage Vending Machines,
since the thickened beverages are consumed by the el-
derly and handicapped. Therefore, desirable products
can perform stable and easy automatic cleaning with-
out the need of cleaning equipment. To reduce the bur-
den on caregivers, the product needed to be sanitary in
daily operations and not time-consuming to maintain.

3. “Thickened Beverage Vending Machine”

3.1 Product overview

Figure 1 shows the external appearance and in-
ternal structure of the Thickened Beverage Vending
Machine, and Table 2 shows its specifications.

- Cup
conveyance
mechanism
Beverage

Water stirring
tank mechanism
Ingredient
| = container
. Cooling Ingredient
unit shelf
A a2 Cup feeding
mechanism
Bl Drainage
"_'_"==€-'-'-| = Water bucket
i D supply
tank
(a) External appearance (b) Internal structure

Fig.1 External appearance and internal structure of the
“Thickened Beverage Vending Machine”

Table 2 Specifications of the “Thickened Beverage Vending

Machine”
Item Specification
Dimensions W550 x D605 x H1,700 (mm)

Type of sales Hot beverages X 3, Cold beverages X 3

Function buttons 4 (3 levels of thickness, None)

Ingredient capacity 2.4 L x 3 (Thickener x 1, Powder X 2)

Ingredient prepara-

tion method In-cup mixing system

Cup mechanism Yes (9 0z)

Cup capacity 1 type 2 rows (200 or more)

Cup conveyance

X-axis conveyance system
system

Heating unit Capacity 7 L, Heater 550 W

Cooling unit Water tank 4.5 L (ice bank system)

Direct tap water connection,

Water supply system Cassette tank system

Refrigerant R1234yf

Power supply 100V, 50/60 Hz, 15 A

3.2 Features
(1) Control parameters to ensure high quality bever-
ages

We collaborated with raw material manufacturers
who are experts in thickening agents and identified
control parameters for handling thickening agents.
Table 3 shows the characteristics and control param-
eters of the thickening agents.

Based on our understanding of the characteris-
tics of thickening agents, we identified the conditions
necessary to provide thickened beverages with three
levels of viscosity by referring to the viscosity crite-
ria established by the Japanese Society of Dysphagia
Rehabilitation (see Fig. 2) and reflected the conditions
in the thickened beverage vending machine.

(2) Automation of preparation process

“Thickened Beverage Vending Machine” In-Cup Mixing Automatic Tea Server 129
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Table 3 Characteristics and control parameters of thickening
agents

Characteristics of

thickening agents Control parameter

Hot and cold water temperature,

Solubility Stirring time

Viscosity change Stirring time, Standing time

Viscosity effect Ingredients, Cold water, Hot water slowing

Temperature de-

pendence Beverage temperature and standing time

Stickiness Sanitation (rinse water volume, timing)

Automated preparation using 3 levels of thickening viscosity

Low Medium High

(Maple syrup) (Honey) (Pudding)

Fig.2 Viscosity criteria®

Figure 3 shows the preparation process. This is
the first automatic tea server to use the in-cup mixing
system utilized by cup-type vending machines. Figure
4 shows the in-cup mixing system. This system pre-
pares beverages by using a propeller to stir the ingre-
dients and hot or cold water inside the cup. This is a
cutting-edge technology for preparing beverages that
allows the position, number of revolutions, and time to
be optimized to the characteristics of the ingredients,
such as particle size and viscosity. Furthermore, by
adding a side-to-side shaking motion to the cup during
stirring to increase stirring efficiency, it can prepare a

Powder UU Thickening
ingredient < agent

-

Cup Ingredient Pours in water
conveyance mixing or hot water

Beverage Mixing
complete

O Sanitary as it does not involve human hands
O Provides stable thickness through automated preparation

Fig.4 In-cup mixing system

thickened beverage with no residue in approximately
60 seconds. This cuts in half the 120 seconds typically
required to prepare thickened beverages by hand (see
Fig. 5).

In order to control the temperature of beverages
at an optimal level, it uses a system that adjusts the
amount of cold water used, instead of relying on ice.
Specifically, it utilizes a beverage circuit with a sen-
sor that detects the amount of fluid in automatic tea
servers. By precisely controlling the amount of hot
and cold water, it stably provides hot beverages at ap-
proximately 45°C and cold beverages at approximately
20°C.

(3) Easy-to-use user interface

The Thickened Beverage Vending Machines uti-
lizes an easy-to-use user interface that is designed
based on interviews with medical professionals and
caregivers who gave us feedback on their experiences

Beverage
stirring
mechanism

Ingredient
shelf

" | (2) Ingredient
mixing

(3) Pours in water or hot water, stirs the beverage,
and it’s done

Cup conveyance
mechanism

(1) Cup

conveyance

Fig.3 “Thickened Beverage Vending Machine” beverage
preparation process
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: Automatic tea server for
( Preparation by hand ) thickened beverage )

Step 1: Step 1: Select the thickness viscosity

Prepare instruments
® ESHM ML) M@Y) ERATIEIL,

Step 2:
Measure thickening agent and

hot water

Step 2: Select a favorite beverage
@ IEBHN) ERATIEL
(_)=»~w (Roasted tea) »+r-+v ()

Step 4: (O)=»r+ [Green tea) ===+ ()
Wait for uniform thickening -
(= (Hot water) s+ Q@
v

Step 5:

Check viscosity and temperature Step 3: Complete in 1 minute
=

Fig.5 Thickened beverage preparation method
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actually using the product (see Fig. 6).

To ensure that no mistakes are made when decid-
ing whether or not to use a thickening agent, it was
designed in a way that prevents operation errors and
makes it easy to identify buttons at a glance by using a
mandatory two-action function, navigation lamp based
guide function, and a thickening viscosity display that
lights up within a range of LEDs. It also provides the
option of selecting non-thickened beverages. This en-
ables it to prepare beverages for both caregivers and
care receivers.

(4) Automatic cleaning mechanism to maintain sani-
tary conditions

Since it uses an in-cup mixing system, the only
thing that needs to be cleaned after each bever-
age preparation is the mixing propeller. Moreover,
this newly developed Thickened Beverage Vending
Machine uses a new propeller system. Figure 7 shows
how the propeller is cleaned. This system has struc-
ture that has optimized shape of the nozzle that dis-
charges hot water and the height of the propeller to
pour hot water over the entire propeller. The timing of
pouring the hot water and the rotational speed of the
propeller and duration can be changed to accommodate
different beverages.

We evaluated the sanitation of this new clean-

Beverage selection

1. Zone separation for
® L350 1EL1 (BY) EBATIEEL, thickness and beverage
selections
. - L. Two-actions forces to
O LI CIC) select thickness
2. Navigation lamp
® TR Straightforward
(@ELLT sreoe () procedure guidance with
Ooene e lamps
u WL "'"-'--'-"'U ® ERR THL 1B SRATCHE,
LA ] A

® @ ® =
n m @
Notification using arc angle of
LED slits

O Displays thickening viscosity

by lighting up within a range
of LEDs

Optional feature

O Stickers are available for
color cording according to
locations.

Fig.6 User interface

Fig.7 Propeller cleaning

ing method with the aerobic plate count as criterion,
which is adopted in the ATP (adenosine triphosphate)
test kit used in medical institutions. We set the target
value for a sanitary propeller condition to 10? or less,
which is the criterion according to the Water Supply
Act. This is stricter than the criteria for food products,
an aerobic plate count of 10° or less, since it will be
mainly used in hospitals and nursing homes. We veri-
fied that this cleaning method maintained an aerobic
plate count of 10 or less, demonstrating that it ensured
a sanitary condition.

4. Postscript

In this paper, we introduced the “Thickened
Beverage Vending Machine” in-cup mixing automatic
tea server. As Japan evolves into an aging society,
reducing the burden on those engaged in nursing care
will continue to be a challenge in the future. We be-
lieve that this product will help meet this challenge.
Moving forward, we will continue to address social
challenges and develop products that contribute to peo-
ple around the world.
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“FGG160DCY” General-Purpose Goods Vending

Machine
ABE, Junichi*

ABSTRACT

In the retail market that uses vending machines in Southeast Asia, consumer purchasing requirements has be-
come increasingly diversified. In response to this trend, Fuji Electric has developed a new general-purpose goods
vending machine, the “FGG160DCY.” Equipped with the storage that has been greatly expanded in capacity, its
product storage equipment (rack) and elevator mechanism stably dispense large and small, various products, such
as food, beverages, and pharmaceuticals. In terms of cooling performance, strengthening the internal insulation
structure inside and adopting a blow-down airflow structure have enabled all products to be kept uniformly cool in the
temperature range of 1°C to 8°C. In addition, the housing structure has been strengthened to withstand the shocks

during transportation outside Japan.

1. Introduction

In recent years, consumers have diversified their
purchasing behavior worldwide, and there is a growing
need for vending machines to sell products 24 hours a
day without face-to-face interaction. Outside Japan,
particularly in Southeast Asia, there has been a grow-
ing trend to install vending machines for food products
such as confectionery and instant noodles, daily neces-
sities, and pharmaceuticals on the premises of offices
and commercial facilities. In response to this trend,
Fuji Electric has developed a general-purpose goods
vending machine, the “FGG160DCY.”

2. Needs for Vending Machines in Southeast
Asia

2.1 Market trends

The vending machine market in Southeast Asia
(Thailand, Malaysia, Singapore, Indonesia, etc.) has
conventionally been dominated by small and medium-
sized operators mostly selling canned and plastic
bottled beverages. In recent years, convenience store
chains have also entered this business, and demand
has increased for various food products such as snacks,
rice, and desserts, in addition to beverages, resulting
in the installation of more than 10,000 food vending
machines. On the other hand, constant traffic conges-
tion in urban areas makes access to vending machine
locations cumbersome. Operators are increasingly
demanding larger capacity to reduce the frequency of
replenishment of products, as well as a greater variety
of products in order to avoid missing out on buying op-
portunities.

* Food & Beverage Distribution Business Group, Fuji Electric
Co., Litd.

132

At the same time, hospitals in Taiwan are cur-
rently experimenting with new vending machines for
non-food uses. In particular, they are studying meth-
ods of automatically dispensing pharmaceuticals from
vending machines in order to reduce human error of
mixing drugs up in dispensing work by pharmacists
because this kind of issue occurred.

As described above, in overseas markets mainly
in Southeast Asia, demand for vending machines with
high capacity is increasing to accommodate a wide va-
riety of products.

2.2 Challenges
Typical food vending machines (general-purpose
machines) have had the following features: transpar-
ent glass doors, shelf-type product storage racks, an el-
evator mechanism for product conveyance, and a cool-
ing unit for the entire interior of the storage compart-
ment. This design is advantageous in that users can
directly see the products displayed on the shelf, and
loading products is as easy as placing them in a col-
umns (sales spaces on the racks). A glass door is also
suitable for hospital use, as it is important to visually
check the pharmaceuticals that are actually dispensed
from the display racks. At the same time, however,
this design also has the following challenges.
(1) Ability to store various products
(a) Storage of large products
The capacity of plastic bottled beverages distrib-
uted in Japan is usually 500 ml, but many bever-
ages outside of Japan are 600 ml in size and longer
in overall length than those distributed in Japan.
Therefore, it is necessary not only to expand the
capacity of the racks, but also to create a storage
structure that allows flexible shelf positioning to
adapt to various products, such as large products in
overseas markets.



(b) Conveyance of products
Racks of general-purpose machines are equipped
with an elevator at the front of the racks to dis-
pense products even from high positions, allowing
products to be conveyed vertically to the dispens-
ing outlet. However, conventional elevators some-
times have problems in the process of vertically
conveying a wide variety of products. For example,
some products might stick out and come into con-
tact with other shelves and products. In addition,
when heavy products are loaded on the elevator, its
braking force could become ineffective, preventing
it from stopping properly at specified positions. In
addition, some products can become unsaleable be-
cause of content deformation and container damage
due to shaking during conveyance or by the action of
receiving products at the dispensing outlet. There-
fore, the challenge is to ensure reliable and stable
conveyance of large, heavy, fragile, and delicate
products.
(¢) Uniform internal cooling
An internal temperature of less than 8°C is re-
quired for pharmaceutical applications in Taiwan.
This is the temperature specified by drug manufac-
turers for storing pharmaceutical products. General-
purpose machines are designed to cool the entire in-
terior of the storage compartment by supplying cold
air to each shelf position. However, this does not
comply with the requirement because their rated in-
ternal temperature ranges from 0°C to 10°C. In con-
trast, our new general-purpose goods vending ma-
chine comes standard with a new internal structure
that is capable of keeping general foods, beverages,
and pharmaceuticals uniformly cool within the same
temperature range.
(2) High thermal insulation
Since heat dissipation increases with larger stor-
age capacity, there is concern that larger cooling loads
will increase power consumption. In order to improve
the cooling performance of the storage compartment,
it is necessary to strengthen the heat insulation of its
housing and door beyond that of general-purpose ma-
chines.
(3) Reinforced structure that supports transportation
This product is designed to be manufactured in
Japan and exported overseas. Unlike distribution
conditions in Japan, delivering a product overseas can
damage the product housing, due to shocks and vibra-
tions during transport by cargo ship or by truck on
unpaved roads and during unloading. To prevent this,
it is necessary to ensure the strength of the product’s
housing and packaging. During container transporta-
tion, vending machines are subjected to impact forces
up to 16 G (gravitational acceleration) and need to
have structure to withstand these forces.

