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“Beaming Future by  
Environmental Technologies”

Akihiro Yamanaka 
Vice President

Opening Message

In recent years, frequent and devastating disasters have occurred around the world due to 
global climate change. One potential cause of this phenomenon is global warming, which is 
believed to be caused by greenhouse gases, such as CO2 and methane. These environmental 
issues have long been recognized, and various efforts have been made to address them.

In the United States, the social issue of air pollution in urban areas led to the enactment of 
the Clean Air Act in 1963 and its subsequent amendment in 1970, more commonly referred to 
as the Muskie Act. The amended act was very strict and greatly impacted the development of 
environmental technologies for cars. Following the first oil crisis triggered by the Yom Kippur 
War in 1973, which caused oil prices to skyrocket, countries began implementing regulations to 
improve the fuel efficiency in cars, which promoted energy conservation. Consequently, while 
CO2 emissions per car were mitigated, the aggregate amount of CO2 emissions continued to 
rise in tandem with global economic expansion.

The 1992 United Nations Conference on Environment and Development (Earth Summit), 
held in Rio de Janeiro, Brazil, is widely regarded as a significant turning point in thinking about 
global environmental issues. At this conference, initiatives to achieve “sustainable development” 
that balances the environment and development were discussed, and the United Nations 
Framework Convention on Climate Change was adopted.

Then, in 1997, the Kyoto Protocol was adopted at the Third Conference of the Parties (COP3) 
to the United Nations Framework Convention on Climate Change held in Kyoto.

This protocol set reduction targets for greenhouse gas emissions in developed countries. 
In response to this change, Japan began mass-producing hybrid cars, which were twice as 
fuel efficient as conventional cars. This sparked a global increase in the development of various 
electrified vehicles.
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Furthermore, the Paris Agreement was adopted at the 2015 United Nations Climate Change 
Conference (COP21). Its goal is to “keep the global average temperature rise well below 2°C 
above pre-industrial levels and pursue efforts to limit the temperature increase to 1.5°C.” The 
agreement stipulates that the world aims to achieve “decarbonization.” This means that global 
greenhouse gas emissions will be reduced to net zero in the second half of this century. This 
goal is based on scientific evidence presented by the Intergovernmental Panel on Climate 
Change (IPCC).

In Japan, "carbon neutrality," the feature theme of this technical journal, was declared by 
the prime minister in 2020. The goal is to reduce greenhouse gas emissions to zero overall by 
the year 2050.

As mentioned earlier, strict regulations about car emissions and fuel efficiency have been 
gradually introduced in various countries to improve the environment. Technologies to meet 
these regulations have also evolved. Moreover, the new “zero CO2” goal has been added and 
has led to quick changes. In recent years, many cars with internal combustion engines have 
been replaced by electric vehicles.

However, electric vehicles are expensive, and the current methods of generating the 
electricity needed to charge them rely on fossil fuels, making them far from clean. Also, it’s hard 
to solve problems like not having enough charging stations, charging taking a long time, and 
the cars not being able to drive very far on one charge. This is causing the extreme shift toward 
electric vehicles to slow down somewhat.

Of course, the goal of achieving zero CO2 emissions hasn’t changed. However, instead 
of solely seeking solutions through switching to electric vehicles, we believe it is important to 
combine various types of vehicles with different advantages and respond through multiple 
pathways. These pathways range from energy conservation and CO2 reduction to zero 
CO2emissions.

Let’s take a look at cars with internal combustion engines. We can achieve zero CO2 
emissions by using carbon-neutral fuels such as biofuels, e-fuels, and hydrogen. In addition, 
if we eliminate other emissions, such as hydrocarbons (HC) and nitrogen oxides (NOx), these 
cars can be considered equivalent to electric vehicles that are charged by clean energy. 
Furthermore, cars with internal combustion engines can also achieve negative emissions by 
taking in polluted air and purifying it, thereby cleaning the atmosphere.

Aisan has long been involved in developing functional products for internal combustion 
engines such as air intake systems, fuel supply systems, and exhaust gas control systems. 
We’ve also worked on environmental technologies related to fuel efficiency and exhaust gas 
control and suitability for cars. We are experts especially in fuel supply systems. We can handle 
many different fuels, including gasoline, LPG, CNG, and alcohol fuels.

We aim to achieve zero CO2 emissions and zero other emissions from cars with internal 
combustion engines using these technologies. We also hope to contribute to the protection 
and preservation of the global environment by expanding these technologies to countries in the 
Global South and other regions.

Aisan will also use these environmental technologies to develop and produce new 
technologies related to electrification, clean energy (fuel cells, hydrogen, ammonia, etc.), and 
new mobility. We will also work to develop software and systems that can work with AI and 
software-defined vehicles (SDVs) in a way that follows current trends. We aim to help achieve 
carbon neutrality and solve societal challenges by innovating Aisan strengths in MONOZUKURI 
and production technologies, as well as providing solutions that create new values.

Lastly, we will continue developing new environmental technologies to help the automotive 
industry grow and provide high-quality products and services. In doing so, we will contribute to 
society and help create a beaming future.
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In numerical simulations to predict breakthrough behaviors of a detoxifier to remove 
trace ammonia remaining in hydrogen produced by ammonia cracking, the equilibrium 
adsorption amount has been determined from the fitting equation of adsorption isotherm, 
but for low-concentration gases, the prediction accuracy of breakthrough time is low. In this 
study, several measurements with varying dose pressure and temperature were carried out 

to measure the ammonia adsorption isotherms of zeolite that can correspond to low-concentration gas 
breakthrough experiments. These isotherms were formulated by Roginsky’s dispersion function method. 
This allowed us to predict breakthrough time for low-concentration gas on the order of ppm.

Abstract

1. Introduction

Hydrogen has been gaining attention in recent years due to 
its environmentally friendly nature and the fact that its heat of 
combustion per unit mass is the highest among all chemical 
fuels. However, its critical temperature is extremely low at 33 
K, and its critical pressure is also relatively low at 1.3 MPa. 
As a result, the energy per unit volume of hydrogen is very 
small at room temperature. Additionally, hydrogen has a wide 
flammability range of 4% to 75%, making it highly explosive, 
and its flame is both high-temperature and invisible. Therefore, 
techniques for storing hydrogen more safely and at higher 
densities are required.

As means of storing and transporting hydrogen energy, the 
use of hydrogen compounds such as metal hydrides, ammonia 
borane, and methylcyclohexane is being explored(1,2). Among 
these, liquid ammonia has attracted attention due to its ability 
to liquefy easily at 1 MPa even at room temperature and its 
high combustion heat per unit volume(3). Furthermore, since 
the number of hydrogen atoms per unit volume is 1.5 times 
that of liquid hydrogen, it possesses excellent characteristics 
as a hydrogen carrier. However, since ammonia has high 
toxicity and corrosiveness even at low concentrations in the 
ppm range, any residual ammonia must be removed, whether 
it is cracked into hydrogen or used directly. In terms of level, 
when using it as a hydrogen source for polymer electrolyte fuel 
cells, which are also installed in fuel cell vehicles, the residual 
ammonia concentration must be reduced to 0.1 ppm or lower 
to suppress fuel cell degradation caused by poisoning(4). 
There are various ways to remove ammonia, but adsorption-
based decontamination using an adsorbent was adopted as a 
method capable of handling low-concentration ammonia while 
allowing for a large processing capacity(5-9). Aisan Industry Co., 
Ltd. has a proven track record in designing and manufacturing 
charcoal canisters as gasoline vapor adsorption devices, and 

2. Experiment and Simulation

2.1. Experimental Method
Various adsorbents are suitable for ammonia adsorption; 
however, in this study, we used Na-exchanged X-type zeolite 
(NaX; F9-HA; Tosoh Corporation), which is inexpensive, has a 
high adsorption capacity, and allows desorption of adsorbed 
ammonia simply by heating(15). The breakthrough experiment 
was conducted using the apparatus shown in Figure 1. Most 
parts of the apparatus were the same as those used in the 
previous study by Miyaoka et al.(16). The column had an inner 
diameter of 25 mm, and the zeolite was measured and packed 
to achieve a packed bed length of 100 mm. The packed bed 
was fixed using glass wool, a perforated metal plate, and a coil 
spring. As a pretreatment for the breakthrough experiment, the 
column was heated to 350°C while flowing argon at 100 L/h 
until the ammonia concentration meter indicated less than 0.1 
ppm, after which it was cooled to the experiment temperature. 
The ammonia gas mixture used in the experiment was a pre-
adjusted gas with a composition ratio of 74.9% hydrogen, 

Special Features & Research Papers

its expertise is also expected to be applicable. An important 
factor in designing a decontamination device is predicting 
the breakthrough characteristics, which describe the time 
dependence of ammonia that flows downstream of the 
device. Numerous studies have reported the use of numerical 
simulations to predict the breakthrough characteristics of 
volatile organic compounds and carbon dioxide adsorption. 
However, characteristics on the order of ppm have not been 
examined(10-14). This study focuses on the adsorption behavior 
of low-concentration ammonia on zeolite and develops a 
simulation model of an adsorption tower capable of predicting 
breakthrough characteristics at the ppm level, which are 
generally difficult to predict.

Numerical Adsorption Simulation of  
Low-Concentration Ammonia

Seiya Kusaka, Tomoyuki Ichikawa, Hiroki Miyaoka, Takayuki Ichikawa
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25% nitrogen, and 1000 ppm ammonia. The breakthrough 
curve represents the time dependence of the ammonia 
concentration in the gas exiting the column and the residence 
time.

The ammonia adsorption isotherm was measured using a 
BELSORP-max (MicrotracBEL). In this apparatus, the sample 
tube containing zeolite was evacuated, and pure ammonia 
was dosed in small increments. The amount of adsorption 
was then calculated based on the equilibrium pressure before 
and after the dosing of ammonia in the sample tube and the 
apparatus piping.

2.2. Simulation Method
The simulation is based on a model that simultaneously solves 
the adsorption isotherm, mass conservation law, energy 
conservation law, and adsorption rate equation. Calculations 
were performed using Dymola 2017 by Dassault Systems. 
This model is based on the following assumptions:
(1) �The supplied gas is an ideal gas composed of two 

components: ammonia and a carrier gas.
(2) �Local thermal equilibrium is assumed, meaning the gas 

and the adsorbent at a given location have the same 
temperature.

(3) �The molecular diffusion term in the mass conservation and 
energy conservation equations is considered negligible 
compared to the advection term.

(4) �The adsorption rate equation is expressed using the linear 
driving force approximation.

(5) �Zeolite adsorbs only ammonia, while adsorption of the 
carrier gas is neglected.

(6) �The initial temperature and pressure within the column are 
uniform.

(7) �The dependence of physical quantities on the radial 
direction of the column is ignored.

(8) �The porosity within the column, the bulk density of the 
adsorbent, and the specific heat capacities of both the 
column and the adsorbent are constant.
Based on these assumptions, the following set of 

equations was derived.
The law of mass conservation is expressed as follows:

= −
( )

−
̂

�
(1)

where , , , ,  
and  represent the density of the mixed gas, the 

superficial velocity, time, the coordinate along the column axis, 
the porosity, the amount of ammonia adsorbed per unit mass 
of zeolite, and the bulk density of the zeolite, respectively.
The law of energy conservation is expressed as follows:

 

 
 
 

いた ．破過試験は図 に示す装置を用いて実施した．装置

の大部分は宮岡らの先行研究と同じものを用いている ．カ

ラムの内径は で，充填層の長さが となるように

ゼオライトを計量し，グラスウールと穴あき金属板，コイルス

プリングを用いて固定されている．破過試験の前処理として

アルゴンを で流しながら，アンモニア濃度計が

を下回るまでカラムを ℃で加熱，その後試験温度ま

で冷却している．試験に使用したアンモニア混合ガスは水素

窒素 アンモニア の比率であらかじめ調

整されたガスを使っている．カラムを通って出てきたガスに

おけるアンモニア濃度を測定し，流通時間との関係を示した

ものが破過曲線である．

アンモニア吸着等温線は マイクロトラック・ベ

ル を用いて測定した．この装置ではゼオライトを入れた試料

管を真空引きした後，純アンモニアを少量ずつ導入，試料管と

装置配管における導入前後の平衡圧から吸着量を算出してい

る．

シシミミュュレレーーシショョンン手手法法

シミュレーションは吸着等温線，質量保存則，エネルギー保

存則，吸着速度式を連立したモデルとなっており，

社の を用いて計算されている．このモデ

ルは下記の仮定に基づいている．

 供給ガスは理想気体でありアンモニアとキャリアガス

の 成分で構成されている．

 局所熱平衡を仮定し，ある場所におけるガスと吸着材の

温度は等しいとする．

 質量保存則とエネルギー保存則における分子拡散の項

は移流の項と比べて十分小さいとして無視する．

 吸着速度式は線形推進力近似で表現する．

 ゼオライトはアンモニアのみ吸着し，キャリアガスの吸

着は無視する．

 初期のカラム内温度と圧力は一様である．

 物理量のカラム径方向依存性は無視する．

 カラム内の空隙率，吸着材嵩密度，カラムと吸着材の比

熱は一定である．

これらの仮定から，以下の式セットが得られた．

質量保存則は次のようになり，

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = − 𝜕𝜕(𝑢𝑢𝑢𝑢 )

𝜕𝜕𝜕𝜕 − 𝜌𝜌𝑧𝑧
𝜀𝜀

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

ここで𝜌𝜌 (kg/m3)，𝑢𝑢 (m/s)，𝑡𝑡 (s)，𝑥𝑥 (m)，𝜀𝜀，𝑞𝑞 (kg/kg NaX)
そして𝜌𝜌z (kg/m3)はそれぞれ混合ガスの密度，空塔速度，時間，

カラム軸に沿った座標，空隙率，ゼオライト単位質量あたりの

アンモニア吸着量，そしてゼオライトのバルク密度を表して

いる．

エネルギー保存則は次のようになり，

𝐶𝐶𝑃𝑃,𝑧𝑧𝜌𝜌𝑧𝑧
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = −𝜀𝜀𝜀𝜀𝑃𝑃,𝑔𝑔𝜌𝜌𝜌𝜌 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕 + 𝑄𝑄𝑖𝑖𝑖𝑖 + 𝑊𝑊
ここで𝐶𝐶𝑃𝑃,𝑧𝑧 (J/kg/K)，𝐶𝐶𝑃𝑃,𝑔𝑔 (J/kg/K)，𝑇𝑇 (K)，𝑄𝑄𝑖𝑖𝑖𝑖 (W/m3)そし

て𝑊𝑊 (W/m3)はそれぞれ，ゼオライトの比熱，混合ガスの比熱，

混合ガスの温度，カラム壁からの熱流入そして吸着熱を表し

ている．

吸着速度式は次のようになり，

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝑘𝑘𝑓𝑓𝜌𝜌NH3 (

𝑃𝑃NH3
 − 𝑃𝑃NH3

∗

𝑃𝑃 )

ここで𝜌𝜌NH3 (kg/m3)，𝑃𝑃NH3
∗  (Pa)そして𝑃𝑃NH3 (Pa)はそれぞれ純

アンモニア気体の密度，アンモニア界面分圧そしてアンモニ

ア分圧である．アンモニア界面分圧とは，アンモニア吸着量𝑞𝑞
と平衡となる仮想的なアンモニア分圧を意味する．𝑘𝑘𝑓𝑓は吸着

速度係数で，今回のモデルでは吉田の式を採用している(17)． 
(𝑘𝑘𝑓𝑓 𝑢𝑢⁄ )(Sc)2 3⁄ ∝ [Re/(1 − 𝜀𝜀)]−0.51

ここでReとScはレイノルズ数とシュミット数である．

アンモニア界面分圧を求めるのに必要な圧力と吸着量の平

衡関係を表現するのが吸着等温線であり，式モデルには様々

なものが存在している．キャニスタの設計に用いていたのは

– モデル であり，ガソリン蒸気が液体とし

て吸着されていることを仮定していた．一方で極低濃度のア

ンモニア吸着は吸着量が少ないため，ゼオライト表面に直接

アンモニア分子が吸着されることとなる．水素の吸着に関す

る先行研究から，吸着材最表面の吸着状態は液体と見なすこ

とができないと予想されるため ，今回は表面吸着モデルを

採用することとした．またアンモニアは水と同じく極性分子

なので，ゼオライトへの水分子の吸着に関する城野らの先行

研究も参考にした ．城野らは， ゼオライトは 種類の

カチオンを持っているが，その内吸着サイトとして機能する

図１ 破過試験装置の模式図

� (2)

where , , , ,
 and  represent the specific heat of 

zeolite, the specific heat of the mixed gas, the temperature of 
the mixed gas, the heat influx from the column wall, and the 
adsorption heat, respectively.

The adsorption rate equation is given as follows:
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て𝑊𝑊 (W/m3)はそれぞれ，ゼオライトの比熱，混合ガスの比熱，

混合ガスの温度，カラム壁からの熱流入そして吸着熱を表し

ている．

吸着速度式は次のようになり，

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝑘𝑘𝑓𝑓𝜌𝜌NH3 (

𝑃𝑃NH3
 − 𝑃𝑃NH3

∗

𝑃𝑃 )

ここで𝜌𝜌NH3 (kg/m3)，𝑃𝑃NH3
∗  (Pa)そして𝑃𝑃NH3 (Pa)はそれぞれ純

アンモニア気体の密度，アンモニア界面分圧そしてアンモニ

ア分圧である．アンモニア界面分圧とは，アンモニア吸着量𝑞𝑞
と平衡となる仮想的なアンモニア分圧を意味する．𝑘𝑘𝑓𝑓は吸着

速度係数で，今回のモデルでは吉田の式を採用している(17)． 
(𝑘𝑘𝑓𝑓 𝑢𝑢⁄ )(Sc)2 3⁄ ∝ [Re/(1 − 𝜀𝜀)]−0.51

ここでReとScはレイノルズ数とシュミット数である．

アンモニア界面分圧を求めるのに必要な圧力と吸着量の平

衡関係を表現するのが吸着等温線であり，式モデルには様々

なものが存在している．キャニスタの設計に用いていたのは

– モデル であり，ガソリン蒸気が液体とし

て吸着されていることを仮定していた．一方で極低濃度のア

ンモニア吸着は吸着量が少ないため，ゼオライト表面に直接

アンモニア分子が吸着されることとなる．水素の吸着に関す

る先行研究から，吸着材最表面の吸着状態は液体と見なすこ

とができないと予想されるため ，今回は表面吸着モデルを

採用することとした．またアンモニアは水と同じく極性分子

なので，ゼオライトへの水分子の吸着に関する城野らの先行

研究も参考にした ．城野らは， ゼオライトは 種類の

カチオンを持っているが，その内吸着サイトとして機能する

図１ 破過試験装置の模式図

� (3)
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where Re and Sc represent the Reynolds number and the 
Schmidt number, respectively.

The adsorption isotherm expresses the equilibrium 
relationship between pressure and adsorption amount, which 
is necessary for determining the interfacial partial pressure of 
ammonia, and various equation models exist. The Dubinin–
Astakhov model(18) was used to design the charcoal canister, 
assuming that gasoline vapor is adsorbed in liquid form. 
On the other hand, in the case of ultra-low concentration 
ammonia adsorption, the adsorption amount is small, causing 
ammonia molecules to be directly adsorbed onto the zeolite 
surface. Based on previous research on hydrogen adsorption, 
it is expected that the adsorption state on the outermost 
surface of the adsorbent will not be able to be considered a 
liquid(19). Therefore, in this study, a specific adsorption model 
was adopted. Furthermore, since ammonia, like water, is a 
polar molecule, previous research by Shirono et al. on water 
molecule adsorption onto zeolite was also referenced(20). 
Shirono et al. demonstrated through molecular simulations 
that NaX zeolite possesses three types of cations, but only two 

Schematic diagram of breakthrough experiment apparatusFigure 1
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function as adsorption sites. These two adsorption sites do 
not interact with ammonia molecules in a one-to-one manner; 
rather, adsorption can also occur at intermediate positions 
between the two sites. Taking these factors into account, this 
study developed a model incorporating specific adsorption 
heterogeneity, referring to the method by Roginsky et al.(21). 
The distribution function of adsorption sites follows a Gaussian 
distribution with respect to adsorption energy. Assuming that 
this distribution is independent of temperature, the equation for 
equilibrium adsorption capacity is given as follows:

 

 
 
 

のは 種類であり，この 種類の吸着サイトはアンモニア分

子と 対 で相互作用するわけではなく， つのサイトの中間

等にも吸着されることがあることを分子シミュレーションに

よって示している．これらを考慮し，今回は らの手

法 を参考に表面吸着の理論に不均一性を考慮したモデルを

作成した．吸着サイトの分布関数は吸着エネルギーに対して

ガウス分布になり，この分布は温度に依存しないと仮定する

と，平衡吸着量の式は次のようになり，

𝑞𝑞 = 𝑞𝑞𝑡𝑡 [1 − 1
2 erfc (− 𝐸̃𝐸

√2
)]

ここで𝑞𝑞𝑡𝑡  (kg/kg − NaX)は最大吸着容量を表し，erfcは相補誤

差関数であり，𝐸𝐸 ̃は次のようになる．

𝐸̃𝐸 =
−𝑅𝑅𝑅𝑅ln𝐾𝐾0𝑃𝑃NH3

∗ − 𝐸𝐸0
𝜎𝜎

𝐸𝐸0，𝜎𝜎2そして𝐾𝐾0はそれぞれ，最頻値，標準偏差，そして平衡

係数に対応するパラメータである．𝑅𝑅は気体定数である．この

モデルにおいて吸着熱は次のようになり， 

𝑊𝑊 = − 1
𝑉̂𝑉NH3

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 [𝑅𝑅𝑅𝑅ln𝐾𝐾0𝑃𝑃NH3

∗ ]

𝑉̂𝑉NH3 (m3/mol)は純アンモニア気体のモル体積である．

吸着等温線の式 は つのパラメータを持つが，この値を

理論値に予想するのは困難であるため，実用上は吸着等温線

を実測し結果をフィッティングすることで定式化，シミュレ

ーションモデルに適用している．

．．結結果果とと考考察察

探探索索的的検検討討結結果果ににつついいてて

ゼオライトを充填したカラムに混合ガスを の

流量で供給した．このとき温度は で圧力は で

あり，この試験に対して同様の条件で数値シミュレーション

を実施しモデルの妥当性を検証した．図 にシミュレーショ

ンで用いた吸着等温線の実測値とフィッティング結果を示し，

図 に破過試験結果とシミュレーション結果を示す．図

ではフィッティングパラメータ𝑘𝑘𝑓𝑓の値に依らず，シミュレー

ションでは，アンモニア濃度が実測結果と比較して遥かに早

く増加し始めるという結果を示している．この結果はシミュ

レーションにおける吸着量が実際の吸着量よりも少ないこと

を意味している．シミュレーションにおける吸着量は吸着等

温線から決定され，図 で吸着等温線が上手くフィッティン

グできていることを考えると，この結果は吸着等温線測定の

ような静的な吸着量と破過試験のような動的な吸着量が異な

る可能性があることを示唆している．

破過試験は混合ガスで実施されるため，たとえアンモニア

分圧が小さくても全圧は大気圧以上となる試験である．一方

で吸着等温線測定は純アンモニアガスを用いて実施されるた

め，アンモニア分圧が小さいというのはそのまま全圧が小さ

いことを意味する．

城野らの先行研究では水がゼオライトに吸着する際，吸着

サイトの周りでクラスター化している可能性が示唆されてい

る ．アンモニアも水と同じように強い極性を持っているた

め，同様にクラスター化していると考えると，全圧が小さい場

合はこのクラスターによってゼオライトの結晶内部へアンモ

ニア分子が拡散できず，吸着サイトがほとんど使われないま

ま平衡に達してしまっている可能性が示唆される．

図２ T＝298 K における (a)アンモニアの吸着等温

線 (b)アンモニアの破過曲線 

(a) 

(b) 図３ T＝298 K で導入圧を変化させて測定したアン

モニアの吸着等温線 

� (5)

where qt (kg/kg-NaX) represents the maximum adsorption 
capacity, erfc is the complementary error function, and (Ẽ) is 
given by:
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where E0，σ2, and K0 are parameters corresponding to 
the mode, standard deviation, and equilibrium coefficient, 
respectively. R is the gas constant. In this model, the adsorption 
heat is expressed as:
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と，平衡吸着量の式は次のようになり，