“FGG160DCY” General-Purpose Goods Vending Machine

3. Features of the General-Purpose Goods
Vending Machine

3.1 Overview

Figure 1 shows the external appearance of the
“FGG160DCY,” Fig. 2 shows the internal structure,
and Table 1 shows the specifications compared with the
general-purpose machine “FGG136MCY.”

It has a bi-parting door, consisting of a dispens-
ing door for the inside of the storage compartment and
an operation door for the outside where the payment
equipment and other devices are located. The benefit
of using the bi-parting door that separate the inside
and outside of the storage compartment is that the
inside does not need to be opened when performing
tasks, such as collecting money or changing sales set-
tings. This reduces cooling loss and intrusion of warm
outside air and insects while performing these tasks.
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Vertical drive \‘\
motor unit R
Internal
| [ storage
f ﬁ compart-
I:I ment
Glass A
window N N
. . /l. | Operation
Dispensing J i
door g )
LED -
lighting Tledl
~ Payment
Ny equipment
Product 1l
dispensing
CEtet Product conveyance Vertical conveyance
bucket elevator

Fig.2 Internal structure of “FGG160DCY”
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Table 1 Specifications compared with a general-purpose machine

Item General—purpose This product
machine
Model FGG136MCY FGG160DCY
Dimen- W3882 x D840 x H1,834 |W1,435 x D890 x H1,934
sions (mm) (mm)
Selection 6 columns X 6 shelves 10 columns X 6 shelves
36 selections 60 selections

Produpt Max. 540 products Max. 900 products
capacity
Sales Vertical conveyance Vertical conveyance
assistance elevator elevator
Cooling High cooling High cooling
system (0°C to 10°C) (1°C to 8°C)
Door Single door Bi-parting door

3.2 Features

The main features of the product are as follows:
(1) Racks for large items

Figure 3 shows the overall structure of the racks.
The racks can be pulled out for product replenish-
ment, equipped with sales modules with spiral or belt
conveyor mechanisms. The product has 10 columns
per shelf and supports up to 6 levels of shelves, allow-
ing for a maximum of 60 selections of products to be
stored. This capacity is 1.67 times larger than that
of general-purpose machines, which accommodate 36
selections. In addition, in order to accommodate a va-
riety of overseas products, the overall rack height and
internal height have been extended by 100 mm com-
pared with general-purpose machines, and the vertical
height position of each shelf can be freely set in incre-
ments of 20 mm. By supporting a combination of up to
6 levels of shelves, operators can effectively configure
the height between shelves from 163 to 258 mm. With
this product, even long-length items such as bottles
can be sold by adjusting the pitch between the cor-
responding upper and lower shelves. Moreover, the
upper first and second shelves have a sloping drawer

Sales module
with spiral

mechanisms Shelf
itch
Sales module z(}:iljl(jstable)
with belt
conveyor

mechanisms

Partition plate — |

10 columns '1 =

Fig.3 Overall structure of the racks
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structure to facilitate replenishing work even for high-

mounted shelves.

(2) Vertical conveyance elevator that reduces product
shaking

Figure 4 shows the product receiver mechanism of
the vertical conveyance elevator. The product convey-
ance bucket of the vertical conveyance elevator nor-
mally waits at the bottom of the storage compartment.
At the time of delivery, it rises to the height of the rack
containing the product to be sold and stops. After this,
it uses a product detection sensor at the entrance of
the product conveyance bucket to detect the passage
of the product and confirms that the product has been
transferred from the rack to the product conveyance
bucket. Finally, it quietly moves the product to the
position of the door’s product dispensing outlet while
maintaining a horizontal posture, and then directly
unloads the product on the bucket in a way that en-
sures the safe dispensing of even fragile products.

The vertical drive motor has a higher torque, en-
abling it to transport twice the mass of similar ma-
chines in Japan. Even though the transport distance
of the product conveyance bucket is longer due to the
lower standby position and the 100-mm increase in the
inner storage compartment height as mentioned above,
the time required for the required series of operations
(ascending from the standby position and stopping at
the uppermost shelf = receiving the product from the
rack = descending and stopping at the standby posi-
tion) is the same as that of general-purpose machines.
The depth of the product conveyance bucket has been
increased by approximately 50 mm in comparison
with that of conventional buckets, allowing it to reli-
ably receive various types of products, both large and
small. In addition, both ends of the product convey-
ance bucket are supported in a well-balanced manner
by a four-wheel roller and conveying belt. This enables
the product to be transported with hardly any shak-
ing, even for larger products. We confirmed that the
high-torque drive and stable dispensing operation of

Conveyance
belt

Product
detection
sensor

Conveyance belt

Product
roller conveyance bucket

Fig.4 Product receiver mechanism of the vertical conveyance
elevator
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the product conveyance bucket in a horizontal posture
enable conveyance of heavy plastic bottles and glass
bottles such as drug ampoules without any problems.
(3) Equalization of internal temperature using a ceil-

ing duct structure

The FGG160DCY incorporates ceiling ducts for the
pathway of cold air that cools the inside of the stor-
age compartment. Figure 5 shows the structure. This
structure allows for ducts to be connected to the back
of the storage compartment and the ceiling to provide
ventilation paths and blow cold air down from the front
part of the ceiling. The cold air is pushed up through
the back ducts by the ventilation fan and down
through the ceiling outlet via the ceiling ducts. It pro-
vides efficient internal airflow using natural convection
and fan-assisted circulation, as well as uniform prod-
uct cooling, allowing it to achieve a target controlled
temperature of 1°C to 8°C. There was some concern
that heat loss would occur when circulating cold air to
the ceiling, but this was resolved through efforts to im-
prove the cooling performance, as described below.
(4) High insulated structure

Table 2 shows a comparison of the structure and
thermal insulation performance between this product
and a general-purpose machine. Although the inter-
nal volume of the unit is 58% larger than that of a
medium-sized general-purpose machine, it utilizes a
thicker overall heat insulation material to suppress
heat leakage and improve its cooling performance. For
the main unit and the door, all walls facing the inner
storage compartment are covered with urethane foam,
and the volume of the overall insulation material is 1.5
times greater than that of general-purpose machines.
In particular, it uses thicker insulation material in the
ceiling to reduce heat transmittance. When the perfor-
mance is compared with that of general-purpose ma-

Ceiling duct Ceiling insulation
/ material
e\, v

e e O

r = —T*’S\I
/ J j:r | Back
- . .I/ insula'tion
Air outlet material
Side
insulation Back duct
material

Ventilation
fan

Fig.5 Ceiling duct structure (storage compartment cross-
sectional view)

“FGG160DCY” General-Purpose Goods Vending Machine

Table 2 Comparison of the structure and thermal insulation
performance between this product and a general-
purpose machine

General- .
I This
tem purpose duct
machine produc
Internal storage volume (m?) 0.685 1.08
Internal insulation volume (m?) 0.17 0.27
Ceiling insulation thickness (mm) 25 45
Ceiling insulation heat transmittance
(W/m*K) 0.99 0.55
Theoretical heat leakage (W) 184 262
Theoretical heat leak (internal
storage volume ratio)(W/m?) 269 243
Power consumption (internal storage
volume ratio) (kWh/y-m?) 2,920 2,530

chines, it reduces heat leakage by approximately 10%
per real unit volume, resulting in improved thermal in-
sulation. The synergistic effect of the aforementioned
cooling structure has also achieved a 13% reduction in
power consumption for the inner storage compartment.
(5) Highly rigid housing

In order to ensure that products are not damaged
when transported outside of Japan, we have estab-
lished the standards for product drop tests and vibra-
tion tests using sine waves and random waves in ac-
cordance with the U.S. transportation packaging test
standard “ASTM*! D 4169.” The housing, which has
been enlarged, is made with thicker sheet metal and
beams with higher cross-sectional coefficient. Figure 6
shows the housing rigidity analysis and vibration test
using an actual vending machine. Figure 6(a) shows
the rigid stress analysis of mounting base of the hous-
ing. It has installation legs at the four corners of the
mounting base, and even if the load is unevenly dis-
tributed to one leg, it exhibits no stress concentration
that causes deformation. In addition to the structure

(a) Rigid stress analysis diagram (b) Vibration test

(Mounting base)

Fig.6 Housing rigidity analysis and vibration test using an ac-
tual vending machine

*#1: ASTM refers to the international standards for indus-
trial materials and testing methods developed and pub-
lished by ASTM International of the United States.
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of the vending machine, we have examined packaging
specifications. A wooden pallet is used for the base of
product packaging, and a resin foam cushioning mate-
rial is incorporated between the pallet and the product
body. We selected the cushioning material by calcu-
lating the required cushioning capacity based on the
product load and assumed impact value and evaluated
the vibration in this packaging condition. Figure 6(b)
shows an example of the vibration test. During this
test, neither the inside or outside was damaged, and
we confirmed that the impact absorption of the packag-
ing material was functioning normally.

4. Postscript

In this paper, we described the “FGG160DCY”
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general-purpose goods vending machine. This develop-
ment enabled us to create a standard model for prod-
ucts to be exported mainly to Southeast Asia. Its abil-
ity to handle large products and certain pharmaceuti-
cals has expanded the range of vending machine appli-
cations from general food products to a variety of other
goods. However, market needs differ from country to
country. For this reason, it includes an electronic pay-
ment function, support for communication protocols,
signage, and other features.

In the future, we intend to use this product as a
platform to meet further market needs by providing
flexible customization and a variety of models.
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Network Services for Stores

TOKUNAGA, Yuki*

MUTO, Kenji*

ISHIHARA, Yudai®

ABSTRACT

It has recently become an urgent priority for retail industry, including supermarkets and convenience stores, to
save energy and solve labor shortages due to the declining birthrate and aging population. To address the chal-
lenges, Fuji Electric has developed a network connection system to collect operational information and alarm histo-
ries from each store equipment, such as showcases, and to deliver data to the equipment via the cloud. A function
that analyzes the operating conditions of equipment and detects signs of abnormality is equipped to allow for preven-
tive maintenance of each piece of equipment. In addition, monitoring trends by store and equipment allows users to
reflect them to operation control conditions and maintenance plans, contributing to energy saving and improved effi-

ciency of operational tasks.

1. Introduction

Various industrial sectors are being asked to con-
tribute to achieving the sustainable development goals
(SDGs). The retail industry, typified by supermarkets
and convenience stores, is currently faced with the ur-
gent task of promoting energy saving to help combat
global warming and to solve labor shortages caused by
the declining birthrate and aging population in Japan.
Fuji Electric has been offering its “Ecomax” Series, a
line-up of equipment cooperative control systems that
contribute to energy saving in stores, since 2011. In
this paper, we will describe the development of a net-
work system for stores with greatly expanded features
and performance, as well as information on the avail-
ability of services.

2. Circumstances Surrounding Convenience
Stores

Convenience stores are creating new sales points
by expanding small-volume ready-made meals and
frozen foods as well as by expanding the selection of
freshly prepared products at sales counters in order
to meet new needs, such as the rise in demand for
take-out foods and sales without face-to-face interac-
tion due to the impact of COVID-19 restrictions. It is
against this backdrop that convenience stores are de-
ploying new types of equipment. At the same time, in
order to reduce CO2 emissions and power consumption,
equipment manufacturers are taking initiatives to pro-
mote the use of renewable energy sources and achieve
energy-saving in store equipment. In addition, labor

* Food & Beverage Distribution Business Group, Fuji Electric
Co., Ltd.
¥ Corporate R&D Headquarters, Fuji Electric Co., Ltd.

shortages due to the declining birthrate and aging
population in Japan have forced some stores to stop op-
erating 24 hours a day. Even stores that are increas-
ingly employing senior citizens and foreign nationals
are looking for ways to save labor in store operations
through the use of digital technologies, in order to alle-
viate the steep learning curve of store equipment.

3. Characteristics of Network Services for Stores

Fuji Electric has been offering convenience stores
with a wide variety of equipment, such as refrigeration
equipment (showcases and cooling units), counter fix-
tures (warming and cooking equipment installed next
to cash registers) and automatic change dispensers,
as well as facility management systems designed to
improve energy and maintenance efficiency for equip-
ment. When we first launched our facility manage-
ment system in 2011, we designed it to save energy
and improve maintenance efficiency for individual
stores. Today, however, we are faced with the need to
solve challenges common to entire convenience store
chains, such as reducing COz emissions and saving
labor in store operations. In this respect, there is a
need to optimize the entire convenience store chain by
increasing the number of stores managed by systems.

Next, we will describe the characteristics of our
newly developed network services for stores.