𝑞𝑞 = 𝑞𝑞𝑡𝑡 [1 − 1
2 erfc (− 𝐸̃𝐸

√2
)]

ここで𝑞𝑞𝑡𝑡  (kg/kg − NaX)は最大吸着容量を表し，erfcは相補誤

差関数であり，𝐸𝐸 ̃は次のようになる．

𝐸̃𝐸 =
−𝑅𝑅𝑅𝑅ln𝐾𝐾0𝑃𝑃NH3

∗ − 𝐸𝐸0
𝜎𝜎

𝐸𝐸0，𝜎𝜎2そして𝐾𝐾0はそれぞれ，最頻値，標準偏差，そして平衡

係数に対応するパラメータである．𝑅𝑅は気体定数である．この

モデルにおいて吸着熱は次のようになり， 

𝑊𝑊 = − 1
𝑉̂𝑉NH3

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 [𝑅𝑅𝑅𝑅ln𝐾𝐾0𝑃𝑃NH3

∗ ]

𝑉̂𝑉NH3 (m3/mol)は純アンモニア気体のモル体積である．

吸着等温線の式 は つのパラメータを持つが，この値を

理論値に予想するのは困難であるため，実用上は吸着等温線

を実測し結果をフィッティングすることで定式化，シミュレ

ーションモデルに適用している．

．．結結果果とと考考察察

探探索索的的検検討討結結果果ににつついいてて

ゼオライトを充填したカラムに混合ガスを の

流量で供給した．このとき温度は で圧力は で

あり，この試験に対して同様の条件で数値シミュレーション

を実施しモデルの妥当性を検証した．図 にシミュレーショ

ンで用いた吸着等温線の実測値とフィッティング結果を示し，

図 に破過試験結果とシミュレーション結果を示す．図

ではフィッティングパラメータ𝑘𝑘𝑓𝑓の値に依らず，シミュレー

ションでは，アンモニア濃度が実測結果と比較して遥かに早

く増加し始めるという結果を示している．この結果はシミュ

レーションにおける吸着量が実際の吸着量よりも少ないこと

を意味している．シミュレーションにおける吸着量は吸着等

温線から決定され，図 で吸着等温線が上手くフィッティン

グできていることを考えると，この結果は吸着等温線測定の

ような静的な吸着量と破過試験のような動的な吸着量が異な

る可能性があることを示唆している．

破過試験は混合ガスで実施されるため，たとえアンモニア

分圧が小さくても全圧は大気圧以上となる試験である．一方

で吸着等温線測定は純アンモニアガスを用いて実施されるた

め，アンモニア分圧が小さいというのはそのまま全圧が小さ

いことを意味する．

城野らの先行研究では水がゼオライトに吸着する際，吸着

サイトの周りでクラスター化している可能性が示唆されてい

る ．アンモニアも水と同じように強い極性を持っているた

め，同様にクラスター化していると考えると，全圧が小さい場

合はこのクラスターによってゼオライトの結晶内部へアンモ

ニア分子が拡散できず，吸着サイトがほとんど使われないま

ま平衡に達してしまっている可能性が示唆される．

図２ T＝298 K における (a)アンモニアの吸着等温

線 (b)アンモニアの破過曲線 

(a) 

(b) 図３ T＝298 K で導入圧を変化させて測定したアン

モニアの吸着等温線 

 

 
 
 

のは 種類であり，この 種類の吸着サイトはアンモニア分

子と 対 で相互作用するわけではなく， つのサイトの中間

等にも吸着されることがあることを分子シミュレーションに

よって示している．これらを考慮し，今回は らの手

法 を参考に表面吸着の理論に不均一性を考慮したモデルを

作成した．吸着サイトの分布関数は吸着エネルギーに対して

ガウス分布になり，この分布は温度に依存しないと仮定する

と，平衡吸着量の式は次のようになり，

𝑞𝑞 = 𝑞𝑞𝑡𝑡 [1 − 1
2 erfc (− 𝐸̃𝐸

√2
)]

ここで𝑞𝑞𝑡𝑡  (kg/kg − NaX)は最大吸着容量を表し，erfcは相補誤

差関数であり，𝐸𝐸 ̃は次のようになる．

𝐸̃𝐸 =
−𝑅𝑅𝑅𝑅ln𝐾𝐾0𝑃𝑃NH3

∗ − 𝐸𝐸0
𝜎𝜎

𝐸𝐸0，𝜎𝜎2そして𝐾𝐾0はそれぞれ，最頻値，標準偏差，そして平衡

係数に対応するパラメータである．𝑅𝑅は気体定数である．この

モデルにおいて吸着熱は次のようになり， 

𝑊𝑊 = − 1
𝑉̂𝑉NH3

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 [𝑅𝑅𝑅𝑅ln𝐾𝐾0𝑃𝑃NH3

∗ ]

𝑉̂𝑉NH3 (m3/mol)は純アンモニア気体のモル体積である．

吸着等温線の式 は つのパラメータを持つが，この値を

理論値に予想するのは困難であるため，実用上は吸着等温線

を実測し結果をフィッティングすることで定式化，シミュレ

ーションモデルに適用している．

．．結結果果とと考考察察

探探索索的的検検討討結結果果ににつついいてて

ゼオライトを充填したカラムに混合ガスを の

流量で供給した．このとき温度は で圧力は で

あり，この試験に対して同様の条件で数値シミュレーション

を実施しモデルの妥当性を検証した．図 にシミュレーショ

ンで用いた吸着等温線の実測値とフィッティング結果を示し，

図 に破過試験結果とシミュレーション結果を示す．図

ではフィッティングパラメータ𝑘𝑘𝑓𝑓の値に依らず，シミュレー

ションでは，アンモニア濃度が実測結果と比較して遥かに早

く増加し始めるという結果を示している．この結果はシミュ

レーションにおける吸着量が実際の吸着量よりも少ないこと

を意味している．シミュレーションにおける吸着量は吸着等

温線から決定され，図 で吸着等温線が上手くフィッティン

グできていることを考えると，この結果は吸着等温線測定の

ような静的な吸着量と破過試験のような動的な吸着量が異な

る可能性があることを示唆している．

破過試験は混合ガスで実施されるため，たとえアンモニア

分圧が小さくても全圧は大気圧以上となる試験である．一方

で吸着等温線測定は純アンモニアガスを用いて実施されるた

め，アンモニア分圧が小さいというのはそのまま全圧が小さ

いことを意味する．

城野らの先行研究では水がゼオライトに吸着する際，吸着

サイトの周りでクラスター化している可能性が示唆されてい

る ．アンモニアも水と同じように強い極性を持っているた

め，同様にクラスター化していると考えると，全圧が小さい場

合はこのクラスターによってゼオライトの結晶内部へアンモ

ニア分子が拡散できず，吸着サイトがほとんど使われないま

ま平衡に達してしまっている可能性が示唆される．

図２ T＝298 K における (a)アンモニアの吸着等温

線 (b)アンモニアの破過曲線 
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のは 種類であり，この 種類の吸着サイトはアンモニア分

子と 対 で相互作用するわけではなく， つのサイトの中間

等にも吸着されることがあることを分子シミュレーションに

よって示している．これらを考慮し，今回は らの手

法 を参考に表面吸着の理論に不均一性を考慮したモデルを

作成した．吸着サイトの分布関数は吸着エネルギーに対して

ガウス分布になり，この分布は温度に依存しないと仮定する

と，平衡吸着量の式は次のようになり，

𝑞𝑞 = 𝑞𝑞𝑡𝑡 [1 − 1
2 erfc (− 𝐸̃𝐸

√2
)]

ここで𝑞𝑞𝑡𝑡  (kg/kg − NaX)は最大吸着容量を表し，erfcは相補誤

差関数であり，𝐸𝐸 ̃は次のようになる．

𝐸̃𝐸 =
−𝑅𝑅𝑅𝑅ln𝐾𝐾0𝑃𝑃NH3

∗ − 𝐸𝐸0
𝜎𝜎

𝐸𝐸0，𝜎𝜎2そして𝐾𝐾0はそれぞれ，最頻値，標準偏差，そして平衡

係数に対応するパラメータである．𝑅𝑅は気体定数である．この

モデルにおいて吸着熱は次のようになり， 

𝑊𝑊 = − 1
𝑉̂𝑉NH3

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 [𝑅𝑅𝑅𝑅ln𝐾𝐾0𝑃𝑃NH3

∗ ]

𝑉̂𝑉NH3 (m3/mol)は純アンモニア気体のモル体積である．

吸着等温線の式 は つのパラメータを持つが，この値を

理論値に予想するのは困難であるため，実用上は吸着等温線

を実測し結果をフィッティングすることで定式化，シミュレ

ーションモデルに適用している．

．．結結果果とと考考察察

探探索索的的検検討討結結果果ににつついいてて

ゼオライトを充填したカラムに混合ガスを の

流量で供給した．このとき温度は で圧力は で

あり，この試験に対して同様の条件で数値シミュレーション

を実施しモデルの妥当性を検証した．図 にシミュレーショ

ンで用いた吸着等温線の実測値とフィッティング結果を示し，

図 に破過試験結果とシミュレーション結果を示す．図

ではフィッティングパラメータ𝑘𝑘𝑓𝑓の値に依らず，シミュレー

ションでは，アンモニア濃度が実測結果と比較して遥かに早

く増加し始めるという結果を示している．この結果はシミュ

レーションにおける吸着量が実際の吸着量よりも少ないこと

を意味している．シミュレーションにおける吸着量は吸着等

温線から決定され，図 で吸着等温線が上手くフィッティン

グできていることを考えると，この結果は吸着等温線測定の

ような静的な吸着量と破過試験のような動的な吸着量が異な

る可能性があることを示唆している．

破過試験は混合ガスで実施されるため，たとえアンモニア

分圧が小さくても全圧は大気圧以上となる試験である．一方

で吸着等温線測定は純アンモニアガスを用いて実施されるた

め，アンモニア分圧が小さいというのはそのまま全圧が小さ

いことを意味する．

城野らの先行研究では水がゼオライトに吸着する際，吸着

サイトの周りでクラスター化している可能性が示唆されてい

る ．アンモニアも水と同じように強い極性を持っているた

め，同様にクラスター化していると考えると，全圧が小さい場

合はこのクラスターによってゼオライトの結晶内部へアンモ

ニア分子が拡散できず，吸着サイトがほとんど使われないま

ま平衡に達してしまっている可能性が示唆される．

図２ T＝298 K における (a)アンモニアの吸着等温

線 (b)アンモニアの破過曲線 
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(b) 図３ T＝298 K で導入圧を変化させて測定したアン

モニアの吸着等温線 
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のは 種類であり，この 種類の吸着サイトはアンモニア分

子と 対 で相互作用するわけではなく， つのサイトの中間

等にも吸着されることがあることを分子シミュレーションに

よって示している．これらを考慮し，今回は らの手

法 を参考に表面吸着の理論に不均一性を考慮したモデルを

作成した．吸着サイトの分布関数は吸着エネルギーに対して

ガウス分布になり，この分布は温度に依存しないと仮定する

と，平衡吸着量の式は次のようになり，

𝑞𝑞 = 𝑞𝑞𝑡𝑡 [1 − 1
2 erfc (− 𝐸̃𝐸

√2
)]

ここで𝑞𝑞𝑡𝑡  (kg/kg − NaX)は最大吸着容量を表し，erfcは相補誤

差関数であり，𝐸𝐸 ̃は次のようになる．

𝐸̃𝐸 =
−𝑅𝑅𝑅𝑅ln𝐾𝐾0𝑃𝑃NH3

∗ − 𝐸𝐸0
𝜎𝜎

𝐸𝐸0，𝜎𝜎2そして𝐾𝐾0はそれぞれ，最頻値，標準偏差，そして平衡

係数に対応するパラメータである．𝑅𝑅は気体定数である．この

モデルにおいて吸着熱は次のようになり， 

𝑊𝑊 = − 1
𝑉̂𝑉NH3

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 [𝑅𝑅𝑅𝑅ln𝐾𝐾0𝑃𝑃NH3

∗ ]

𝑉̂𝑉NH3 (m3/mol)は純アンモニア気体のモル体積である．

吸着等温線の式 は つのパラメータを持つが，この値を

理論値に予想するのは困難であるため，実用上は吸着等温線

を実測し結果をフィッティングすることで定式化，シミュレ

ーションモデルに適用している．

．．結結果果とと考考察察

探探索索的的検検討討結結果果ににつついいてて

ゼオライトを充填したカラムに混合ガスを の

流量で供給した．このとき温度は で圧力は で

あり，この試験に対して同様の条件で数値シミュレーション

を実施しモデルの妥当性を検証した．図 にシミュレーショ

ンで用いた吸着等温線の実測値とフィッティング結果を示し，

図 に破過試験結果とシミュレーション結果を示す．図

ではフィッティングパラメータ𝑘𝑘𝑓𝑓の値に依らず，シミュレー

ションでは，アンモニア濃度が実測結果と比較して遥かに早

く増加し始めるという結果を示している．この結果はシミュ

レーションにおける吸着量が実際の吸着量よりも少ないこと

を意味している．シミュレーションにおける吸着量は吸着等

温線から決定され，図 で吸着等温線が上手くフィッティン

グできていることを考えると，この結果は吸着等温線測定の

ような静的な吸着量と破過試験のような動的な吸着量が異な

る可能性があることを示唆している．

破過試験は混合ガスで実施されるため，たとえアンモニア

分圧が小さくても全圧は大気圧以上となる試験である．一方

で吸着等温線測定は純アンモニアガスを用いて実施されるた

め，アンモニア分圧が小さいというのはそのまま全圧が小さ

いことを意味する．

城野らの先行研究では水がゼオライトに吸着する際，吸着

サイトの周りでクラスター化している可能性が示唆されてい

る ．アンモニアも水と同じように強い極性を持っているた

め，同様にクラスター化していると考えると，全圧が小さい場

合はこのクラスターによってゼオライトの結晶内部へアンモ

ニア分子が拡散できず，吸着サイトがほとんど使われないま

ま平衡に達してしまっている可能性が示唆される．
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のは 種類であり，この 種類の吸着サイトはアンモニア分

子と 対 で相互作用するわけではなく， つのサイトの中間

等にも吸着されることがあることを分子シミュレーションに

よって示している．これらを考慮し，今回は らの手

法 を参考に表面吸着の理論に不均一性を考慮したモデルを

作成した．吸着サイトの分布関数は吸着エネルギーに対して

ガウス分布になり，この分布は温度に依存しないと仮定する

と，平衡吸着量の式は次のようになり，

𝑞𝑞 = 𝑞𝑞𝑡𝑡 [1 − 1
2 erfc (− 𝐸̃𝐸

√2
)]

ここで𝑞𝑞𝑡𝑡  (kg/kg − NaX)は最大吸着容量を表し，erfcは相補誤

差関数であり，𝐸𝐸 ̃は次のようになる．

𝐸̃𝐸 =
−𝑅𝑅𝑅𝑅ln𝐾𝐾0𝑃𝑃NH3

∗ − 𝐸𝐸0
𝜎𝜎

𝐸𝐸0，𝜎𝜎2そして𝐾𝐾0はそれぞれ，最頻値，標準偏差，そして平衡

係数に対応するパラメータである．𝑅𝑅は気体定数である．この

モデルにおいて吸着熱は次のようになり， 

𝑊𝑊 = − 1
𝑉̂𝑉NH3

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 [𝑅𝑅𝑅𝑅ln𝐾𝐾0𝑃𝑃NH3

∗ ]

𝑉̂𝑉NH3 (m3/mol)は純アンモニア気体のモル体積である．

吸着等温線の式 は つのパラメータを持つが，この値を

理論値に予想するのは困難であるため，実用上は吸着等温線

を実測し結果をフィッティングすることで定式化，シミュレ

ーションモデルに適用している．

．．結結果果とと考考察察

探探索索的的検検討討結結果果ににつついいてて

ゼオライトを充填したカラムに混合ガスを の

流量で供給した．このとき温度は で圧力は で

あり，この試験に対して同様の条件で数値シミュレーション

を実施しモデルの妥当性を検証した．図 にシミュレーショ

ンで用いた吸着等温線の実測値とフィッティング結果を示し，

図 に破過試験結果とシミュレーション結果を示す．図
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 is the molar volume of pure ammonia 
gas.

Equation (5) for the adsorption isotherm contains 
three parameters. However, since predicting these values 
theoretically is difficult, in practice, the adsorption isotherm is 
experimentally measured, and the results are fitted to formulate 
the equation and apply it to the simulation model.

3. Results and Discussion

3.1. Exploratory Experiment Results
A mixed gas was supplied to a column filled with zeolite 
at a flow rate of 275 L/h (stp). The temperature was 298 K, 
and the pressure was 114 kPa. A numerical simulation was 
conducted under the same conditions as this experiment to 
verify the validity of the model. Figure 2a shows the measured 
adsorption isotherm used in the simulation along with the fitting 
results, while Figure 2b presents the breakthrough experiment 
results and the simulation results. In Figure 2b, regardless 

of the value of the fitting parameter kf, the simulation results 
indicate that the ammonia concentration begins to increase 
much earlier than the experimental results. This suggests that 
the amount of adsorption in the simulation is smaller than the 
actual adsorption amount. Since the adsorption amount in the 
simulation is determined based on the adsorption isotherm, and 
the isotherm appears to be well-fitted in Figure 2a, this result 
implies that the static adsorption amount obtained from the 
adsorption isotherm measurement and the dynamic adsorption 
amount obtained from the breakthrough experiment may differ.

Since the breakthrough experiment is conducted using 
a mixed gas, the total pressure remains above atmospheric 
pressure even when the partial pressure of ammonia is low. 
On the other hand, the adsorption isotherm measurement 
is performed using pure ammonia gas. For realizing the low 
partial pressure of ammonia, the total pressure should be low.

(a) Adsorption isotherm of ammonia at T = 298 K,  
(b) Breakthrough curve of ammonia at T = 298 K

Figure 2 Adsorption isotherm of ammonia measured at 
T = 298 K with varying dosing pressures

Figure 3
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In a previous study by Shirono et al., it was suggested 
that when water is adsorbed onto zeolite, it may form clusters 
around adsorption sites(20). Since ammonia, like water, has 
strong polarity and is considered to form clusters in a similar 
manner, it is suggested that when the total pressure is low, 
these clusters prevent ammonia molecules from diffusing into 
the interior of the zeolite crystal, potentially reaching equilibrium 
with most adsorption sites remaining unused.

3.2. Experiment Results After Modification
Regarding diffusion inhibition, a similar phenomenon has 
been reported in the hydrogen storage process of palladium-
coated magnesium(22). Considering this analogy, the cause 
of clustering is presumed to be rapid adsorption. Therefore, 
during the measurement of the adsorption isotherm, an 
experiment was conducted in which the amount of dosed 
ammonia was reduced. The results of adsorption isotherm 
measurements conducted while varying the dosing pressure 
are shown in Figure 3. From these results, it can be observed 
that the adsorption amount in the region 10 Pa or below 
varies significantly depending on the dosing pressure. In 
the breakthrough experiment, ammonia is thought to have 
sufficiently diffused into the interior of the zeolite crystals. 

Therefore, the adsorption isotherm measured under the 
smallest dosing pressure, where adsorption is also expected 
to progress into the interior of the crystals, was deemed 
suitable for simulation. The results of adsorption isotherm 
measurements conducted while lowering the dosing pressure 
and further varying the temperature are shown in Figure 4a. 
The distribution function of adsorption sites was calculated 
based on these adsorption isotherms, yielding Figure 4b. 
This function was then fitted using a Gaussian distribution, 
formulated, and applied to numerical simulations.

Next, a simulation was conducted under the same 
conditions as the previous experiment, with a flow rate of 275 
L/h (stp), a temperature of 298 K, and a pressure of 114 kPa, 
to determine the value of the fitting parameter kf. As shown 
in Figure 5a, when the adsorption isotherm measured at a 
lower inlet pressure was applied to the simulation model, a 
solution emerged in which the breakthrough characteristics 
matched the experimental results. To verify the usefulness of 
the developed simulation model, breakthrough experiments 
were conducted under different conditions and compared with 
the simulation predictions. Figure 5b presents the results of a 
breakthrough experiment performed at a flow rate of 900 L/h 
(stp) and a pressure of 190 kPa, along with the corresponding 
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修修正正後後試試験験結結果果ににつついいてて

拡散阻害に関して，パラジウムコートされたマグネシウム

への水素吸蔵において類似の現象が報告されている ．この

アナロジーと考えると，クラスター化の原因は急速な吸着に

あると考えられる．そこで吸着等温線の測定の際に，一度に導

入されるアンモニア量を減らした測定を実施した．導入圧を

変化させて吸着等温線を測定した結果を図 に示す．この結

果から 以下の領域における吸着量が導入圧によって大

きく変化することが見て取れる．破過試験ではアンモニアは

十分ゼオライトの結晶内部まで拡散していると考えられるた

め，同様に結晶内部まで吸着が進行していると期待される最

も導入圧を小さくして測定した吸着等温線がシミュレーショ

ンに適すると考えられる．導入圧を小さくし，さらに温度を変

化させて吸着等温線を測定した結果を図 に示す．これらの

吸着等温線から吸着サイトの分布関数を算出すると図 が得

られ，これをガウス分布でフィッティングし定式化，数値シミ

ュレーションに適用した．

次に先の試験と同様の流量 ，温度 ，圧

力 でシミュレーションを実行，フィッティングパラ

メータ𝑘𝑘𝑓𝑓の値を決定した．シミュレーションモデルに導入圧

を小さくして測定した吸着等温線を適用すると，実測と破過

特性が一致する解が存在するようになることが図 からも確

認できる．作成したシミュレーションモデルが有用か確認す

るため条件を変えた破過試験を実施し，シミュレーション予

測との比較を行った．図 に流量 ，圧力

とした破過試験結果とシミュレーション予測結果を示す．

温度や流量が変化しても 破過の時間は誤差 ％程度

で一致しており， レベルの低濃度でも精度よく破過特性を

予測できていることが見て取れる．結果は省略するが，さらに

カラム内径や充填層長さを変えた試験においても破過特性を

予測することに成功している．

．．結結論論

本研究では，定容法による吸着等温線の測定において，導入

圧を変化させることで吸着量が変化するという予想外の結果

が得られた．これらの吸着等温線の内，シミュレーションの結

果から，破過試験に対応するのは導入圧を低くして測定した

等温線であると分かった．この吸着等温線の導入圧依存性は

アンモニア分子のクラスター化に起因する可能性が示唆され

図４ (a)各温度における吸着等温線．実プロットが

実測値，実線が近似式 (b)吸着等温線から算出した

吸着サイトの分布 

(a) 

(b) 

図５ (a)改善後(Low dose)のモデルによる破過曲線

(b)各温度における破過曲線．実プロットが実測値，

破線がシミュレーション予測 

(a) 

(b) 

（a）
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(a) Adsorption isotherms at various temperatures 
(plotted points represent measured values, while 
the solid lines indicate the approximation formula), 
(b) Distribution of adsorption sites calculated from 
adsorption isotherms

Figure 4 (a) Breakthrough curve using the improved (Low 
dose) model, (b) Breakthrough curves at various 
temperatures. The solid lines indicate measured 
values, while the dashed lines indicate simulation 
predictions.

Figure 5
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simulation predictions. The time required for a breakthrough 
concentration of 0.1 ppm was found to match within a 
margin of error of approximately 10%, even with variations in 
temperature and flow rate, demonstrating the model’s ability 
to accurately predict breakthrough characteristics even at low 
ppm-level concentrations. Although the results are omitted 
here, the model also successfully predicted breakthrough 
characteristics in experiments where the column inner 
diameter and packed bed length were varied.

4. Conclusion

In this study, an unexpected result was obtained in the 
measurement of adsorption isotherms using the constant-volume 
method, where the adsorption amount varied depending on the 
dosing pressure. Among these adsorption isotherms, simulation 
results indicated that the isotherm measured at a lower dosing 
pressure corresponds to the breakthrough experiment. This 
dosing pressure dependency of the adsorption isotherm 
suggests the possibility of ammonia molecule clustering, but 
further detailed investigation is required. Additionally, the newly 
developed adsorption isotherm model formula is considered 
applicable to adsorbents with multiple types of adsorption sites 
and is expected to be useful not only for zeolites but also for 
other adsorbents such as MOFs and PCPs.