3.1 Systems for store controllers
(1) Overview

Figure 1 shows the system configuration for store
controllers. Store controllers are connected to show-
cases, cooling units and watt-hour meters in stores,
and also communicate with external servers via the
Internet.? Conventional systems communicate with
the outside world by synchronizing data to the cloud
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Fig.1 System configuration for store controllers

via virtual private networks (VPNs) and file transfer
protocol (FTP) connections. The problem is that intro-
ducing this system to thousands or tens of thousands
of stores would require an increase in server routers
for VPNs and an expansion of server resources due to
the increase in data collection time. In contrast, our
new system uses message queuing telemetry trans-
port security (MQTTS) as the communication protocol,
since it is both large-scale and highly secure. Because
MQTTS communication sends data asynchronously, it
can send data to servers even in unstable network en-
vironments, facilitating expansion to tens of thousands
of networks. It also uses Fuji Electric’s “FiTSA ¥”
TIoT/M2M controller instead of a VPN server router
to achieve MQTTS communications. The FiTSA X is
a SIM-integrated product that supports MQTTS com-
munications. The store controller has FTP server and
web server functions and can be used to easily transfer
and modify various types of files to and from an exter-
nal cloud.

(2) Operational support for refrigeration equipment

Refrigeration equipment in stores must store prod-
ucts at optimal temperatures at all times and operate
continuously 24 hours a day, 365 days a year. Fur-
thermore, because refrigeration equipment consumes
a large amount of power, optimizing its operation can
significantly contribute to energy saving in stores.
Conventional systems have functions to visualize op-
eration data (such as being HACCP compliant), alarm
history and power data.

In addition to the functions of conventional sys-
tems, our newly developed system also has the ability
to analyze the operating status of equipment and de-
tect signs of abnormalities, enabling predictive mainte-
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nance of each piece of equipment through the analysis
of operating data. It can also track trends by store and
by equipment and reflect them in maintenance plans.

These functions can detect failures in advance and
shorten repair lead times, and by using power con-
sumption records to compare data not only for each de-
vice but also for each store and region, it can distribute
setting conditions for operation control that are highly
effective in saving energy, thereby achieving energy
saving for the whole convenience store chain.

3.2 Counter fixtures

Since a counter fixture is used to prepare and dis-
pense food products in stores, routine maintenance is
essential, such as replenishment of ingredients used in
sales and periodic cleaning of the fixture.

Figure 2 shows the system configuration of a coun-
ter fixture. The newly developed system collects infor-
mation on the operating status of the counter fixture
and alarms. It detects and records the detachment
and attachment of parts that need to be cleaned, so
that the status of maintenance can always be known.
It can inform clerks of areas that need to be cleaned
and when to do so, and encourage them to ensure that
maintenance is performed.

In addition, a counter fixture is expected to offer
products with renewed flavors and aromas in accor-
dance with changes in seasons and tastes in order to
attract new customers and retain existing ones. To ac-
complish this, food preparation methods for the coun-
ter fixture need to be adjusted to match the timing
of menu changes in the stores. The newly developed
system pre-registers the control data of the counter
fixture according to the new menu recipes in the cloud.
The control data is distributed to the counter fixture
via the network, but is not immediately executed.
The control data is updated when maintenance work
is performed so that new menus can be offered. This
ensures that menus can be updated without requiring
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Fig.2 System configuration of counter fixture
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cumbersome procedures. This feature also makes it
easy to implement sales promotion measures such as
area-specific or time-limited product offerings.

3.3 Automatic change dispensers

Automatic change dispensers are devices that in-
terface with point-of-sale (POS) registers to automati-
cally accept and dispense cash at checkouts, and have
been increasingly deployed in convenience stores to re-
duce the labor required for checkout tasks.® They are
increasingly requiring features that facilitate opera-
tions and contribute to labor saving.

Figure 3 shows the system configuration of a
change dispenser. The newly developed system re-
cords into the interfaced POS system the history of
cash transactions, such as the number of deposits
and withdrawals of coins and bills into and out of the
automatic change dispenser, as well as the history of
operations such as deposits, withdrawals and key op-
erations. These records can also be viewed from man-
agement centers connected via the network. These

B Management center

Data monitoring

i
T

M Store

Data transmission

|¥ O Transaction log
O Operation history
£ Store computer log
S|

Automatic change dispenser

POS register

Fig.3 System configuration of a change dispenser

Network Services for Stores

functions help reduce the load on stores by allowing
management centers to grasp the status of equipment
in the store, making it possible for them to perform
various tasks, such as restoring equipment in the
event of an operational error by an untrained clerk and
promptly responding to equipment malfunctions.

4. Vision for the Future

Currently, energy and labor saving can be achieved
by optimizing the operation of refrigeration equipment
and air conditioners, since these types of equipment
consume large amounts of electricity. In order to fur-
ther reduce CO2 emissions, we are planning to develop
a new store controller with a built-in energy manage-
ment system, and envision a system that can expand
the use of renewable energy sources for electricity
supplied to the stores from the outside. We believe
that popularizing such a system in supermarkets and
convenience stores throughout Japan will contribute to
reducing COg2 emissions.

5. Postscript

In this paper, we described the latest network ser-
vices for stores, which contribute to further energy and
labor saving in store operations.

In the future, we intend to contribute to the retail
industry, typified by supermarkets and convenience
stores, by working toward further energy saving and
the use of renewable energy sources through connec-
tion of in-store and out-of-store systems.
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Energy-Saving Technology for Showcases

KINOSHITA, Suguru”®

ABSTRACT

The retail industry, including supermarkets and convenience stores, is increasingly demanding further energy
saving of showcases, which keep products in adequate cold temperatures. To save showcase power consumption,
Fuji Electric has developed a precise valve opening control system using an electronic expansion valve to optimally
control the flow rate of refrigerant. This system is also designed to optimize the amount of refrigerant contained in the
refrigerant piping and equally allocate the amount of refrigerant to each showcase, ensuring uniform cooling. This
control system reduces power consumption by approximately 20% compared to conventional control methods.

1. Introduction

In recent years, the introduction of refrigerated
showcases has been increasing in the retail industry,
typified by supermarkets and convenience stores, as
the need for frozen foods and fresh, hygienic foods has
increased due to lifestyle changes. At the same time,
energy saving in showcases has become increasingly
important, as stores are being required to save even
more energy. This paper describes the development
status of Fuji Electric on the energy-saving technology
for showcases.

2. Basic Configuration and Types of Showcases

Showcases in supermarkets and convenience stores
have the function of displaying products while cooling
the showcase inside to keep the products at the proper
temperature.

Figure 1 shows the basic configuration of the show-
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Fig.1 Basic configuration of showcase cooling systems
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case cooling system. The air blown inside the storage
compartment is cooled by circulating low-temperature,
low-pressure refrigerant through an evaporator in-
stalled inside the showcase. At this time, the refriger-
ant passing through the evaporator draws heat from
the air so that it can be evaporated, becoming vapor
(gas) at the outlet of the evaporator. An expansion
valve installed upstream of the evaporator controls
the operating temperature of the evaporator by adjust-
ing the refrigerant flow rate. Therefore, the expansion
valve is an important device that determines the cool-
ing efficiency of showcases. The cooling unit consists of
a compressor that compresses and discharges refriger-
ant gas and a condenser that cools and condenses (lig-
uefies) refrigerant gas.

Showcase component configurations can be broadly
classified into two types based on differences in the lo-
cation of the cooling unit. One type, which is difficult
to distinguish by its appearance, is called a built-in
showcase and, as shown in Fig. 2, has a cooling unit
mounted inside the showcase. Since the mounted

On the premises
-

Cooling unit
is installed
in the
portion

Fig.2 Built-in showcase
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cooling unit and evaporator are connected one-to-one,
there is no need for connection work between the show-
case and the cooling unit, and the system is often used
for stand-alone installation in the center of the store.
The other type is called a separately installed show-
case, in which a cooling unit is installed outside the
store and connected to multiple showcases inside the
store, as shown in Fig. 3. In this case, the piping con-
necting the showcase to the cooling unit is installed
on-site. This configuration is often used to arrange
multiple showcases along the walls of a store because
it is possible to keep costs low by allowing multiple
showcases to be operated with a single cooling unit,
and because it reduces the impact on the store environ-
ment by not releasing the waste heat from the cooling
unit inside the store.

3. Features of the Latest Energy-Saving
Technology

3.1 Optimizing control with electronic expansion valves
(1) Challenges

In order for the cooling system to operate prop-
erly, the superheat of the refrigerant vapor reaching
the outlet of the evaporator must be maintained at
a constant level. Superheat refers to the tempera-
ture level of the refrigerant vapor relative to the boil-
ing point (saturation temperature) of the refrigerant.
When the superheat reaches a negative value, that is,
a temperature below the boiling point, the refrigerant
does not fully evaporate, causing a phenomenon called
“liquid return,” in which liquid refrigerant is fed into
the downstream compressor. This phenomenon must
always be avoided because it risks overloading the
compressor and causing it to malfunction. The expan-
sion valve installed on the inlet side of the evaporator
is required to have a function for controlling the flow
rate of the refrigerant to keep the above-mentioned
superheat level constant. To achieve this, the me-
chanical expansion valve used in conventional cooling
systems has a mechanism in which a temperature-

Energy-Saving Technology for Showcases

sensitive cylinder is attached to the piping at the out-
let of the evaporator, the refrigerant sealed inside the
cylinder is vaporized to change the pressure inside the
cylinder, and the opening of the expansion valve is me-
chanically adjusted using this pressure. However, this
mechanism does not directly control the opening of the
expansion valve by the superheat. This can result in
many potential error factors. Moreover, due to struc-
tural constraints, it is not always possible to properly
adjust the control performance.

To use the evaporator efficiently, the superheat
should be as close as possible to the ideal value of zero.
However, in order to prevent the previously mentioned
liquid return, when a mechanical expansion valve is
used, it is common practice to set the superheat value
to a value greater than the ideal value in consideration
of safety factors. For the expansion valve, the valve
opening is made smaller than necessary, resulting in
a decrease in pressure at the outlet of the evaporator.
The downstream compressor must increase the overly
reduced refrigerant pressure (low pressure) to the
specified pressure (high pressure). In other words, the
compression ratio, that is, the ratio of high pressure
to low pressure, must become higher than necessary,
requiring more compressor power to achieve this. This
results in unnecessary energy consumption, thereby
increasing the power consumption of showcases.

(2) Countermeasures and effect

In order to reduce the power consumption of a
showcase alone, we replaced the mechanical expansion
valve, which is not always capable of being properly
adjusted, with an electronic expansion valve that can
precisely control the valve opening, and developed a
control system that provides optimal feedback control
for the valve opening of the expansion valve.

Since the electronic expansion valve has a mecha-
nism that can adjust the valve opening using a step-
ping motor, its valve opening can be adjusted with high
precision. The newly developed control system uses
thermistors to measure temperatures at both the in-
let and outlet of the evaporator and adjusts the valve
opening by using the superheat value calculated ac-
cording to the measurements as the control quantity
for proportional-integral-differential (PID) control. In
addition, we provided it with liquid return prevention
control that sets a liquid return threshold to trigger
the current superheat level and time. These controls
ensure that the superheat level is always close to the
ideal value. This allows for an optimal cooling unit
cycle at all times without excessively lowering the
pressure, thereby suppressing compressor power. Fig-
ure 4 shows a comparison of the compression ratio and
compressor power between the conventional showcase
and newly developed one, with the value of the con-
ventional device being 1. It shows that the newly de-
veloped showcase can suppress the compression ratio
and compressor power more than the conventional one.
The results of our in-house evaluation of the showcases
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showed that the newly developed device consumes ap-
proximately 10% less energy throughout the year than
conventional devices.

3.2 Optimization of amount of refrigerant according to on-
site installation conditions
(1) Challenges

For built-in showcases, the piping around the cool-
ing unit is pre-installed at the factory, and the amount
of refrigerant to be injected can be properly controlled.
On the other hand, for separately installed showcases,
the piping between the separately installed show-
cases and the shared cooling unit is done on-site. This
means that it is necessary to adjust the amount of re-
frigerant on-site according to the type and number of
showcases and the length of piping required to connect
the showcases to the cooling unit.

Conventionally, after completing the piping work
on-site, refrigerant is injected until it is completely lig-
uefied in the condenser, while visually monitoring the
status with a sight glass on the high-pressure side of
the cooling unit. This procedure tends to inject more
refrigerant than required due to the influence of the
conditions during installation. This means that it has
been necessary to optimize the amount of refrigerant.
(2) Countermeasures and effect

To solve the above issue, we introduced a tool that
can be easily used on-site to calculate the required
amount of refrigerant to be injected based on the pip-
ing volume. The amount of refrigerant to be injected is
calculated by Equation (1).

M=aXA+b><B+cXC+d ............................... (1)

M: Amount of refrigerant to be injected (kg)

a: Refrigerant density in evaporator (kg/m?)

b: Refrigerant density in high-pressure piping
(kg/m?)

c: Refrigerant density in low-pressure piping
(kg/m?)

d: Amount of refrigerant in the cooling unit (kg)

A: Evaporator internal volume (m?)