By incorporating two key factors, the measurement 
of adsorption isotherms corresponding to breakthrough 
experiments and the formulation of adsorption isotherms 
considering the heterogeneity of adsorption sites, it has become 
possible to develop a simulation model that accurately predicts 
breakthrough characteristics even at low concentrations on 
the order of ppm. These results can be utilized in techniques 
for the safe use of ammonia as a hydrogen carrier and are 
expected to contribute to the realization of a future hydrogen 
society.
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Ammonia FC power generation using SOFC (solid oxide fuel cell) is considered to be capable 
of producing high purity hydrogen and highly efficient power generation because the waste 
heat from fuel cell power generation can be used to heat ammonia when cracking it to 
hydrogen. However, it is known that waste heat from fuel cell cannot be utilized during start-up 
because of the low temperature of the fuel cell, and heating of the reformer by using electric 

heater is necessary resulting in a large energy loss. Therefore, we conducted research and development 
of hydrogenation technology at room temperature by the reaction of fluidized ammonia gas and MH (alkali 
metal hydride) for low-energy startup without using an electric heater.

Research and Development of Ambient-Temperature 
Hydrogenation Technology for Low-Energy Startup of 

Ammonia Power Generation

Abstract

1. Introduction

Currently, as various efforts to combat global warming are being 
promoted worldwide, countries around the world are working to 
expand the use of hydrogen as an energy source that does not 
emit greenhouse gases.

Since hydrogen is in a gaseous state at room temperature, 
it poses challenges in transportation and storage. As a means 
of doing so, ammonia has gained attention since it has a high 
hydrogen density, is easy to liquefy, and excels as a hydrogen 
carrier.

In ammonia research, in addition to being considered a 
combustion fuel for engines and gas turbines, extensive studies 
have been conducted on extracting hydrogen from ammonia 
for use as a fuel in fuel cells to generate electricity. However, 
when decomposing (cracking) ammonia into hydrogen and 
nitrogen, a significant amount of thermal energy is required, 
including heating the catalyst.

During the startup of a fuel cell power generation system 
using ammonia, there is no heat source available for ammonia 
cracking. Therefore, it is necessary to preheat the catalyst using 
an electric heater or other means. However, this approach has 
the challenges of requiring a long heating time and consuming 
a large amount of energy. Alternatively, ammonia combustion 
could be used as a heat source instead of an electric heater, 
but this introduces a new issue of NOx emissions (see Figure 1).

As a warm-up method that does not use ammonia, electric 
heaters, or similar devices, hydrogen combustion using a 
hydrogen cylinder is available (see Figure 2).

This method allows for easy warm-up by using a hydrogen 
cylinder. However, a separate hydrogen supply system is 
required, leading to challenges such as increased system size 

Taro Samukawa, Tomoyuki Ichikawa, Hiroki Miyaoka, Takayuki Ichikawa 
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due to the complexity of the power generation system and 
increased operational complexity due to the need to prepare 
multiple types of fuel (see Figure 3).

To address the challenge of securing a heat source for 
warm-up during system startup, we examined the possibility 
of utilizing the AMMONOLYSIS reaction, which enables 
hydrogen production from ammonia at room temperature, as 
a heat source. The AMMONOLYSIS reaction is a technique 
that generates hydrogen at room temperature through the 
reaction between ammonia gas and MH. Additionally, since the 
AMMONOLYSIS reaction is a reversible process, it allows for 
the regeneration of the MH consumed during system startup 
(see Figure 4).

If the hydrogen does not contain ammonia, NOx will not 
be generated during combustion, and rapid warm-up can be 
achieved without consuming power. This enables a clean and 
low-energy startup in a short time (see Figure 5).

One of the challenges to utilizing the AMMONOLYSIS 
reaction is the "generation of the amount of hydrogen required 
for warm-up." Traditionally, research has been conducted on 
the static AMMONOLYSIS reaction using ambient ammonia 
gas (Yamamoto et al., 2009). However, for use in warm-up, it is 
necessary to react flowing ammonia gas with MH to generate 
the amount of hydrogen required for warm-up.

2. Evaluation Method

The evaluation of the AMMONOLYSIS reaction using flowing 
ammonia gas and MH was conducted with the apparatus 
shown in the diagram below (Figure 6).

First, the characteristics of the apparatus used for 
evaluating flowing gas are listed below:
·	� In previous studies evaluating the AMMONOLYSIS reaction 

using ambient ammonia gas, ammonia gas was supplied to 
a sealed container containing the sample and then sealed. 
However, since it was not possible to continuously supply 
flowing ammonia gas, an apparatus like the one shown in 
Figure 6 was constructed.

·	� A purge line was installed to remove residual gas in the 
piping.

Hydrogen absorption > 300 °C
Endothermic

Exothermic
Hydrogen release 
at room temperature

Oxidation catalystWarm-up method using 
AMMONOLYSIS

AMMONOLYSIS reactionFigure 4

Warm-up method using AMMONOLYSISFigure 5

·	� A detector was used to analyze the reaction gas after passing 
through the sample, allowing for the monitoring of hydrogen 
generation.

The experimental flow is outlined below.

<Experimental Flow>
(1) �Fill the test container with the measured sample inside a 

glove box filled with high-purity argon (Ar).
(2) �Install the test container into the testing apparatus.
(3) �To remove residual gas from the piping, switch the valve to 

the Ar purge line and perform purging.
(4) �Switch the valve to the main test line and supply ammonia 

gas to the sample, controlling it with a mass flow controller 
(MFC).

(5) �Analyze the outgoing gas that has passed through the 
sample using a detector and monitor the amount of 
hydrogen (H2) generated.

(6) �After the test, remove the residual ammonia gas in the piping 
through Ar purging, close the valves before and after the 
container, and detach the test container from the apparatus.

(7) �Place the test container back into the glove box filled with 
Ar gas.

(8) �Remove the sample from the test container and measure 
its weight.

	� By subtracting the pre-test sample weight from the post-test 
sample weight, the weight increase due to the reaction, A 
(mg), is obtained. Assuming a 100% reaction, the theoretical 
weight increase due to amidation is defined as B (mg). 
The reaction rate of the sample (i.e., the progress of the 
AMMONOLYSIS reaction) is expressed as the percentage 
ratio of A to B.

(9) �Analyze the post-test sample using X-ray diffraction (XRD), 
which provides information on the components and 
crystal structure in the solid, to confirm the formation of the 
amidated compound.

3. Results

The evaluation results of the AMMONOLYSIS reaction of 
potassium hydride (KH) in flowing ammonia gas, conducted 
using the constructed apparatus, are shown in Figure 7.
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⇒ Start of NH3 introduction into sample

Decrease in NH3 
= H2 generation

Measurement results of amount of  
ammonia downstream of sample

Figure 7

The graph above (Figure 7) shows the results of measuring 
the ammonia concentration downstream of the sample using 
the detector inside the apparatus shown in Figure 6.

Compared to the point when ammonia introduction into 
the sample began (approximately 30 minutes elapsed), the 
ammonia concentration is observed to decrease between 
30 and 120 minutes. From these results, it is evident that the 
AMMONOLYSIS reaction proceeds even in flowing ammonia 
gas, consuming ammonia and generating hydrogen.

To confirm the progress of the AMMONOLYSIS reaction, 
XRD analysis was performed on the samples before and after 
evaluation. The results are shown in Figures 8 and 9.

The AMMONOLYSIS reaction of KH is represented by the 
following reaction equation.

KH　+　NH3　⇄　KNH2 + H2

Therefore, if the AMMONOLYSIS reaction is progressing, 
ammonia is consumed, KH is converted into potassium amide 
(KNH2), and hydrogen is generated.

The confirmation was actually conducted using XRD. 
Comparing the XRD measurement results in Figures 8 and 9, 
it can be observed that the KH peak, which was identifiable 
before the reaction, has disappeared. Additionally, after the 
reaction, it was confirmed that KNH2 was generated through 
the AMMONOLYSIS reaction, as indicated by the reaction 
equation.

Based on the above measurement results, it was confirmed 
that the AMMONOLYSIS reaction proceeds even in flowing 
ammonia gas.

4. Challenges and Solutions
 

From the results of this study, it has been determined that the 
hydrogen obtained through the AMMONOLYSIS reaction in 
flowing ammonia gas can be used for warming up the power 
generation system by combustion.

However, the hydrogen produced through the 
AMMONOLYSIS reaction in flowing ammonia gas contains 
a certain amount of residual ammonia. When this residual 
ammonia-containing hydrogen is combusted, the issue of NOx 
generation remains.

Figure 10 shows the relationship between the amount of 
ammonia remaining and the amount of NOx generated.

 

③水素燃焼
（酸化触媒）

濃
度

現状

② 吸着①アンモノリシス反応
による水素生成

吸着あり

0

1000

2000

3000

4000

0 5000 10000

N
O

x 
[p

pm
]

NH3 [ppm]

酸化触媒アンモニアから水素生成

ボンベ＋ 配管系統

ボンベ＋ 配管系統

起動用 システム

Relationship between amount of ammonia 
remaining and amount of NOx generated

Figure 10

To address this issue, a warm-up system (Figure 11) 
was constructed that prevents NOx generation by removing 
ammonia through adsorption after the AMMONOLYSIS reaction.
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5. Conclusion and Future Outlook

In systems that use ammonia as a fuel, ammonia is difficult 
to combust at room temperature, so system warm-up is often 
performed using an alternative fuel such as hydrogen. In 
contrast, by utilizing the AMMONOLYSIS reaction, we examined 
the possibility of converting ammonia into hydrogen at room 
temperature, enabling system warm-up using only ammonia. 
In this evaluation, it was confirmed that ammonia could be 
converted into hydrogen via the AMMONOLYSIS reaction even 
under dynamic gas supply conditions. Additionally, it was found 
that NOx emissions caused by ammonia can be mitigated by 
incorporating ammonia adsorption.

Moving forward, we will optimize the system utilizing the 
AMMONOLYSIS reaction, reduce the amount of alkali metal 
used, and establish safety measures. Furthermore, we will 
demonstrate the low-temperature startup system currently 
under consideration and aim to establish a warm-up method 
that does not require a heater. In addition to FC power 
generation, we will also explore the technological application of 
this system for ignition sources in combustors and other uses.

Reference:

(1) �H. Yamamoto, H. Miyaoka, S. Hino, H. Nakanishi, T. Ichikawa, Y. Kojima, 
Recyclable hydrogen storage system
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In addition, since the alkali metals used in the AMMONOLYSIS 
reaction pose a high risk, reducing the amount of alkali metal 
used is also a challenge.

Regarding this challenge, as shown below (Figure 12), it 
is desirable not to generate all the hydrogen used for warm-
up through the AMMONOLYSIS reaction but to switch to the 
reformer as soon as possible. By changing the hydrogen 
generation method according to the system temperature, the 
required amount of alkali metals can be minimized. Below is 
a system proposal detailing the relationship between system 
temperature and hydrogen generation methods.

<STEP 1>	
·	� Temperature	 Room temperature to approximately 350°C
·	� Hydrogen generation method		

AMMONOLYSIS reaction
·	� Details	� At the startup of fuel cell power generation, 

hydrogen is generated at room temperature 
using the system shown in Figure 11, 
followed by combustion. The temperature is 
increased until the ammonia reformer within 
the system can operate (approximately 
350°C).

<STEP 2>
·	� Temperature	 350°C-550°C
·	� Hydrogen generation method	

Ammonia reformer
·	� Details	� The ammonia supply source has been 

changed from the AMMONOLYSIS reaction 
to an ammonia reformer. Ammonia that 
could not be reformed in the ammonia 
reformer is removed through adsorption. 
Warm-up is conducted using hydrogen 
combustion.

<STEP 3>
·	� Temperature		 550°C-700°C
·	� Hydrogen generation method	

Ammonia reformer
·	� Details	� As in STEP 2, hydrogen is generated using 

an ammonia reformer. A portion of the 
hydrogen previously used for combustion 
is supplied to the fuel cell to initiate power 
generation at an early stage. Additionally, 
the heat generated from power generation 
is utilized to raise the temperature to 700°C.
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To Engine

Canister

Fuel tank

To Engine Fuel Tank Closed Valve

Pressure
sensor

Canister

Fuel tank

With tightening of environmental regulations for gasoline evaporation, closed tank systems 
are expanding for vehicles with small amount of canister purge volume, such as PHEVs. And 
a pressure control valve is required to shut off the pressure in these tank systems. In this pa-
per, we introduce the compact and lightweight Fuel Tank Closed Valve used a stepping motor.

Abstract

 
1. Introduction

The regulations on evaporative emissions have been further 
strengthened to prevent air pollution. The vehicle evaporative 
emission control system works by temporarily collecting 
gasoline vapor in a canister, purging the absorbed vapor using 
the negative pressure from the running engine, and combusting 
the purged vapor. However, in the automobile market, the 
number of PHEVs, HEVs, and other environmentally friendly 
vehicles with excellent fuel economy has been increasing. 
These types of vehicles have difficulty meeting evaporative 
emission regulations due to the reduced canister purge 
volumes.

Recently, a closed fuel tank system has been widely 
adopted as a technology that allows vehicles with reduced 
purge volumes to meet regulations. The system requires a 
control valve to regulate tank pressure. This paper introduces 
the development of a compact and lightweight fuel tank closed 
valve using a stepping motor.

 
2. Composition of Closed Fuel Tank System

2.1. Comparison between a conventional system and a 
closed fuel tank system
First, a conventional system is shown in Figure 1. The gasoline 
vapor generated in the fuel tank is continuously collected in a 
canister. The collected vapor is then purged using negative 
pressure in the intake pipe of a running engine and combusted 
in the engine.

Next, an example of a closed fuel tank system is shown in 
Figure 2. In this example, a closed valve is positioned between 
the fuel tank and the canister, allowing gasoline vapor to be 
absorbed by the canister only when needed. Additionally, a 
pressure sensor is installed on the fuel tank to continuously 
monitor its pressure.

Development of the Fuel Tank Closed 
Valve using a stepping motor

Shinji Murai, Shinji Iwata, Yasuhiro Tsuzuki, Katsuhiko Makino

Conventional systemFigure 1

Closed fuel tank systemFigure 2
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2.2. Functions of the Closed Valve
A closed valve generally needs to fulfill the three main functions 
shown in (1) to (3) below. Each of these functions is necessary 
depending on what the vehicle is doing (e.g., when parked, in 
operation, or being refueled):

(1)	 Sealing function (when parked)
(2)	� Relief function (when parked) 

(Protection of the fuel tank with a mechanical relief valve)
(3)	� Flow rate control function (when in operation and 

being refueled)
Table 1 shows the required functions based on the situation

Situation Parking Driving Refueling

Required
function

(1) Seal function
(2) �Relief 
function

(3) �Flow 
control 
function

(3) �Flow 
control 
function

Seal up to 
specified pressure， 
release pressure if 
exceeded

Control flow 
rate according 
to purge to 
the purge

Depressurize 
before refueling， 
hold fully open 
to secure flow 
path

Required Functions based on the SituationTable 1

 
3. Development Concept

3.1. Overview of the Developed Closed Valve
The closed valve was developed to achieve the sealing 
and flow rate control functions through the integration of the 
following measures:

• Adoption of a compact stepping motor
• Stroke control using a feed screw mechanism
• Use of a valve with a two-body structure
• Integration of a mechanical relief valve

Figure 3 shows an overview of the developed closed valve.

To Tank To Canister

Mechanical 
relief valve

Stepping motor valve
Mechanical 
relief valve

Stepping motor valve

To Tank To Canister

Developed Closed ValveFigure 3

Currently, the solenoid type is the most common type of 
closed valve that has been commercialized. Table 2 shows a 
comparison between the closed valve using a stepping motor 
and a closed valve using a solenoid valve with respect to 
several specification items.

The solenoid type excels in responsiveness but tends to 
have a larger body structure and be heavier to secure a passage 
for refueling. In contrast, the stepping motor is less responsive 
than the solenoid type but is capable of stroke control using a 
feed screw mechanism, which allows the valve to be downsized.

Stroke

Rotation

Feed screw

Two-body valve

Rotation

Feed screw

Two-body valve

Stroke

Overview of the Stepping MotorFigure 4

Figure 4 shows an overview of the stepping motor. It 
can reduce pressure loss when the valve is fully opened for 
refueling by ensuring a certain stroke amount. Additionally, 
it can achieve micro flow rate control by reducing the pitch 
size of the feed screw. Furthermore, reducing the lead angle 
of the feed screw enables the valve to hold its position against 
an axial load without energization, thereby reducing power 
consumption during refueling. Figure 5 shows the relation 
between friction and lead angles.

Actuator type Solenoid Stepping motor

Refueling
△△

Valve opening hold 
requires energization

○○
No energization 
required for valve 
open holding

Driving

△△
Flow control by 

on-off
Must be responsive

○○
Flow control by 

stroke

Response ○○ △△
Leakage ○○ ○○
Size △△ ○○
Weight ×× ○○
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 2.2. 封鎖弁の機能 
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表１に状況に対する必要機能を示す。 
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3.1. 開発品の概要 
主要機能であるシール機能と流量制御機能を満足するため
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3.2. バルブ構造 
ステッピングモータは位置検出するためのセンサを持たず

に制御原点からのステップ数で位置決め制御ができるという

特性がある。そして，そのためには制御原点決めのイニシャラ

イズが必須となる。 

イニシャライズはバルブを突き当てて実施するがバルブに

はシール機能を満足するためにゴム部材が必要となる。その

場合にはゴムを突き当てする事になるためモータ推力のばら

つきによりゴムの変形量がばらつき，安定したシール機能を

確保できない事が懸念される。そこでイニシャライズとシー

ル機能を両立させるために２体構造のスプリング付きバルブ

を採用した。 

図6 にバルブ構造を示す。送りねじ部を有するスクリュガ

イドの端面をシート部に突き当てする事で安定してイニシャ

ライズができる。バルブ部はスクリュガイドの内側にスプリ

ングと共に内蔵される構造となっており，スプリング力によ

り常時安定してシール機能を確保できる。スクリュガイドと

バルブにはそれぞれに嵌合する爪部を持っており，所定量を

ストロークさせる事でシートからバルブが離脱する。 
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2 体構造のバルブとしたことで安定したシール性を確保す

ることができた。モータとシート部に傾きがあってもバルブ

部分がシートに追従することが可能となっている。図7に傾
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4.2.微小流量制御 
 本開発品はモータ＋送りねじによるストローク制御を採用

したことにより微小な流量制御が可能となった。結果として

微小パージ量の車両状態でも圧抜きが可能となった。図 8 に

電磁弁タイプとの流量特性の比較を示す。電磁弁タイプで微

小流量制御するにはストローク確保した上で高応答にする必

要があるため不利となる。 
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4.2. A/F 荒れの抑制 
 走行中の流量制御例としてエンジンのパージに合わせてタ

ンク圧抜きをする場合を想定する。電磁弁タイプはバルブの

開弁時間制御により圧抜きするため大流量の間欠流れとな

り，燃料フィードパック制御が追い付かずに A/F 荒れが大き

くなる傾向となる。対してステッピングモータタイプはスト

ローク制御することで小流量の連続流れとなり，フィードバ

ック制御が追い付いて A/F 荒れを小さくすることが可能であ

る。結果としてドライバビリティの向上が期待できる。図 9
に制御方式によるA/Fの違いを示す。  
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3.2. Valve Structure
The stepping motor is characterized by its ability to control its 
position based on the number of steps from a control origin, 
without requiring a sensor to detect the position. Therefore, 
the stepping motor requires initialization to define the control 
origin.

Initialization is performed with the valve in contact with 
the seat, which requires the valve to have a rubber member 
to achieve the sealing function. This raises a concern that 
variations in the deformation of the rubber due to fluctuations 
in motor thrust may prevent the sealing function from being 
stably maintained. Thus, a valve with a spring-loaded, two-
body structure has been adopted to achieve both accurate 
initialization and a reliable seal.

Figure 6 shows the valve structure. This structure enables 
the initialization to be stably performed with the edge face of a 
feed screw guide in contact with the seat. This structure allows 
the valve to be stored inside the screw guide along with a 
spring, so that the spring force continuously maintains a stable 
seal. Both the screw guide and the valve have stops that fit into 
each other, causing the valve to be separated from the seat by 
a certain stroke.
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4. Performance of the Developed Closed Valve

4.1. Sealing Performance
The two-body valve structure provides stable sealing 
performance. This structure allows the valve to remain aligned 
with the seat, even when the motor and seat are inclined 
relative to each other. Figure 7 shows the relation between 
valve inclination and sealing performance.
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4.2. Micro Flow Rate Control
The developed closed valve uses stroke control, achieved 
through a combination of a motor and a feed screw, to regulate 
the micro flow rate. As a result, the stroke control enables 
a vehicle to release pressure even in a state with minute 
purge amounts. Figure 8 shows a comparison of flow rate 
characteristics between a solenoid type and a stepping motor 
type. The stepping motor type is superior to the solenoid type 
in terms of micro flow rate control, as the solenoid type requires 
high responsiveness while maintaining sufficient stroke.
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4.2. A/F Fluctuation Control
An example of flow rate control while a vehicle is running is 
the release of pressure from the fuel tank in coordination with 
purging during engine operation. The solenoid type releases 
pressure by controlling the valve opening time, which requires a 
large intermittent flow. This may cause a delay in fuel feedback 
control, leading to significant A/F fluctuations. In contrast, the 
stepping motor type releases pressure by controlling the stroke 
with a small, continuous flow. This allows fuel feedback control 
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to respond to changes in flow rates and helps suppress A/F 
fluctuations. As a result, the stepping motor type is expected 
to improve drivability. Figure 9 illustrates the difference in A/F 
fluctuations based on the control methods.

                             
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

図 9 制御方式による A/F の違い 
 
4.3. 低圧損と小型化の両立 

低圧損に対してはバルブストロークを確保することで達成

している。小型化についてはステッピングモータを採用した

ことで主流となっている電磁弁タイプに対して 40％以上の軽

量化を実現，世界最軽量レベルを達成したと言える。図 10
に圧損と重量を示す。  

 

 

 

 

 

 

 

 

 

 
 
              図 10 圧損と重量 
 

5．ま と め 
ステッピングモータを用いる事で小型軽量なタンク封鎖弁

を開発することができた。 

（１） ２体構造バルブを開発し、ステッピングモータの

イニシャライズと安定したシール性を両立した。 

（２） ストローク制御とすることで微小流量制御が可能

となり、低圧損かつ軽量化を実現した。 
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4.3. Achieving Both Low Pressure Loss and Downsizing
Low pressure loss can be achieved by securing the valve 
stroke. Downsizing can be achieved by adopting a stepping 
motor, which is over 40% lighter than the conventional solenoid 
type, contributing to making it the world's lightest closed valve. 
Figure 10 shows the pressure losses and weights of the two 
types.

 
5. Conclusion

A compact and lightweight fuel tank closed valve was 
successfully developed by using a stepping motor.
(1) �A closed valve with a two-body structure was developed to 

ensure both reliable initialization of the stepping motor and 
stable sealing performance.

(2) �Micro flow rate control based on stroke control contributes 
to achieving both low pressure loss and downsizing.

Lastly, we express our profound gratitude to all the individuals 
who supported and cooperated in the development of the fuel 
tank closed valve.

Reference:

(1) �Masanobu Shinagawa, et al., Development of Sealing Valve for Fuel Va-
por-containment System, 2006 JSAE Annual Congress (Spring) 20065285

(2) �Akinari Yasue, et al., Development of DC Motor Type EGR Valve with 
High Flow Rate and Low Leakage, 2017 JSAE Annual Congress (Spring) 
20175336

Pressure Losses and WeightsFigure 10
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01
Use materials that produce less CO2

We replaced the resin material of the canister in the fuel tank 
system (see the figure below) from PA66 (polyamide) to PP-GF 
(glass-reinforced polypropylene), which greatly reduced CO2 

emissions and mass.

〈 Fuel tank system (ORVR) 〉 〈 Resin replacement parts 〉【コンベタンクシステム（ ）】
OBD Module

Canister

Purge VSV

Injector

Air Filter

Cap

Lid

Pump Module

Gasoline Vapor

Air Release

ORVR Valve

ECU ACTIVATED CARBON

CASE

PLATE

PLATE

PLATE

PLATE, BUFFER

COVER

Initiatives

Change in the Resin Material  
Used for Canisters

Toshiki Tsuboi, Norihisa Yamamoto, Masamitsu Hayakawa 

Adopting polypropylene with low CO2 emissions  

effectively reduces CO2 emissions

Cars release a lot of hydrocarbons (HC) into the air while 
driving, parking, and refueling. These exhaust gases are 
collectively referred to as evaporative emissions, or EVAP. 
Regulations that limit their emissions have been created in 
various countries and regions (EURO6 in Europe, LEV-III in 
the Americas, etc.). The canister is an eco-friendly product 
that follows these rules. It is installed in the pathway between 
the fuel tank and the atmosphere. It stops the release of HC 
into the outside environment by adsorbing gasoline vapors 
that have vaporized inside the tank onto activated carbon. 
The canister is mostly made of activated carbon and resin. 
PA66 (polyamide) has typically been used for this resin.