B: High-pressure pipe internal volume (m?)

C: Low-pressure pipe internal volume (m?)

In developing this tool, we combined an actual cool-
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ing unit with showcases to experimentally determine
the optimal amount of refrigerant to be injected when
the following four parameters were varied: environ-
mental conditions, piping length, number of showcases
(volume in the piping), and amount of refrigerant.
Based on the results of this experiment, we determined
a through d and completed the development of the cal-
culation tool. We obtained A by inputting the type and
number of showcases using the calculation tool, and
determined B and C by inputting the outer diameter
and length of the piping to be connected on-site. As a
result, the optimum amount of refrigerant can be au-
tomatically calculated for each store, enabling energy
savings of up to 12% in showcase power consumption
compared to the conventional technique.

3.3 Equalizing amount of refrigerant in separately
installed showcases
(1) Challenges

In separately installed showcases, refrigerant from
the cooling unit is distributed to each showcase. Since
the length of the piping between the cooling unit and
each showcase varies with the location of each show-
case, the refrigerant flow rate also varies according to
the pressure loss in the piping. As a result, showcases
with refrigerant readily flowing or low energy load
are overcooled due to excessive refrigerant flow, while
showcases with refrigerant insufficiently flowing or
high energy load are insufficiently cooled due to lack of
refrigerant flow. This causes inconsistent cooling con-
ditions among the showcases.

In addition, conventional stores implement energy-
saving controls that monitor the cooling status of all
showcases in the store and instruct the cooling unit to
reduce its operating frequency when it determines that
all showcases have been sufficiently cooled. However,
if the cooling status is inconsistent among showcases
as described above, the cooling unit is controlled ac-
cording to the needs of the insufficiently cooled show-
case, which may result in higher power consumption.
Therefore, it has become necessary to equalize the
amount of refrigerant among showcases.

(2) Countermeasures and effect

By using the electronic expansion valve described
in Section 3.1, it is easy to achieve a variety of controls
according to the application. While the use of elec-
tronic expansion valves has been effective in enhancing
the energy-saving performance of built-in showcases,
we needed to develop a control system for separately
installed showcases that adjusts the electronic expan-
sion valve of each showcase so that all showcase are
cooled uniformly.

This newly developed control system also measures
the cold air blowout temperature to determine the cool-
ing status of each showcase. The cooling status of each
showcase is determined from the temperature readings
at three locations combined with the temperatures at
the inlet and outlet of the evaporator described earlier.
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These cooling statuses are then classified into the six
modes shown below.
(a) Initial operation mode (start of cooling)
(b) Blowout temperature mode (insufficiently
cooled)
(¢) Superheat holding mode (stable cooling)
(d) Liquid return prevention control mode (suffi-
cient cooling)
(e) Open valve fixed mode (cooling unit is stopped)
(f) Stop mode (showcase is stopped)

Based on the results of this classification, if there
is a showcase that does not have enough refrigerant,
it will first aim to equalize the overall cooling condi-
tions by controlling and opening the expansion valve
of that showcase more widely. Next, it will implement
optimal flow control by fine-tuning the expansion valve
opening to stabilize the cooling conditions of the sepa-
rately installed showcases. Figure 5 shows the state
transition diagram for controlling the expansion valve.
The expansion valve of each showcase is controlled
according to the respective mode. Figure 6 shows an
application example for the initial operation mode. It
shows the effect of the control of the initial operation
mode, shown in Fig. 5(a). It reduces the time it takes

[

(f) Stop mode

(a) Initial
operation

(e) Open valve
fixed mode

(b) Blowout
tempera-
ture mode

return preven- -~
tion mode

Fig.5 State transition diagram for controlling the expansion
valve
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Fig.6 Application example for the initial operation mode

for the inside of the storage compartment to reach the
target temperature by approximately 15% compared
with the conventional showcase.

By applying the control system described above,
the optimal amount of refrigerant can always be dis-
tributed to each showcase. This equalizes the cooling
conditions of each separately installed showcase in the
system, and reduces power consumption by approxi-
mately 20% compared with the conventional control
method.

4. Postscript

In this paper, we described an energy-saving tech-
nology for showcases.

Fuji Electric offers both built-in and separately
installed showcases depending on the market needs
of customers. Meeting the challenges of each type ac-
cording to their corresponding characteristics, we are
further committed to developing energy-efficient show-
cases and energy-saving systems for an entire store
to offer eco-friendly products, responding to customer
needs.
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Energy-Saving Measures for Stores

MIYAKOSHI, Tomoya®

MIZUSAWA, Tatsuya®

ABSTRACT

Retail outlets such as convenience stores have been further required to save energy. Meanwhile, store comfort-
ability is also need. Fuji Electric’s store environment analysis using an index called predicted mean vote (PMV) sug-
gested the effectiveness of controlling the temperature setting of air conditioners during the summer. We have also
developed an outdoor air intake system to reduce the load on showcases by using cold outdoor air during the winter.
The results of using thermal fluid analysis software showed that the system can reduce the power consumption of

showcases installed in typical stores by 1.84 kWh.

1. Introduction

In order to respond to the growing social demand
to combat global warming, the convenience store in-
dustry is working on various energy-saving measures.
In this regard, individual stores are being required to
further reduce power consumption. Although it is con-
ceivable to reduce air conditioning as an energy-saving
measure in stores, it is not easy to implement in prac-
tice because of concerns that the resulting loss of com-
fort in the store may affect the number of customers
and sales. Fuji Electric has been contributing to reduc-
ing power consumption in stores by pursuing higher
efficiency in individual pieces of equipment such as
showcases and developing positive pressure control
systems that improve air conditioning efficiency. In
order to further contribute to energy saving, we have
begun to work toward comprehensive energy saving
that reduces the power consumption of the entire store,
taking into account of even comfort, rather than opti-
mizing individual equipment and systems.

In this paper, we will describe measures to achieve
both energy saving and comfort from the viewpoint of
the entire store, focusing on operational methods for
showcases, positive pressure control systems,® air con-
ditioners, ventilation systems, and other equipment.

2. Energy-Saving Issues at Stores

Figure 1 shows the percentage of electricity con-
sumed by typical store equipment. More than 70%
of the total is occupied by air conditioning, refriger-
ated and freezer equipment, and heating and warm-
ing equipment, where Fuji Electric can contribute to
energy saving. We have been improving the efficiency

* Corporate R&D Headquarters, Fuji Electric Co., Ltd.
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of showcases, which are refrigerated and freezer equip-
ment with high power consumption, reducing their
power consumption to the same level as that of heat-
ing and warming equipment. Furthermore, we have
developed positive pressure control systems that im-
prove the operating efficiency of air conditioning equip-
ment by maintaining the air pressure inside the store
at a pressure slightly higher than the air pressure
outside the store. As shown in Fig. 1, the difference in
the ratio of power consumption at present is 25% for
refrigerated and freezer equipment, 26% for heating
and warming equipment, and 20% for air conditioning
equipment.

Although optimization of individual equipment has
been pursued until now as described above, pieces of
thermal equipment interact with each other in power
consumption. To further save energy, the operating
conditions of these equipment and systems thus must
be coordinated so that they optimize the entire store.

In order to reduce the power consumption of the
entire store, it is necessary to visualize the overall
heat balance. We investigated the heat balance of an
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Fig.3 Percentage of heat entering stores

actual store using a simulated experimental store set
up on the premises of Fuji Electric’'s Mie Factory, as
shown in Fig. 2. Figure 3 shows a time-series graph of
the amount of heat entering the store on a single day
in June. We can see that the amount of heat entering
the store varies more than threefold between night and
day. Furthermore, the amount of heat entering the
store varies not only on a daily basis, but also on a sea-
sonal basis. It is necessary to consider energy-saving
measures in response to such changes in the external
environment.

3. Considerations to Achieve Both Energy
Saving and Comfort

3.1 Modeling the entire store

The overall power consumption of the store and
the comfort of the inside of the store are greatly af-
fected by the external environment, such as the season
and the weather. The simulated store shown in Fig. 2
is located outdoors, its external influences cannot be
controlled, making it difficult to systematically demon-
strate the effect of the energy-saving measures in the
simulated store. Therefore, we decided to model the
entire store and utilize simulation. Figure 4 shows the
model used for in-store analysis. The model had air
conditioning units, showcases, and magazine shelves,

Energy-Saving Measures for Stores
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Fig.4 Model used for in-store analysis

which were arranged in the same way as in the simu-
lated store in Fig. 2. The model can be modified in set-
tings, such as air conditioning settings, the amount of
ventilation for the positive pressure control system,
and even the number of air conditioning units in opera-
tion. As for external environmental factors, the out-
side temperature and solar radiation can be changed
and analyzed.

3.2 Comfort evaluation index PMV

In order to study the compatibility of energy saving
and comfort, it is necessary to introduce a comfort eval-
uation index. This study therefore uses an index called
the Predicted Mean Vote (PMV). PMV was published
based on the comfort equation derived by Fanger® and
became an international standard in 1994. PMYV is
distinctive in that it uses the thermal sensation, rather
than sensible temperature, as the index. It is calcu-
lated by adding the four environmental factors that
determine the thermal sensation [air temperature (°C),
relative humidity (%), wind speed (m/s), and thermal
radiation (°C)] to the two human factors [metabolic
rate (met) and amount of clothing (clo)]. The PMV rat-
ing scale is based on the predicted percentage of dissat-
isfied (PPD), which indicates the percentage of people
who are dissatisfied or uncomfortable with the thermal
environment. Table 1 shows PPD and PMV for the
thermal sensation. In terms of the PMV index, PMV

Table 1 PPD and PMV for sensation of warmth and coolness

. Predicted percentage Predicted mean vote
Thermal sensation | of dissatisfied (PPD) (PMV)
(%)
Hot 99 +3
Warm 75 +2
Slightly warm 25 +1
Neutral 5 +0
Slightly cool 25 -1
Cool 75 -2
Cold 99 -3
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= 0 is considered neutral, and PMV = +3 is considered
unpleasant by as many as 99% of people.

3.3 Analysis-based correlation evaluation of energy sav-

ing and comfort
(1) Analysis conditions

We performed analysis using the model described
in Section 3.1 and thermo-fluid analysis software. Fac-
tor assignment was performed using the design of ex-
periment method for the analysis conditions to deter-
mine the impact of each factor. Table 2 shows the con-
ditions of the analysis parameters. Here, the air con-
ditioning blowout angle is specified as 0° when blowing
horizontally with the ceiling, and the number of air
conditioners is normally specified as two independently
operated air conditioners. Reference values are also
listed for control factors. For the human factors of the
PMYV calculation, the clothing of outdoor visitors was
assumed, with 0.6 clo as the amount of clothing repre-
senting typical clothing in summer, and 2.0 clo repre-
senting clothing in the winter. The metabolic rate was
set to 1.4 met, which represents standing posture in
both summer and winter. To evaluate energy savings
and PMV, we used sensitivity analysis to determine
the effect of each factor on total power consumption
(energy efficiency), which represents the sum of air
conditioning, ventilation, and refrigerated equipment,
as well as on PMV (comfort), which represents the av-

Table 2 Conditions of analysis parameters

Analysis conditions
(criteria)

Control | Air conditioning 22, 25, 28

factors temperature setting (°C) | (Reference: 25)

1,200, 1,620, 1,800

(Reference: 1,620)

20, 40, 60
(Reference: Swing)

Factor

Air conditioning
blowout airflow (m?/h)

Air conditioning
blowout angle (°)

. Qty. of air conditioners 1,2
Environ- | jp operation (Reference: 2)

mental
1,000, 1,400, 1,800

factors Positive pressure
ventilation rate (m®/h) (Reference: Automatic)
Summer: 28, 32, 36

Winter: 0, 5, 10

Without sunlight; shad-
ing; and with sunlight

Outdoor air tempera-
ture (°C)

Sunlight

erage of space in the store. By doing this, we examined
how to control energy saving.
(2) Analysis results

Figure 5 shows the results of total power consump-
tion and PMV sensitivity analysis under summer
conditions, and Fig. 6 shows the results of total power
consumption and PMV sensitivity analysis under win-
ter conditions. The left vertical axis and the black plot
represent the total power consumption, with smaller
values being preferable. The right vertical axis and
gray plot is PMV, with values close to zero being pref-
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erable.

Under summer conditions, by focusing on the air
conditioning blowout angle as a control factor, we
found that the larger the blowout angle, the smaller
the power consumption and larger the PMV, indicat-
ing that it is difficult to achieve both energy saving
and comfort. Due to the large slope of the PMV, we
found that maintaining a small air conditioning blow-
out angle was effective in improving comfort. We also
discovered that trends in power consumption and PMV
were the same at the set air conditioning temperature
and positive pressure ventilation rate, indicating that
both energy saving and comfort can be achieved. Both
power consumption and PMV can be reduced by lower-
ing the set air conditioning temperature, in contrast to
the generally recognized trend to save energy by rais-
ing the set air conditioning temperature. We believe
this is because showcases consume more power than
air conditioners in stores, and lowering the air condi-
tioning temperature setting improves the power con-
sumption of refrigeratied equipment, resulting in lower
overall power consumption.