This initiative aims to further improve environmental 

performance by replacing this resin material with PP-GF 
(glass-reinforced polypropylene), which has a simpler 
manufacturing process and lower CO2 emissions.

This material is as strong as or stronger than traditional 
PA66. Because its deformation (how much it bends when 
under load) is small, the thickness of the plate has also 
been reduced.

One anticipated concern was the permeability of gasoline 
vapors, but we created new testing conditions that mimicked 
our customers and markets. We also verified that the levels 
were within the regulation limits and replaced the materials. 
This has made the product more competitive. It now produces 
36% less CO2 and 9% less mass per unit.

Highlights of  
Achievements
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Chemical plant

Naphtha → Basic chemicals

Chemical plant

Basic chemicals 
→ Intermediates

Chemical plant

Intermediates 
→ Products

PP

PA6
PA6 
Manufacturing 
Plant

Benzene

PA66
PA66 
Manufacturing 
Plant

PBT
PBT 
Manufacturing 
Plant

Caprolactam

Cyclohexane

Propylene

Hexamethylenediamine

Benzene
Acetylene/Formaldehyde

Terephthalic Acid

Transportation

Transportation

Transportation

Adipic Acid

Butylene Glycol

Transportation

Transportation

Transportation

PP Manufacturing Plant★

◇ �The data listed in this document are representative examples of measurements obtained under 
specific conditions. 
Provided by Prime Polymer Co., Ltd.

02
Characteristics of  
alternative materials

PP-GF (glass-reinforced polypropylene) 
has a simpler manufacturing process than 
conventional PA66 and other materials. It 
also offers advantages in terms of CO₂ 
emissions per material.
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〈 CO₂ emissions by resin material 〉

〈 Strength properties comparison 〉

Results  
(Problem Solving)

Achievements

■ Significant reduction in CO2 emissions and mass achieved.

■ �Domestic phase-in: Scheduled to begin in April 2025 with a gradual transition.

■ �Scheduled to expand to North America and China in the future.
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Prone to water
absorption

Biofuel Moisture contamination
in fuel

• Fuel efficiency deterioration
• Reduced engine output

Fuel pump corrosion

Fewer refueling timesHEV/PHEV Fuel degradation

Mainly ethanol

Moisture 
in the air

Condensation 
in winter
Condensation 
in winter

Electric Pump That Works with  
Carbon Neutral Fuels

1. Overview of the Invention

In engine-powered vehicles, including HEV and PHEV, 
fuel pumps are installed to pump fuel from the tank to the 
engine. As HEV/PHEV and carbon-neutral fuels become 
more common, fuel pumps need to be able to handle fuel 
degradation caused by HEV/PHEV, as shown in Figure 2, and 

As shown in Figure 1, the electrification of cars is progressing 
towards a carbon-neutral society in 2050. Even for engine-
powered vehicles, it is expected that there will be a shift 
toward carbon-neutral fuels, such as synthetic fuels produced 
by synthesizing CO₂ (carbon dioxide) and H₂ (hydrogen) 

moisture contamination caused by biofuel.
As fuel pump corrosion progresses, the fuel pump 

motor’s efficiency decreases, which may result in insufficient 
fuel supply to the engine. This can lead to poor fuel efficiency 
and decreased engine output.

from fossil fuels, and biofuels that utilize the energy of living 
organisms. Hybrid electric vehicles (HEV) and plug-in hybrid 
electric vehicles (PHEV) are expected to account for a large 
portion of the market.

Award-Winning Technologies

Issues with recent fuel pumpsFigure 2
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１．応募発明の概要

経済産業省 資源エネルギー庁
「 等を用いた燃料製造技術開発プロジェクト
の研究開発・社会実装の方向性（案）」より引用

◆発明背景

エンジン搭載車

化石
燃料

合成燃料

バイオ燃料

カーボンニュートラル燃料

＜電動車＞
比率増加
＜エンジン搭載車＞
・ 年においても大きな比率
・化石燃料からカーボンニュートラル
燃料へのシフト

電動車

世界の自動車の動力別販売台数動向

年

自動車から排出される を減らすため

排出 吸収≒

Ministry of Economy, Trade and Industry, Agency for Natural Resources and Energy
Excerpted from “Direction of R & D and social implementation of ‘Development of fuel 
manufacturing technology using CO2’ project (draft)“

Carbon-neutral fuels

Synthetic fuels

BiofuelsFossil fuels
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Natural gas 
vehicles  

(CNG/LPG)
Plug-in hybrid electric 

vehicles (PHEV)

Hybrid electric vehicles 
(HEV)Clean diesel 

vehicles (D)

Fuel cell vehicles (FCV)

Electric vehicles (EV)

Gasoline vehicles (G)

Electrified vehicles

Engine-powered vehicles

Global sales trends for cars by power sourceFigure 1
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Brushless motor-type fuel pumps consume less power. The 
most difficult part of their structure to protect against corrosion 
is the magnet shown in Figure 3.

Neodymium magnets, commonly used in motors, 
are susceptible to corrosion because iron is their main 
component. Figure 4 shows ferrite magnets, which are 

corrosion-resistant. However, they are hard and brittle, making 
them difficult to attach to the rotor. Additionally, their magnetic 
force is weaker than neodymium magnets’, which significantly 
decreases motor performance due to the expansion of the 
clearance between the magnet and the motor core.

© AISAN INDUSTRY CO., LTD. All Rights Reserved.
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◆弱点である磁石の腐食対策と、実現のための必要技術
ネオジム磁石
等のレアアース磁石

〇 磁力が強い
鉄が主成分

⇒腐食しやすい
カーボンニュートラル社会
のニーズにマッチしない

カーボンニュートラル社会に対応した燃料ポンプにするために、
腐食に強いフェライト磁石を固定する技術が必要

１．応募発明の概要

〇 酸化鉄が主成分
⇒劣化燃料や水に対する腐食に強い

磁石が硬くて脆い
⇒回転するロータへの固定が難しい
（燃料中での使用のため、接着剤は溶けるため使えない）

磁力がネオジム磁石より弱い
⇒磁石とモータコアのクリアランス拡大による
モータ性能低下が大きい

磁石

モータ
コア

巻線

磁石とモータコア
のクリアランス

断面ロータ

フェライト磁石 ＋α)

In conventional inventions, such as those represented by 
Japanese Unexamined Patent Application Publication No. Hei 
6-205572, a small-diameter portion is provided in the magnet. 
A claw for the elastic member joint portion is attached to this 
small-diameter portion to hold the magnet in place.

However, this configuration has issues described on the 
right when doing stable fixation under different conditions.

The present invention solves the problems of conventional 
inventions by fixing magnets to the rotor using the method 
shown in Figure 5.
Configuration (a): �Deform the beam portion of the magnet 

holder and hold the permanent magnet in 
place with radial biasing force

Configuration (b): �Seal the through hole with a resin member. 
Secure the magnet holder so that it does 
not move due to centrifugal force when the 
rotor rotate

◆ The elastic member is made of soft material: The claws of 
the joint portion may deform during the assembly process, 
or there may be insufficient magnet holding force against 
centrifugal force during motor rotation. → This may cause the 
magnet to move, requiring an increase in clearance.
◆ The elastic member is made of hard material: Large press-
fit allowance of the elastic member. → There is a possibility 
that the brittle magnet may break during assembly.

2. Issues with Conventional Inventions and Development Needs

3. Features of the Invention, etc.

Fuel pump cross sectionFigure 3

Magnet fixing methodFigure 5

Advantages and disadvantages of ferrite magnetsFigure 4

A-A cross 
section
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３．応募発明の特徴
◆応募発明の特徴
・ロータ高速回転時における、高い磁石の保持力
・磁石固定部の寸法バラツキに対応した保持安定性 相反する関係

上記の両立を狙い、①組付時は柔らかく保持 ②組付後はしっかり保持
となる下記構造を考案

ロータとロータの外周側に配置されるステータとを備えるブラシレスモータであって、
ロータは、シャフトと、シャフトに固定されるバックヨークと、バックヨークの外周側
に配置される円筒状の永久磁石部と、永久磁石のシャフト軸線方向の少なくとも一方の
端部に嵌合するマグネットホルダと、を備え、
マグネットホルダは、永久磁石の端面に対向する基部と、それぞれが永久磁石の周方向
に沿って伸びており、永久磁石の端部に位置する外周面に当接する複数個の周壁部と、
を備え、
基部は、複数個の周壁部に連結されている複数個の外周部分と、複数個の外周部よりも
シャフト側に位置し、シャフトを一巡する内周部分と、複数個の外周部分と内周部分
とを連結しており、外周部分が内周部分から離間するように周壁部の半径方向に弾性
変形可能な梁部分と、を備え、
ロータは、梁部分の周壁部の半径方向の変形を規制する樹脂部材を、さらに備え、
梁部分が変形する前の複数個の周壁部の内径は、永久磁石部の外径よりも小さく、
マグネットホルダは、梁部分が外周部分を内周部分から離間するように周壁部の半径
方向に弾性変形することにより周壁部の内径が大きくなって、永久磁石部に嵌合して
おり、
周壁部は、梁部分の弾性力によって永久磁石部を永久磁石部の半径方向に押圧する、
ブラシレスモータ。

モータ
構造

発明の
特徴

発明の
作用

請求項１

規制部材

マグネットホルダ

バック
ヨーク シャフト

周壁部
樹樹脂脂部部材材

基部

外周部分

内周部分

梁梁部部分分

永久磁石

Base

Back yoke

Permanent 
magnet

Restriction member

Shaft

Magnet holder

Outer 
circumference 

portion

Inner 
circumference 

portion

Peripheral 
wall portion

Beam portion

Resin member

Rotor

Winding

Magnet

Motor 
core

Clearance between 
magnet and  
motor core
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◆弱点である磁石の腐食対策と、実現のための必要技術
ネオジム磁石
等のレアアース磁石

〇 磁力が強い
鉄が主成分

⇒腐食しやすい
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カーボンニュートラル社会に対応した燃料ポンプにするために、
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〇 酸化鉄が主成分
⇒劣化燃料や水に対する腐食に強い

磁石が硬くて脆い
⇒回転するロータへの固定が難しい
（燃料中での使用のため、接着剤は溶けるため使えない）

磁力がネオジム磁石より弱い
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モータ性能低下が大きい

磁石

モータ
コア

巻線

磁石とモータコア
のクリアランス

断面ロータ

フェライト磁石 ＋α)    Main component is iron oxide
⇒�Resistant to corrosion from degraded 

fuel and water

   Magnets are hard and brittle
⇒�Difficult to fix to rotating rotors 

(Adhesives cannot be used because they 
melt when exposed to fuel)

   �Magnets are weaker than neodymium 
magnets

⇒�Motor performance is significantly  
reduced due to increased clearance 
between magnet and motor core
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Because ferrite magnets are brittle, we designed the magnet 
holder with a deformable beam section to make it more 
elastic. This allows the peripheral wall portion to hold the 
magnet in place without applying force during assembly. After 
assembly, we sealed the beam section with a resin member 
in the through hole to prevent further deformation.

The above-mentioned fixing method enables stable 
assembly even when press-fitting conditions vary during 
assembly, eliminating the need to increase clearance for 
corrosion or movement of the magnet.

Consequently, it is possible to achieve high motor 
efficiency equivalent to that of a motor using neodymium 
magnets, as well as corrosion resistance of the magnet. (See 
Figures 6 and 7)

The present invention may generate the following 
secondary effects:
(1) It eliminates the need for surface treatment and other 
corrosion prevention measures in fuels containing acidic 
components or moisture. This reduces the environmental load 
of waste liquid treatment, etc. (2) It does not use rare earth 
elements such as neodymium, which are concentrated in 
specific countries, thereby alleviating supply concerns.