Under winter conditions, we found that the control
factors showed the same trend in power consumption
and PMV, indicating that energy saving and comfort
are highly compatible. In terms of the positive pres-
sure ventilation rate, the more ventilation is increased,
the more energy is saved. We think the reason for this
is that, similar to summer, the temperature around the
showcases drops due to the outdoor air, reducing the
power consumption of refrigerated equipment.

Since this analysis assumes that there will be out-
door visitors, we can expect differences in PMV among
store clerks and visitors who use various modes of
transportation. We plan to verify this in the future.

3.4 Proposed measures to balance energy saving and

comfort in winter

Analysis of summer conditions showed that lower-
ing the temperature around showcases was effective in
reducing overall store power consumption. Therefore,
as a measure to save energy in winter, we examined
the use of an outdoor air intake system as a way to ef-
fectively use cold outdoor air through ventilation. Fig-
ure 7 shows an overview of the outdoor air intake sys-
tem. By allowing cold outdoor air to blow downward
from above the showcase during the winter months,
we expect the air curtains to be less warmed by contact
with the air inside the store, resulting in less energy
required to cool the air supplied to the air curtains.

The energy saving effect of the outdoor air intake
system was calculated using thermo-fluid analysis
software. Figure 8 shows the power consumption for a
single three-foot-long showcase relative to the airflow
rate. We calculated the heat load on the showcase by
setting the outdoor air temperature to 5°C and vary-
ing the airflow rate of the outdoor air, and then calcu-
lated the amount of power consumed for a single show-
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case. We found that power consumption decreases
as the blowout airflow rate of the outdoor air intake
increases. Figure 6 shows that a positive pressure ven-
tilation rate of 1,800 m?3/h, which is the maximum air-
flow rate, can reduce power consumption by 0.23 kWh
compared with the rate of 0 m?/h. Although the con-
figuration of showcases varies depending on the type of
store, power consumption can be reduced by 1.84 kWh
for a 24-foot-long unit installed in a standard store.

4. Postscript

This paper described energy-saving measures for
stores. In addition to clarifying the effect of air condi-
tioning and ventilation on comfort and energy saving,
we found that it is possible to achieve both energy sav-
ing and comfort by effectively adjusting the air condi-
tioning temperature in the summer and utilizing out-
door air in the winter. In the future, we plan to verify
the findings of these analyses through long-term evalu-
ations in a simulated experimental store, and establish
energy-saving design guidelines for convenience stores
that take comfort into account.
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Frost-Free Technology for Heat Exchangers Using
Functional Coating

OGAWA, Riku’

MIZUSAWA, Tatsuya®

TAKIGUCHI, Koji*

ABSTRACT

In recent years, as energy saving has become an increasingly important social issue, refrigerated showcases in
stores have been required to save energy. In response, Fuji Electric has been developing frost-free technology that
uses functional coating to prevent frosting, which is an efficiency lowering factor in the heat exchanger of showcases.
The functional coating can promote a state in which water does not freeze even at 0°C or lower (supercooling). We
found that a functional coating film promotes supercooling of condensed droplets on small test pieces of aluminum

simulating the surface of a heat exchanger.

1. Introduction

In recent years, energy saving has become an
even more lmportant social issue to achieve carbon
neutrality. In this respect, it is also being required
for showcases, or cooling and heating equipment for
stores, provided by Fuji Electric. Fuji Electric has so
far addressed energy saving of showcases by optimiz-
ing the air curtains, which cool the internal storage
compartment, and defrosters, which obstruct cooling.®
Air curtains, in particular, contribute to energy saving.
We have optimized the airflow path and airflow volume
of them using proprietary computational thermo-fluid
simulation technology. On the other hand, defrost-
ing consumes extra energy due to the heating and air
blowing required to remove frost from the heat ex-
changer. In this paper, we will introduce a frost-free
technology for heat exchangers using functional coat-
ing.

2. Heat Exchanger Issues

Figure 1 shows the basic structure of a showcase.
The showcase is connected to a compressor unit, and
the refrigerant is circulated by the compressor in the
compressor unit. The refrigerant evaporates in the
heat exchanger in the showcase, and the heat of va-
porization cools the air flowing through the showcase
and the interior of the showcase. Since the surface
of the heat exchanger is cold, moisture in the air con-
denses on the surface of the heat exchanger when the
moist air comes in contact with it. When the tempera-
ture of the heat exchanger surface falls below 0°C, the

* Corporate R&D Headquarters, Fuji Electric Co., Ltd.
¥ Food & Beverage Distribution Business Group, Fuji Electric
Co., Ltd.
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condensed water droplets freeze and form frost. Open
showcases, as shown in Fig. 1, have no door, so the
air inside the store, which is hot and humid, intrudes
into the air curtain, inevitably resulting in frost on
the surface of the heat exchanger. The growth of frost
can block the airflow path of the heat exchanger, sig-
nificantly impairing heat exchange performance. To
deal with this issue, heaters and warm store air have
been conventionally used to periodically heat the heat
exchangers to melt the frost and drain it. Since latent
heat of solidification and removal of frosted ice unnec-
essarily consume extra energy, if frosting of the heat
exchanger can be prevented, these energies will no lon-
ger be needed, resulting in more energy savings than
before.

2.1 Frosting mechanism in heat exchangers

Frosting on the surface of the heat exchanger
starts with the freezing of condensation water drop-
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lets. In general, there are two possible mechanisms
for freezing. One is called homogeneous nucleation,
in which a freezing nucleus (ice nucleus) forms and
freezes throughout the water without any clear freez-
ing factors such as dust or dirt in the water. When
this homogeneous nucleation alone dominates frosting,
water is known not to freeze down to around —40°C.
This state in which water does not freeze below 0°C
is called a supercooling state. The other mechanism
is called heterogeneous nucleation, in which dust and
other foreign particles in the water form ice nuclei
that cause the water to freeze throughout its entirety.
Much of the freezing seen in natural phenomena is the
latter heterogeneous nucleation.

Figure 2 shows the basic structure of a heat ex-
changer consisting of fins and tubes, and Fig. 3 shows
the freezing mechanism of condensation water droplets
in the heat exchanger. Air blown by the fan flows over
the surface of the heat exchanger and is cooled. Dur-
ing the cooling, foreign particles contained in the air
adheres to the surface of the heat exchanger and con-
densation water droplets, resulting in freezing due to
heterogeneous nucleation. The amount of the adhered
foreign particles is affected by the concentration of for-
eign particles in the air and the amount of air passing
through the heat exchanger. Therefore, prevention
of foreign particles adhesion is effective in preventing
condensation water droplets from freezing. However,
adhesion of foreign particles is practically unavoidable,
and on the premise of this condition, we have to sup-
press ice nucleation of foreign particles to prevent frost

formation.
3. Newly Developed Frost-Free Technology

3.1 Overview of substances that promote supercooling

Several substances reportedly maintain the super-
cooling state even when foreign particles adheres to
them (supercooling promoting substances).? Most of
them are supercooling promoting substances to be pre-
viously dissolved in water as additives. However, it is
difficult to selectively and continuously add supercool-
ing promoting substances to condensation water drop-
lets naturally generated in a heat exchanger. On the
other hand, Nagatomo et al. selected an amino acid
compound called a tyrosine trimer as a supercooling
promoting substance and combined it with a resin to
make a coating material. They demonstrated that the
application of this coating material to glass substrates
promoted supercooling of water droplets on the surface
of the coating film. However, this demonstration was
conducted using glass substrates and a silver iodide
additive (silver iodide is one of the typical ice nuclei
materials) under conditions different from those in
which heat exchangers are used.

3.2 Application to heat exchangers

To achieve frost-free heat exchangers, it is neces-
sary to form a coating of the supercooling promoting
substance on the metal heat exchanger surface. Figure
4 shows the molecular structure for the raw material
of the functional coating to be applied to metal sur-
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Fig.2 Basic structure of heat exchanger (fins and tubes)

Fig.4 Molecular structure of raw material for functional coating
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face. The raw material, made by combining a resin
to be physically adsorbs on the metal surface with a
supercooling promoting substance, was dissolved in a
solvent to form a coating. We have confirmed that this
functional coating can be applied to aluminum, which
is the surface material of the heat exchanger.

Figure 5 shows the frost-free mechanism using the
functional coating. Condensation forms on conven-
tional heat exchangers at low temperatures, and for-
eign particles in it turns into ice nuclei, causing freez-
ing. On the other hand, the condensation water drop-
lets on a heat exchanger coated with the functional
coating remain supercooled even at temperatures
below 0°C, thanks to the action of the supercooling pro-
moting substance in the coating. Condensation water
droplets in a supercooled state grow and increase in
mass over time, and flows down and drains when grav-
ity exceeds its adhesion to the condensation surface.
The repetition of condensation and drainage enables
continuous cooling and frost-free operation.

3.3 Verification of effects
(1) Evaluation of the supercooling promotion effect
We reproduced the actual conditions of the heat
exchanger to evaluate the supercooling promoting ef-
fect of the functional coating on the condensation wa-
ter droplets. We prepared the evaluation sample by
applying the functional coating to small pieces of alu-
minum (D20 mm X W20 mm X t2 mm) that simulated
the fins of a heat exchanger. In order to reproduce the
naturally occurring condensation water droplets on the
surface of the heat exchanger, we used an evaluation
stage to simulate the air flow on the heat exchanger
with the air maintained at a constant temperature and
humidity by a bubbler unit, as shown in the system
configuration diagram of the condensation water drop-
lets evaluation in Fig. 6. When cooling the sample, we
set the conditions for the cooling surface temperature
based on the micro-liquid freezing method to measure
the temperature at which the condensation water

Frost-Free Technology for Heat Exchangers Using Functional Coating

Gas-liquid
separator

’ Distributor l

Bubbler unit

F.M : Flowmeter
H : Humidity sensor
T : Thermocouple

i 3
Chiller

Fig.6 Condensation water droplets evaluation device diagram

droplets freeze. The air temperature and humidity
were set to 20°C and 65% respectively based on the ac-
tual conditions of the heat exchanger. The evaluation
index “anti-ice nuclear activity value” 1is defined as
the freezing temperature of the bare material without
coating minus the freezing temperature of the coating
sample. We determined the freezing of condensation
water droplets when any part of the water droplets on
the whole surface was frozen.

Table 1 shows the evaluation conditions under
which a heat exchanger was reproduced (condensation
water droplets evaluation conditions). As a result of
evaluation under the conditions of Table 1, the anti-ice
nuclear activity value was 4.2 K. Table 2 shows the re-
sults of the principle evaluation (silver iodide additive
evaluation) conducted by Okamoto, et al. using drops
of easily-freezing water (silver iodide additive), based
on previous literature as a reference. As a result of
evaluation under the conditions of Table 2, the anti-ice
nuclear activity value was 2.3 K. These results showed
that the anti-ice nuclear activity value in the conden-
sation water droplets evaluation was on the positive
side, similar to the evaluation of the silver iodide addi-
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Table 1 Condensation water droplets evaluation for reproduc-
ing a heat exchanger

Item Evaluation conditions

Cooling surface
temperature (°C) —26 to +4
Cooling rate

(°C/min) 0.2
Air temperature

° 20

(°C)
Air humidity o5

(% RH)

Air velocity Natural convection

Sample posture

Condensation Ice
water droplets nucleus
(grows and “ T (Foreign
slips off) _._-—-—"""particles etc.)

Table 2 Evaluation of silver iodide additive

Item Evaluation conditions

Cooling surface

temperature (°C) -18to 0

Cooling rate Lo

(°C/min) .

Air temperature

° 25

(°C)

4 i _ (Desiccant installation)

Air velocity Natural convection

Dripped droplet

Silver iodide
additive
5 uL X 12 drops

Horizontal

Sample posture

Ice nucleus
(Silver iodide)

tive, enabling us to confirm the supercooling promotion
effect. Based on the results in Table 1, it appears that
the film of the functional coating can promote super-
cooling even with a water quality and cooling method
similar to that of the actual operation of a heat ex-
changer.

In addition, Fig. 7 shows how the condensation wa-
ter droplets in the supercooled state drain over time.
Based on the evaluation conditions in Table 1, in order
to observe the time elapse of the cooling process, the
cooling temperature needs to be kept constant at a rep-
resentative temperature of 0°C or lower, and the air
velocity needs to be kept constant by forced convection
that simulates a real environment. The photographs
in the figure show how condensation water droplets
grow and drain over time.
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Sample type
Without coating
(Bare material)

With coating

0
(when reaching 0°C)
Elapsed time (h)

Fig.7 How the condensation water droplets in the supercooled
state drain

Based on these results, we demonstrated that the
designed functional coating film can promote super-
cooling of condensation water droplets in the heat ex-
changer and make it frost-free.

(2) Estimation of energy-saving effects

Frost formation occurs when condensation water
droplets freeze, thus involving a phase change. This
results in condensation latent heat being consumed
during condensation and solidification latent heat be-
ing consumed during freezing. These two latent heats
are waste energies when a heat exchanger cools air.
Heat exchangers that apply frost-free technology can
save energy because they no longer require solidifica-
tion latent heat. Unlike conventional defrosting meth-
ods using heater, frost-free technology requires no
heater power. In light of the above, we estimated the
energy-saving effects of applying the frost-free technol-
ogy to heat exchangers.

By using our in-house standards as conditions, we
estimated the energy consumption of a conventional
heater defrosting system and that of the frost-free
technology. The calculation suggested that the en-
ergy-saving effect of the frost-free technology over the
heater defrosting system was 7% per year for a three-
foot refrigerated multi-deck showcase.

In addition, since the functional coating of this
frost-free technology can be applied to conventional
heat exchangers, energy-saving effects can be obtained
without changing the size of the heat exchanger or the
volume of the internal storage compartment.

4. Postscript

In this paper, we described a frost-free technol-
ogy for heat exchangers using functional coating. This
functional coating is a technology that can be applied
not only to showcases but also to many other types
of refrigeration equipment that use heat exchangers
for cooling. Since the evaluation was conducted us-
ing small pieces of aluminum, we plan to confirm the

FUJI ELECTRIC REVIEW vol.68 no.3 2022



supercooling promotion effect on the actual scale of a
heat exchanger in the future. A challenge in commer-
cialization is to reduce the production cost of the super-
cooling promoting substance, which is the raw material
used in the coating film. In the future, we will work
to overcome these challenges and develop a fully-
established frost-free technology that contributes to
the realization of a carbon-neutral society.

Finally, it should be noted that the supercooling
promoting substance used in this development was the

Frost-Free Technology for Heat Exchangers Using Functional Coating

result of joint research with Professor Yoshiaki Hirano
of Kansai University. We are grateful for his valuable
contributions.
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Fundamental Development and Application of the
Next Generation Edge Devices

PERERA, Madhura®

TAKEUCHI, Shiro*

HAMADA, Kosuke*

ABSTRACT

There is a growing need for loT systems to minimize the use of cloud systems and enable data collection and
analysis to be completed in the field. Fuji Electric is developing a platform for “edge devices” that collects data from
on-site equipment and relays them to cloud systems. This next-generation device has hardware that delivers en-
hanced processing power and diverse connectivity in wired and wireless networks, allowing it to be used for a broad
range of products. It also includes highly scalable business application frameworks and other convenient software.

1. Introduction

Conventional Internet of Things (IoT) systems
were built around cloud systems, but recently, there
has been a growing need to minimize the use of cloud
systems and complete the process from data collec-
tion to analysis on site at factories and other loca-
tions where IoT systems are applied. With that comes
changing requirements for edge devices that collect
data from on-site equipment and relay them to cloud
systems.

Fuji Electric is developing an edge device platform
aimed at meeting these new requirements. This paper
describes the development of this next-generation edge
device platform and its application to Fuji Electric’s
products for the food and beverage distribution field.

2. loT System Technology Trends

2.1 Expectations for edge computing

Conventional IoT systems are based on a con-
figuration in which various types of information is col-
lected from equipment on site at factories and other
locations and stored in a cloud system on the Internet
via edge devices. The collected data are analyzed us-
ing applications that use artificial intelligence (AI) or
other technology on the cloud system.

For some customers, this conventional configura-
tion gave rise to the following concerns, which posed a
barrier to the adoption of IoT systems.

(a) Increased communication costs between edge
devices and cloud systems

(b) Increased processing time from data collection
to completion of data analysis on cloud systems
due to communication-related overhead (making

* Corporate R&D Headquarters, Fuji Electric Co., Ltd.
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real-time analysis difficult)
(c) Concerns about data leaks and other security
risks arising from sending data to cloud systems

To address these concerns, the focus is now on
“on-site completion” IoT systems that do not involve
sending data to cloud systems. For example, these
systems feature a configuration in which a server PC
is installed in a customer factory in place of a cloud
system to collect and analyze data on site. This type of
data processing using server PCs installed in the field
is called edge computing.

These new IoT systems that use edge computing
are expected to utilize edge devices as its computing
platform. In particular, edge devices, which are in-
stalled in environments close to the on-site equipment,
may be capable of realizing real-time data collection
and analysis. Because edge devices are so-called em-
bedded devices, they cannot completely replace cloud
systems or server PCs, but by sharing the appropriate
functions and performance, they may enable a reduc-
tion of overall system costs by minimizing the required
performance of server PCs or by reducing the number
of PCs required.

2.2 Computing technologies for edge devices

Computing technologies available for edge de-
vices have evolved significantly in recent years. This
owes largely to the widespread use of smartphones,
and the increasing density, multifunctionality and
energy saving of computing devices are remarkable.
Systems on chips (SoCs) on which the elements nec-
essary for computing (such as the CPU, the GPU,
security and multimedia) are integrated have been
improving in functionality and performance and have
been getting smaller. In addition, systems on mod-
ules (SoMs) on which these SoCs are integrated
together with memory and wired communications



(such as USB*'and Ethernet*?), wireless communi-
cations (such as Wi-Fi*?, Bluetooth** and cellular™)
and other components into a single module have also
evolved significantly, and their application is becoming
more widespread. For these SoMs, international stan-
dards have been established for interfaces for these
modules, and competition among module vendors has
led to lower prices, making them easier to adopt for
various embedded devices.

On the other hand, the adoption of SoCs and SoMs
has its disadvantages. Because they are multifunc-
tional, the number of man-hours required to develop
their firmware (software for controlling hardware) can
be enormous. However, it has become common for SoC
and SoM vendors themselves to provide firmware sam-
ples, which users can leverage to speed up product de-
velopment. In addition, most of these firmware appli-
cations are made into license-free open-source software
(OSS) applications, which allows users to easily modify
the firmware according to their product designs, and in
terms of software development, they have come to be
adopted for SoC and SoM embedded devices.

3. Recent Challenges in Retail Businesses

Fuji Electric provides supermarket and conve-
nience store business owners operating brick-and-
mortar stores with showcases, counter fixtures and
store systems to be installed in their stores. We also
provide beverage manufacturers, operators and other
clients with vending machines that can sell beverages
and various other goods unattended and around the
clock. The business environment surrounding these
retail businesses has changed significantly in recent
years, and new challenges have emerged.

3.1 Strengthening efforts to address social issues

Traditionally, the main challenge in store opera-
tions has been to eliminate labor shortages by improv-
ing operation efficiency, which in turn increases prof-
its.

Recently, the Sustainable Development Goals
(SDGs) have become widely recognized. Moreover, cor-
porate social responsibility (CSR) has become a major
pillar of corporate evaluation, and both general con-
sumers and investors are placing importance on corpo-
rate CSR initiatives. Consistent with this trend, con-
venience stores are also working to reduce greenhouse

*1 USB is a trademark or registered trademark of USB
Implementers Forum

*2 Ethernet is a trademark or registered trademark of
FUJIFILM Business Innovation Corp.

*3 Wi-Fi is a trademark or registered trademark of the
Wi-Fi Alliance

*4 Bluetooth is a trademark or registered trademark of
Bluetooth SIG, Inc.

*5 Refers to cellular communication systems

gas emissions and food loss. To realize this initiative,
further energy saving in store operations is essential.
The systems we have developed in the past, which are
self-contained within in a single store fixture or the
store, are insufficient. For example, there is a need for
lighting and air conditioning that is linked between the
inside and outside of the store, optimal control of each
fixture and synchronization with demand response, as
well as energy management for all of these features.

3.2 Responding to changes in markets and consumption
preferences

The main challenges in the vending machine op-
eration business have traditionally been increasing
sales per unit and reducing costs. To address these
challenges, Fuji Electric has been developing sales pro-
motion functions for stand-alone vending machines by
using digital signage and functions for operation effi-
ciency improvement using IoT technology.

While the existing beverage vending machine
market was greatly affected by changes in consumer
behavior caused by the current COVID-19 pandemic,
renewed attention has been paid to the characteris-
tics of vending machines, which allow customers to
purchase items 24 hours a day without face-to-face
contact, leading to a new need for multipurpose vend-
ing machines. It is more important than ever before
to quickly materialize new services that take into ac-
count these market changes. In order to achieve this,
a system that can efficiently conduct a proof of concept
(PoC) is required.

4. Features of Next-Generation Edge Devices

As a means of achieving the challenges described
in Chapter 3, the introduction of a new IoT system
that utilizes edge computing is thought to be effective.
We believe that edge devices can be installed in store
equipment or vending machines to autonomously col-
lect and analyze the necessary information, perform
coordinated control of equipment units in the store,
and display the digital signage of the vending ma-
chines while adjusting the content as necessary accord-
ing to certain conditions. These edge devices should
have the following features.

(a) Advanced connectivity including wired and wire-
less connections with easy access to a variety of
surrounding facilities and content on the Inter-
net

(b) High processing capacity that enables image
data to be captured from cameras to analyze
them in real time using Al

(¢c) Provision of a versatile application development
environment that enables quick changes and ad-
ditions of functions as needed, as well as easy
replacement of applications

To provide these features, we redefined the hard-
ware and software requirements to develop a platform
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for next-generation edge devices. The following sec-
tions present the details.

4.1 Hardware platform

Next-generation edge devices require flexible hard-
ware that can fulfill various customer needs. There-
fore, we considered the functions required for new
services to fulfill customer needs and defined the speci-
fications for next-generation edge devices, assuming
future technological trends.

Figure 1 shows the appearance of the edge device
(prototype), and Table 1, its main specifications.

The following describes the hardware features of
the next-generation edge device.
(1) Diverse connectivity

The device is equipped with wired and wireless
network communication capabilities for connection to
the cloud and enables the construction of IoT systems
according to needs. It also has a variety of external
communication interfaces and inputs and outputs

Fig.1 Edge device (prototype)

Table 1 Main specifications of edge device (base model)

Component Specification
Processor Cortex*!-A53 Quad Core +
Cortex-M7
eMMC 32 GB
Memory
LPDDR4 1 GB
Storage SD card
Clock RTC
Ethernet*? Gigabit Ethernet (GbE)
_ Bluetooth*? 5.0
ere.less' com- Wi-Fi* 4
munication
cellular*® 4 G CAT-4
USB*¢ 3.0 Host
Interface USB -
USB 2.0 Function
Serial RS-232C, RS-485, 12C, SPI
Video LVDS, HDMI
Multimedia MIC, speaker
1/0 LED, SW, DIO

«1 Cortex is a trademark or registered trademark of Arm Ltd.

+«2 Ethernet is a trademark of FUJIFILM Business Innovation Corp.

+3 Bluetooth is a trademark or registered trademark of Bluetooth SIG, Inc.
«4 Wi-Fi is a trademark or registered trademark of the Wi-Fi Alliance

«5 Cellular refers to a cellular communication system

#6 USB is a trademark or registered trademark of USB Implementers Forum
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for video and audio signals to connect to various de-
vices. Regarding wireless communication functions,
for which technology is rapidly evolving, the device has
been modularized, making future upgrades easy. It
has also been configured to allow installation of built-
in antennas for Wi-Fi and cellular communications.
External antennas can also be mounted depending on
the installation environment.
(2) High processing capacity

A high-performance SoC and high-speed, large-
capacity memory are installed as standard equipment
in order to significantly improve processing capacity
as compared with conventional products. In addition,
the device uses a hardware architecture that allows
SoC upgrades and memory expansion to meet prod-
uct requirements. For example, Al functions can be
achieved by swapping processors for those with Al ac-
celerators. The embedded multimedia card (eMMC)
is expandable up to 64 GB and the Low-Power Double
Data Rate 4 (LPDDR4) is expandable up to 8 GB for
high-capacity applications.
(3) Usability in a variety of applications and environ-

ments

The device has been designed to be compact in size,
making it easier to mount on a variety of equipment.
It also uses industrial-grade parts to enhance its envi-
ronmental endurance.
O Size: W153 x D30 X H100 (mm)
OTemperature (installation environment): —20°C to

+70°C

4.2 Software platform

While cloud computing IoT systems are based on
providing standardized services regardless of where
they are applied, edge computing IoT systems have
the advantage of services that are easily built and op-
timized for the specific challenges of each site where
they are applied. To achieve this, a variety of software
applications (business applications) must be built for
services that meet the needs of each site, and improv-
ing the efficiency of their development is a challenge.
The edge device to be developed takes the form of an
embedded device, but unlike software development for
PCs and the cloud, software development for embedded
devices requires expertise such as knowledge of hard-
ware and the know-how to utilize it, making it difficult.
In addition, replacement of software is often difficult in
that a dedicated tool is required to install the created
software in embedded devices, for example.

Figure 2 shows the overall configuration of a soft-
ware platform to be installed on the next-generation
edge device platform intended for facilitating software
development. The platform comes standard with firm-
ware that covers the basic functions of edge devices,
and on top of it is installed a business application
framework for facilitating the development of software,
or business applications, to address individual issues.
Table 2 shows the components of the software plat-
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Business Business .
application application

Business application framework

Edge device basic
software

Cloud linkage ||Software update
function function

Security

BSP*
| os |

Firmware
~

| Device drivers and libraries |

| Bootloader |

L1 \

| Hardware TrustZone*? | |

*1 BSP: Board support package
*2 TrustZone: Trademark or registered trademark of Arm Ltd.

Fig.2 Overall configuration of the software platform

Table 2 Components of the software platform

Component Overview

Built-in software suite for running hardware:

O Bootloader
Software that runs immediately after power-up
Supports secure startup to prevent malware
from running

O Device drivers and libraries
A collection of drivers and libraries to utilize
each device on the hardware (platform)

©0S
Linux*! 5.15 installed

Board support
package (BSP)

Secure software execution environment using

Security TrustZone*? available on Arm microcomputers

Software that integrates basic features of edge
devices
O Data collection function

Edge device O System monitoring function

ngstlvflare O Network mz}nagement fqnction

O Clock function, log function

O System maintenance function

and other functions

Function for communication and data linkage
Cloud linkage | with edge devices and cloud systems (various

clouds provided by various IT vendors)

Software up- Offline or online software update capabilities

dates
Business . .
L Framework to manage and run business applica-
application .
tions
framework

%1 Linux is a trademark or registered trademark of Linus Torvalds in Japan
and other countries
%2 TrustZone is a trademark or registered trademark of Arm Ltd.

form. Its features are as follows:
(1) Linux*5 OS installed

As the operating system (OS) of the platform,
we have adopted the Linux OS, which is OSS widely
used around the world. This makes it easier for soft-
ware developers to build a development environment
and take advantage of their software development

know-how for PCs and the cloud, which is expected to
improve the efficiency of business application develop-
ment in particular.

(2) Full support BSP installed

To make all hardware functions included in the
hardware platform readily available to software devel-
opers, components including device drivers for initial-
izing and using the hardware applications have been
put together into one package, and a board support
package (BSP) that meets Fuji Electric’s quality stan-
dards is installed as firmware.

(3) Business application framework that uses con-
tainer technology

In order to improve the development efficiency of
business applications and facilitate their installation,
we have adopted a technology called a container to vir-
tually build an operating environment of applications.
Figure 3 shows the structure of the business applica-
tion framework, and Table 3, its components.

Using a typical PC as an example, container tech-
nology can be explained as a technology that creates
a virtual PC inside the PC and runs applications on
the virtual PC, managing the individual virtual PCs in
units called containers. This software platform adopts
Docker*” Engine, which is standard for the cloud, as
container management software for creating and man-

Container (1) Container (2)

Business

Business
application

application

Container communication
function MQTT client)

Container communication
function (MQTT client)

Container management software
(Docker* Engine)

Container communication function
(MQTT broker)

Business application framework

*Docker: Trademark or registered trademark of Docker, Inc. in the
United States and other countries

Fig.3 Configuration of business application framework

Table 3 Components of business application framework

Component Overview

Virtual edge device that runs business ap-

Container P
plications

Business applica- | Application that exclusively occupies an
tion edge device and runs alone

Container man-
agement software

Management software for managing and
running containers (e.g. Docker* Engine)

Communication functions and protocols for
data communication between business appli-
cations and functions outside the container

MQTT brokers
and clients

# Docker is a trademark or registered trademark of Docker, Inc. in the United
States and other countries

*6 Linux is a trademark or registered trademark of Linus
Torvalds in Japan and other countries

*7 Docker is a trademark or registered trademark of
Docker,Inc. in the United States and other countries
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aging containers. This business application frame-
work allows developers to create business applications
without the need for detailed hardware knowledge or
consideration for firmware or other business applica-
tions. Applications can also be easily updated using
the Docker Engine feature.
(4) High security

A mechanism has been built to prevent unauthor-
ized software from running by performing security
authentication on the bootloader (the first software
application started after power-up), the OS and other
software applications at startup.

4.3 Examples of application to products for the food dis-

tribution sector
(1) Vending machine

We are currently conducting research for next-
generation vending machines that apply next-
generation edge devices. Figure 4 shows the system
configurations of vending machines. We believe that
we can create new value by completely renewing the
system configuration of conventional vending machines
that has been in use for more than 20 years. For ex-
ample, by using wireless communication functions of
next-generation edge devices to connect machines to
smartphones owned by operators in charge of tasks
such as replenishing vending machines, remote con-
trol functions used to input various settings for vend-
ing machines can be implemented on smartphones.
These remote controllers are much easier to use than
the remote controllers for operation included with con-
ventional vending machines. Many other new features
can be achieved using next-generation edge devices.
(2) Stores

In order to save further energy in stores in the fu-
ture, it is necessary not only to link together various
facilities and equipment inside stores, but also to link
together various systems outside stores to enable en-
ergy saving measures that could not be implemented
previously. The requirements for the next-generation
store controllers, which form the core of this system,
include the ability to perform advanced information
processing at high speeds, through means such as
wired and wireless communication functions for net-
work communications, with external systems, and
communication functions for connecting to various
facilities and equipment in the store. We believe

Conventional system configuration of vending machines

(limitations to add-ons)

Vending machine bus line (proprietary standard)

Operation unit
Automatic change
dispenser

Main control
(Vending machine

Server

Gzl
. Communication terminal
Connection device
inkage . ;
@ g°) Varies by manufacturer
Embedded PC | Cloud |

(Signage) Smartphone

ToT device

X )

Communication
device

Equipment connected
for each application

Vending machine external interface (open)

A 4

Renewed system configuration of vending machines
(to a new age)

Legacy Interfaces
(Use of existing customer assets)
Automatic Electronic
change dispenser money

Various communication services
(Integrated communication func-
tions — investment restrained)

| Cloud

High connectivity (state-of-the-art
standard interface provided)

| 1o || Media |

Functional scalability
(New architecture adopted)

Next-generation
control platform
(Edge device)

| | Smartphone |

Fig.4 System configurations of vending machines

that the application of next-generation edge devices
will satisfy these requirements, which could not be
achieved with conventional store controllers.

5. Postscript

This paper has described the development of a
next-generation edge device platform and its applica-
tions.

In addition to products for vending machines and
stores, we are studying its applications for a variety of
products, including factory automation applications,
and will continue to respond swiftly to the increasingly
diverse needs of our customers.
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7th-Generation “X Series” 1,700-V/800-A RC-IGBT
“Dual XT” Modules for Industrial Applications

YAMANO, Akio*

EBUKURO, Yuta*

In recent years, there has been increasing expec-
tations that power electronics technology will further
contribute to efficient energy usage and energy saving,
and play an important role in achieving a sustainable
society. In particular, the demand is growing for power
semiconductors as key devices of power conversion
equipment used for various applications, such as the in-
dustrial, automotive, and renewable energy applications.

Fuji Electric has made many technological innova-
tions to reduce the size, lower the power dissipation,
and improve the reliability of insulated gate bipolar
transistor (IGBT) modules, contributing to the minia-
turization, cost reduction, and performance of power
conversion systems by helping them become smaller,
more efficient and reliable. Our latest 7th-generation
“X Series” IGBT modules achieve even lower power dis-
sipation, higher reliability, and higher power density,
by innovating in chip and packaging technology.

In addition, we have also developed reverse-
conducting IGBTs (RC-IGBTs), which combine 7th-
generation IGBT and free-wheeling diode (FWD) func-
tions into a single chip to create a line-up of the X
Series RC-IGBT module for industrial applications.
This line-up has even higher power density and higher
reliability than conventional IGBT modules, which
combine IGBT and FWD chips. Moreover, the current
rating has been increased to 800 A, compared with the
previous maximum current rating of 600 A.®

1. Characteristics of RC-IGBTs

Figure 1 shows the schematic and equivalent cir-
cuit diagrams of the X Series RC-IGBT for industrial
applications. In inverters that are used as power con-
version equipment, two types of semiconductor chips,
IGBT and FWD, are connected in anti parallel (IGBT +
FWD system). In contrast, an RC-IGBT integrates the
IGBT and FWD functions into a single chip.

Since RC-IGBTs incorporate the functions of an
IGBT and FWD into a single chip, the chip area of
RC-IGBTs is larger than that of individual IGBTs and
FWDs at the same rated current. Therefore, they have
better heat dissipation and lower thermal resistance
than conventional chips. At the same time, the chip
area of an RC-IGBT is smaller than that of the com-
bined chip area of an IGBT and FWD. Therefore, an
RC-IGBT can provide a higher rated current for the

* Semiconductors Business Group, Fuji Electric Co., Ltd.
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IGBT FWD RC-IGBT
Collector Cathode Collector
(IGBT) (FWD)
Gate Gate
Anode
Emitter Emitter
IGBT + FWD RC-IGBT
Area ratio 0.78 +0.55=1.33 1

Fig.1 Schematic and equivalent circuit diagrams of the
“X Series” RC-IGBT for industrial applications

same chip area. By taking advantage of these fea-
tures, we have increased the output of IGBT modules
while maintaining the same package size.

2. Product Line-Up

Figure 2 shows the line-up, product appearance,

Rated Rated current (A)
voltage (V) | 925 300 450 | 600 | 800
| | |
1,700 | X IGBT + FWD m
I I I

(Unit: mm)

Appearance
Thermistor
Equivalent
circuit

Fig.2 Line-up of the 1,700-V “Dual XT” modules
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and equivalent circuit of the newly added X Series
1,700-V RC-IGBT “Dual XT” modules for industrial
applications. Customers can select the most suitable
module for their application.

3. Features of the 7th-Generation “X Series”
1,700-V/800-A RC-IGBT “Dual XT” Modules for
Industrial Applications

(1) Reduction of ATy chip virtual junction tempera-
ture

Wind power conversion systems, which are consid-
ered to be one of the most important sources of renew-
able energy, widely use IGBT modules with a rated
voltage of 1,700 V. Figure 3 shows a schematic dia-
gram of a wind power conversion system. The rotation
of the wind turbine causes the generator to produce AC
power and the generator-side power conversion equip-
ment converts it into DC power. The DC power is re-
converted to AC power by the power conversion equip-
ment on the grid side.

During this process, the generator-side power con-
version equipment, which converts the rotation of the
wind turbine into electrical energy, can have a large
temperature time variation ATy during low-frequency
operation of 1 to 10 Hz, shortening the lifetime of the
RC-IGBT module in the power cycle.

AC/DC DC/AC
I

Power conversion Power conversion
equipment on equipment on
generator side grid side

Fig.3 Schematic diagram of wind power conversion system

Calculation conditions

Ve = 1,000V, Ioems) = 400 A, output frequency fo = 5 Hz,
carrier frequency f. = 2kHz, Vo =+15V, power factor =—0.9,
modulation rate = 1.0, ambient temperature = 35°C

150
—— X Series

140 | RC-IGBT module
—— X Series

fuy

W

(=}
T

IGBT module
(IGBT + FWD)

Aij =41°C

ATVJ‘ =17°C

(during FWD operation)
—
)
S

Chip virtual junction temperature 7; (°C)
during regenerative operation

90
sof N T T A
70 < FWD operation >< IGBT operation
60 L L L
0 0.05 0.10 0.15 0.20

Time (s)

Fig.4 T, calculation results during low-frequency operation
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Calculation conditions

Vee = 1,000V, output frequency fo = 5 Hz,

carrier frequency f. = 2kHz, Vg =+15V, power factor = —0.9,

modulation rate = 1.0, ambient temperature = 35°C
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Fig.5 AT.j-1/o calculation results during low-frequency operation

Figure 4 shows the calculation result of the chip
virtual junction temperature change 7%j in one cycle of
low-frequency operation during regenerative operation.
In conventional IGBT modules with the IGBT + FWD
system, the IGBT and FWD chips alternately generate
heat, and the ATy, in one cycle, was 41°C. In contrast,
the X Series RC-IGBT module has reduced the lower
maximum chip virtual junction temperature 7Tvyjmax
due to the larger RC-IGBT chip area improving heat
dissipation. Moreover, the IGBT and FWD regions in
an RC-IGBT chip alternately generate heat, increas-
ing the minimum chip virtual junction temperature
Tyjmin. As a result, the X Series RC-IGBT module has
significantly improved A7y to 17°C, which reduces the
amount of thermal stress variation applied to the alu-
minum wire and solder.

(2) Output current and power cycle life improvement

Figure 5 shows the calculation results of ATy; and
output current I, at low-frequency operation. The X
Series RC-IGBT module for industrial applications
can have the significantly lower ATy; than the conven-
tional X Series IGBT module with the IGBT + FWD
system at the same output current. This means that
under the same power conversion conditions, thermal
stress variation decreases with reductions in the IGBT
module’s temperature variation. Moreover, under the
same power cycle life time conditions that means same
ATyj conditions, the X Series RC-IGBT module can out-
put higher current than the conventional IGBT + FWD
system, as shown in Fig. 5. In case of AT%; is 41°C, the
X Series RC-IGBT module for industrial applications
can expand 1.8 times output current of power conver-
sion systems compared with using the conventional

IGBT + FWD modules.
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2nd-Generation Discrete SiC-SBD 1,200-V Series
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In recent years, the increase in worldwide data
traffic has accelerated the installation of data centers
and telecommunication base stations. Since data cen-
ters require a stable supply of power, they use unin-
terruptible power systems (UPSs). The power semi-
conductors used in UPSs are requiring lower loss and
higher durability.

Fuji Electric has developed the 2nd-generation
discrete SiC-SBD 1,200-V Series as a line-up that
achieves lower loss by reducing forward voltage Vr and
improves surge forward current Irsm compared with
the 1st-generation discrete SiC-SBD Series.

1. Features

Figure 1 shows the package appearance of the 2nd-
generation discrete SiC-SBD 1,200-V Series, and Table
1 provides an overview of the product line-up. The
main features are as follows.

(a) Its low forward voltage (Tv; = 25°C, 10% lower
than conventional products) contributes to im-
proved efficiency in applicable power supply
equipment.

(b) Improved Irsm (surge forward current) (7vj =
25°C, 110% better than conventional models)
improves dielectric strength against large in-
stantaneous forward currents (inrush currents).

2. Chip Technology

SIC-SBDs exhibit small switching loss during re-
verse recovery operation since they are unipolar major-
ity carrier devices that contribute to conduction with-
out any accumulation effect. This mean that in order
to reduce device loss, it is necessary to reduce conduc-
tion loss by decreasing Vr. In addition, diodes in a
power factor correction (PFC) circuit must not be dam-
aged by the inrush current when smoothing capacitors
charge at the power supply turned on.

Figure 2 shows the structure of the 1st- and 2nd-

Front surface
electrode (anode)

Front surface
electrode (anode)

n~ drift layer

n- drift layer

n" SiC substrate

nt SiC substrate Back surface electrode (cathode)

Back surface electrode (cathode)

1st-generation 2nd-generation

Fig.1 Package appearance

Table 1 Line-up

Fig.2 Structure of the 1st- and 2nd-generation SiC-SBD chips

Maximum ratings Electrical characteristic
Ve Ve
Type Package VRrM Ir Irsm Ty = 25°C Tvi = 150°C
(typ.) (typ.)
V) 4) (&) V) V)
FDC2 WT20S120 TO-247-2 1,200 20 190 1.57 2.29
FDC2 WT40S120 TO-247-2 1,200 20 305 1.57 2.29

* Semiconductors Business Group, Fuji Electric Co., Ltd.
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generation SiC-SBD chips. Both utilize junction bar-
rier Schottky (JBS) structures with a p* layer on their
device surface. We have reduced n+ SiC substrate
thickness, reduced barrier height by optimizing the
Schottky junction, reduced drift resistance by optimiz-
ing the JBS structure and drift layer, and reducing
contact resistance by using proprietary wafer process
technology, allowing the 2nd-generation SiC-SBD to
have reduced Vr and improved IrsM.

Figure 3 shows the temperature characteristics of
Vr for 1st- and 2nd-generation products with a 1,200
V/20 A rating when Ir = 20 A. For the entire region
between —55°C and +125°C, 2nd-generation products
have lower Vr, and when Tv; = 25°C, Vf is 10% lower
than 1st-generation products.

Figure 4 shows the Ir—VF characteristics of a
1,200-V/20-A device in the high current range. When
the pn junction diode consisting of the p* and n~ drift
layers in contact with the surface electrode (anode) op-
erates, a large current of 100 A or more flows through

Ig=20A
2.6

2471
22T
2.0 |

18} / -

1.6

Vi (V)

10% reduction
14

12} 2nd-generation

1.0 L L L L L L L L L L
75 50 —25 0 25 50 75 100 125 150 175 200
Ty; (°C)

Fig.3 Vr temperature characteristics of 1st- and
2nd-generation 1,200-V, 20-A devices
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= - ,’
i o=~ 1st-generation
~} T;=25°C
=
3 =
=5
i PN junction
| diode operation
L L L L
0 2 4 6 8 10 12 14 16

Ve (V)

Fig.4 - VF characteristics in the high-current range of
1st- and 2nd-generation 1,200-V, 20-A devices

2nd-Generation Discrete SiC-SBD 1,200-V Series

T.=25°C, t,=10ms
200

150 Approx.

2 times

100

Tysu Spec. (A)

50

1st-generation 2nd-generation

Fig.5 /sm characteristics of 1st- and 2nd-generation 1,200-V,
20-A devices

the ohmic region of the surface electrode (anode) and
the p* layer. The 2nd-generation device has an op-
timized JBS structure that allows current to flow
through the pn junction diode more easily than the
1st-generation products. As shown in Fig. 5, the guar-
anteed Irsm value has been increased twice, 190 A for
the 2nd-generation products than 90 A for the 2nd-
generation products, due to thermal resistance reduc-
tion (improved heat dissipation) through thinner n*
SiC substrate.

3. Package

This device uses the TO-247-2 package, present-
ing an industry standard TO-247 outward form, which
has two terminals with no center terminal. Since the
creepage distance (insulation distance) between ter-
minals is longer than that of 3-terminal products, its
insulation performance is higher, and its structure is
suitable for applications that need a high dielectric
strength. In addition, using lead-free solder for the
connections between the chip and lead frame is compli-
ant with the RoHS Directive (EU 2011/65/EC).
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Through our pursuit of innovation in electric and
thermal energy technology,
we develop products that maximize energy efficiency and
lead to a responsible and sustainable society.
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Overseas Subsidiaries

* Non-consolidated subsidiaries

Fuji Electric Corp. of America
Sales of electrical machinery and equipment, semiconductor devices, drive control
equipment, and devices
URL https://americas.fujielectric.com/

Reliable Turbine Services LLC
Repair and maintenance of steam turbines, generators, and peripheral equipment
Tel +1-573-468-4045

Fuji SEMEC Inc.
Manufacture and sales of door opening and closing systems
Tel +1-450-641-4811

Fuji Electric Asia Pacific Pte. Ltd.
Sales of electrical distribution and control equipment, drive control equipment, and
semiconductor devices
URL http://www.sg.fujielectric.com/

Fuji SMBE Pte. Ltd.
Manufacture, sales, and services relating to low-voltage power distribution board
(switchgear, control equipment)
URL http://smbe.fujielectric.com/

Fuji Electric (Thailand) Co., Ltd.
Sales and engineering of electric substation equipment, control panels, and other
electric equipment
URL http://www.th.fujielectric.com/en/

Fuji Electric Manufacturing (Thailand) Co., Ltd.
Manufacture, sales, engineering and service of low-voltage inverters, instrumentation
and sensors, switchgear, gas insulated switchgear, PCS, UPS

Tel +66-2-5292178

Fuji Tusco Co., Ltd.

Manufacture and sales of Power Transformers, Distribution Transformers and Cast
Resin Transformers

URL http://www.ftu.fujielectric.com/
Fuji Electric Vietnam Co.,Ltd. *

Sales of electrical distribution and control equipment and drive control equipment
URL http://www.vn.fujielectric.com/en/

Fuji Furukawa E&C (Vietnam) Co., Ltd. *
Engineering and construction of mechanics and electrical works
Tel +84-4-3755-5067

Fuji CAC Joint Stock Company
Provide the Solution for Electrical and Process Control System
URL http://fujicac.com/

PT. Fuji Electric Indonesia
Sales of inverters, servos, UPS, tools, and other component products
URL http://www.id.fujielectric.com/

P.T. Fuji Metec Semarang
Manufacture and sales of vending machines and their parts
URL http://www.fms.fujielectric.com/

Fuji Electric India Pvt. Ltd.

Sales of drive control equipment and semiconductor devices
URL http://www.fujielectric.co.in

Fuji Electric Consul Neowatt Private Limited
Development, manufacuture, engineering, sales and servicing of UPS, Stabilizers,
Active Harmonic Filters and other component products

URL https://www.india.fujielectric.com/

Fuji Gemco Private Limited
Design, manufacture, sales, and engineering for drive control systems
Tel +91-129-2274831

Fuji Electric Philippines, Inc.
Manufacture of semiconductor devices
Tel +63-2-844-6183

Fuji Electric Sales Philippines Inc.
Sales of energy management systems, process automation systems, factory
automation systems, power supply and facility systems, and power generation
URL https://www.ph.fujielectric.com/

Fuji Electric (Malaysia) Sdn. Bhd.

Manufacture of semiconductor devices
URL http://www.fujielectric.com.my/

Fuji Electric Sales Malaysia Sdn. Bhd.
Sales of energy management systems, process automation systems, factory
automation systems, power supply and facility systems, and vending machines
URL https://www.my.fujielectric.com/

Fuji Furukawa E&C (Malaysia) Sdn. Bhd. *
Engineering and construction of mechanics and electrical works
Tel +60-3-4297-5322

Fuji Electric Taiwan Co., Ltd.
Sales of semiconductor devices, electrical distribution and control equipment, and
drive control equipment
URL http://www.fujielectric.com.tw/

Fuji Electric Korea Co., Ltd.
Sales of power distribution and control equipment, drive control equipment,
rotators, high-voltage inverters, electronic control panels, medium- and large-sized
UPS, and measurement equipment
URL http://www.fujielectric.co.kr/

Fuji Electric website
https://www.fujielectric.com/

Fuji Electric Co.,Ltd. (Middle East Branch Office)
Promotion of electrical products for the electrical utilities and the industrial plants
Tel +973-17 564 569

Fuji Electric Co., Ltd. (Myanmar Branch Office)
Providing research, feasibility studies, Liaison services
Tel +95-1-8382714

Representative office of Fujielectric Co., Ltd. (Cambodia)
Providing research, feasibility studies, Liaison services
Tel +855-(0)23-964-070
BEquity-method Affiliates
Fuji Furukawa E&C (Thailand) Co., Ltd. *

Design and installation contracting for electric facilities construction
Tel +66-2-308-2703

Fuji Electric Europe GmbH
Sales of electrical/electronic machinery and components
URL https://www.fujielectric-europe.com/

Fuji Electric France S.A.S
Manufacture and sales of measurement and control devices
URL https://www.fujielectric.fr/en

Fuji N2telligence GmbH *
Sales and engineering of fuel cells and peripheral equipment
Tel +49 (0) 3841 758 4500

Fuji Electric (China) Co., Ltd.
Sales of locally manufactured or imported products in China, and export of locally
manufactured products
URL http://www.fujielectric.com.cn/

Shanghai Electric Fuji Electric Power Technology
(Wuxi) Co., Ltd.
Research and development for, design and manufacture of , and provision of
consulting and services for electric drive products, equipment for industrial
automation control systems, control facilities for wind power generation and
photovoltaic power generation, uninterruptible power systems, and power electron-
ics products
Tel +86-510-8815-9229

Wuxi Fuji Electric FA Co., Ltd.

Manufacture and sales of low/high-voltage inverters, temperature controllers, gas
analyzers, and UPS
Tel +86-510-8815-2088

Fuji Electric (Changshu) Co., Ltd.

Manufacture and sales of electromagnetic contactors and thermal relays
URL http://www.csfe.com.cn/

Fuji Electric (Zhuhai) Co., Ltd.
Manufacture and sales of industrial electric heating devices
URL http://www.fujielectric.com.cn/fez/

Fuji Electric (Shenzhen) Co., Ltd.
Manufacture and sales of photoconductors, semiconductor devices and currency
handling equipment
URL http://www.szfujielectric.com.cn/

Fuji Electric Dalian Co., Ltd.
Manufacture of low-voltage circuit breakers
Tel +86-411-8762-2000

Fuji Electric Motor (Dalian) Co., Ltd.
Manufacture of industrial motors
Tel +86-411-8763-6555

Dalian Fuji Bingshan Vending Machine Co., Ltd.
Development, manufacture, sales, servicing, overhauling, and installation of
vending machines, and related consulting

Tel +86-411-8754-5798

Dalian Fuji Bingshan Control Systems Co., Ltd.
Energy management systems, distribution systems, and related system engineer-
ing

Tel +86-411-8653-6010

Fuji Electric (Hangzhou) Software Co., Ltd.
Development of vending machine-related control software and development of
management software

URL http://www.fujielectric.com.cn/fhs/

Fuji Electric FA (Asia) Co., Ltd.
Sales of electrical distribution and control equipment
Tel +852-2311-8282

Fuji Electric Hong Kong Co., Ltd.
Sales of semiconductor devices and photoconductors
URL http://www.hk.fujielectric.com/en/

Hoei Hong Kong Co., Ltd.
Sales of electrical/electronic components
URL http://www.hoei.com.hk/
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Through our pursuit of innovation in electric and
thermal energy technology, _
we develop products that maximize energy efficiency and
lead to a responsible and sustainable society.
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