The brushless motor-type fuel pump incorporating the 
present invention is the world’s first fuel pump to comply with 
standards (without requiring a special surface treatment) for 
different fuel environments in a carbon-neutral society. Mass 
production began in 2017, helping to bring about a carbon-
neutral society.

FY2022
Aichi Invention Commendation:  

Aichi Invention Award (Aichi Prefecture Invention 
Association, a General Incorporated Association)

Chubu Region Invention Commendation: Invention 
Encouragement Award (Japan Institute of Invention and 
Innovation, a Public Interest Incorporated Association)

FY2024
Chubu Science and Technology Center Commendation: 

Promotion Prize (presented by the Public Foundation of 
Chubu Science and Technology Center, a Public Interest 
Incorporated Association)
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Motor efficiency comparisonFigure 6

Corrosion comparison resultsFigure 7
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．応募発明の特徴
◆発明の効果

ネオジム磁石採用モータに相当する高いモータ効率と、
将来のカーボンニュートラル燃料の普及を見据えた
磁石の腐食対応が両立できるようになった
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Air Control Valve for Fuel Cell Systems

1. Overview of the Invention

In order to achieve carbon neutrality by 2050, there has 
been increased attention on hydrogen as a fuel source 
because it does not emit CO2 and contributes to energy 
security by diversifying resource procurement sources. As 
shown in Figure 1, fuel cell systems that use hydrogen as 
fuel are expected to become widespread in the form of fuel 
cell vehicles (FCVs) as well as stationary power generation 
equipment.

    

 

In addition to the hydrogen supply line, fuel cell systems 
have an air supply line that generates electricity through 
a chemical reaction with hydrogen. The air supply line is 
equipped with an "air control valve."
(See Figure 2)

The air control valve regulates the airflow rate to achieve 
the necessary power generation capacity. It also seals the 
air when power generation stops, preventing a decrease in 
generating efficiency due to oxidation and deterioration of the 
fuel cell.

The air control valve requires the following characteristics, 
so a double eccentric valve type was selected for the 
configuration. (See Figure 3)
(1) �The opening area is large and capable of handling high 

flow rates.
(2) �Wear is less likely to occur when the valve body contacts 

the valve seat when the valve is closed.

関係者外秘

Air control valve 2

Cooling 
device

Air cleaner

Electrical 
output

Hydrogen 
supply

*Connection 
 example

Air compressor

FC water
pump

Hydrogen 
pump

Air

Cooling

Hydrogen

Output

燃料電池システム図

弁構成の特性比較

Fuel cell module

Floating load

Valve body rises from valve seat
Gap between rotating shaft and bearing

Spring force

Return spring hook portion

Return spring

Bearing
Rotating shaft Valve body

Valve seat

Gear

Award-Winning Technologies

Although there is a conventional invention for double 
eccentric valves, as seen in Japanese Unexamined Patent 
Application Publication No. 2012-72793, when not driven 
(i.e., when the motor is not energized), the spring force of the 
return spring causes the rotating shaft to tilt within the gap 
between the rotating shaft and the bearing. This results in a 
load, or floating load, that causes the valve body to rise from 
the valve seat, thereby reducing sealing performance. This 
necessitates the use of a double eccentric valve capable of 
maintaining performance when not driven. (See Figure 4)

2. Issues with Conventional Inventions  
and Development Needs

① 〇 〇

② 〇 〇

弁座

Poppet valve

Valve 
seat

Valve 
seat

Valve seat

Eccentric valve (valve body)

Valve body

Ch
ar

ac
te

ris
tic

s

Valve body
Source: Japan Valve 
Manufacturers’ Association

Configuration

Ball valve Double eccentric valve

*The shape of the parts differs from that of the original invention 
because this is a schematic diagram.

Forecast of future global vehicle sales by type 
(Source: SPEEDA Research Institute)

Figure 1

Fuel cell system diagram (Source: Toyota)Figure 2

Comparison of valve configuration 
characteristics

Figure 3

Conventional invention issues  
(schematic diagram)

Figure 4

Fuel cell vehicle (FCV)

Electric vehicle (EV)

Plug-in hybrid vehicle (PHV)

Hybrid vehicle (HV)
Gasoline vehicle (G)

Diesel vehicle (D)

(million Vehicles)
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The configuration was devised based on the understanding 
that the floating load when not driven is determined by the 
relative positions of the "fully closed stopper section" and 
the "return spring hook section" on the rotating shaft. An xy 
coordinate system was set up that is perpendicular to the 
rotating shaft. When this coordinate system is divided into 
quadrants 1 to 4 for each positive and negative direction 
of the xy coordinates, the "fully closed stopper section" is 
positioned in the first quadrant, and the "return spring hook 
section" is positioned diagonally in the third quadrant. This 
configuration converts the floating load into a pressing load 
that presses the valve body against the valve seat, thereby 
reducing air leakage flow and ensuring sealing functionality. 
(See Figures 5 and 6)

The present invention suppresses the decline in power 
generation efficiency caused by the oxidation degradation of 
fuel cells. This is achieved by ensuring the air sealing function 
of double eccentric valve-type air control valves when power 
generation stops.

By promoting the widespread use of fuel cell systems 
equipped with these air control valves, we are helping to 
establish a carbon-neutral society and reduce CO₂ emissions.

3. Features of the Invention, etc.

FY2024
Aichi Invention Commendation: Aichi Invention Award (Aichi 

Prefecture Invention Association, a General Incorporated 
Association)

Chubu Region Invention Commendation: Invention 
Encouragement Award (Japan Institute of Invention and 
Innovation, a Public Interest Incorporated Association) 

1
500

(1) Conventional movement: Behavior when the motor is not powered (floating 
force generated)

(2) Movement of the invented technology: Behavior when the motor is not 
powered (pressing force generated)

図５

<Features of the present invention>
The following unique effects can be obtained without 
adding any new mechanisms.
(1) Floating load can be converted into pressing load.
(2) Pressing load can be maximized.

Behavior when not drivenFigure 5

Comparison of leakage flowFigure 6
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As electric vehicles become more widespread, battery chargers are also becoming more 
common. A battery charger requires wide-range and high-efficiency operation, which can be 
achieved by using multi-phase power converters and dynamic phase shedding control. During 
phase shedding, the state of the power supply undergoes a significant transition, resulting in 
transient operation. In this technical report, we proposed a new control method that estimates 

the amount of state transition before and after the phase shedding, thus suppressing transient operation. 
The validity was confirmed through circuit simulation and verification with actual equipment.

Proposal of Phase Shedding Control 
System for Multiphase PFC Converter

Abstract

1. Introduction

In recent years, the transition to electric vehicles (EVs) has 
been accelerating as part of efforts to achieve carbon neutrality. 
Alongside this shift, battery charging has garnered significant 
attention, leading to an increasing demand for power factor 
correction (PFC) converters—AC-DC converters designed to 
improve power factor during charging.

PFC converters are required to support a wide operating 
range and achieve high efficiency. One approach to achieving 
this is the multi-phase design of power converters. By 
implementing a multi-phase configuration, the current flowing 
through the switching devices can be distributed, thereby 
reducing conduction losses. As a result, high efficiency can 
be achieved in the high-output range (1). However, in the low 
output range, switching losses become more dominant than 
conduction losses, leading to decreased efficiency as the 
number of devices increases. Since the optimal phase varies 
depending on the output range, dynamic phase shedding 
control is required (2). However, with conventional phase 
shedding control, the state of the power converter undergoes 
a significant transition during phase shedding, resulting in 
fluctuations in the output voltage corresponding to the amount 
of state transition.

This paper reports on a new phase shedding control 
method that estimates and suppresses the state transition of 
the power converter occurring during phase shedding.

2. Multi-Phase PFC Converter

2.1. PFC Converter
A PFC converter is a device that converts AC power, such as 
from a commercial power sourcemains power, into DC current 
and voltage. During the conversion from AC to DC, if the power 
factor is low, high-frequency noise caused by distortion and 

Tatsuya Sakamoto, Hideki Uchiki, Taichi Kawakami

reactive power areis generated. When converting power from 
AC to DC, a low power factor can lead to the generation of 
reactive power and high-frequency noise due to distortion. 
In high-power output power supplies, the effects of distortion 
increases and may affect other devicesbecome more severe, 
potentially interfering with the operation of other devices. 
Since a PFC converter includes a power factor correction 
function, it can reduce distortion and reactive power.Since a 
PFC converter includes a power factor correction function, it 
can resolve issues related to reactive power and distortion. 
Additionally, according to IEC 61000-3-2 regulations, devices 
such as AC adapters with an output of 75 W or more are 
required to incorporate a PFC converter, further increasing the 
demand for PFC converter circuits.

There are various circuit configurationtopologies for 
PFC converters. In this case, a bridgeless totem-pole PFC 
converter was selected due to its potential for high efficiency 
and reduced component count. Figure 1 shows the circuit 
diagram of the adopted PFC converter. For switches S1a and 
S2a, GaN-HEMTs were used, as these next-generation power 
semiconductors exhibit low reverse recovery current. By 
applying PWM control to switches S1a and S2a, both the input 
current and output voltage are regulated. The operating modes 
of a PFC converter generally include Continuous Conduction 
Mode (CCM), Boundary Conduction Mode (BCM), and 
Discontinuous Conduction Mode (DCM). To reduce losses 
during high-power operation, CCM was selected because 
it minimizes the peak current flowing through the inductor. A 
control system, as shown in Figure 2, was designed to regulate 
the CCM-mode PFC converter. The transfer functions of the 
PFC converter shown in Figure 2, ΔIL/ΔD and ΔVo/ΔIL, are 
expressed by the following equations 

(3):
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Circuit diagram of single-phase Totem-pole 
bridgeless PFC converter

Figure 1

Block diagram of PFC converterFigure 2

Circuit diagram of multiphase PFC converterFigure 3

Efficiency curves of PFC converter measured at 
each phase

Figure 4
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が，高出力駆動時の損失低減のため，インダクタに流れる電

流のピーク値が小さい モードを採用した． モードの

コンバータを制御するため，図 のような制御系を構築し

た．図 に記載されている コンバータの各伝達関数Δ

Δ とΔ Δ は，以下の式で表される ．

 
 
 
 
 

ここで は入力電圧実効値， は出力電圧実効値， は

比を表している．

図 より コンバータの制御系には大きく二つの制御ル

ープが存在する．二つの制御ループのうち，内側に形成して

いるループは力率改善制御であり，外側に形成されているル

ープは出力電圧制御である．また，これらのループとは別に

常に出力電圧補償器の後に商用電源の周波数の外乱が制御系

に乗算される．各ループは干渉しており，また商用電源の周

波数の外乱についても出力電圧制御に干渉する．そのため，

各ループと外乱の干渉を受けないよう各制御の補償器を適切

に設計する必要がある．

これらの制御設計手法を考慮し，高出力に対応させるべく，

コンバータのマルチフェーズ化に取り組んだ．

図 にマルチフェーズ方式の コンバータの回路図を示

す．マルチフェーズ 方式の検証は，最も 単純な 相 コ

ンバータで実施した．スイッチ ， で 相目の力率改善，

スイッチ ， で 相目の力率改善，スイッチ ， にて

全波整流を行っている．また各相に流れる電流が均一となる

よう電流バランス制御を導入している．

マルチフェーズ化することにより各相に流れる電流を低減

させることができ，結果として導通損失の低減が可能となる．

またインターリーブ動作によりインダクタ ， を結合イン

ダクタに置き換えることで 直流重畳磁束を打ち消すことが

可能となり，インダクタの小型化も見込める ．

図 単相 型ブリッジレス コンバータの回路図

図 コンバータのブロック線図

 
 
 
 
 
 
 
 

図 マルチフェーズ型 コンバータの回路図

駆駆動動相相数数切切りり替替ええ制制御御

マルチフェーズ化により高出力帯での高効率駆動が実現で

きるが，デメリットとして搭載するスイッチングデバイスの

数が増え，スイッチング損失が増加する．導通損失よりスイ

ッチング損失の割合が支配的な低出力帯においては効率が悪

化するため，出力に応じて適切に駆動相数を切り替えて動作

させる必要がある．

図 に検討した コンバータの効率曲線を示す．出力電

力が 付近を超えると，導通損失の損失割合が支配的とな

り， 相駆動時により高効率で動作する．そのため， 付

近で駆動相数を切り替える必要があるが， をしきい値と

し，駆動相数を切り替えるとチャタリングが発生する恐れが

ある．そのため，切り替えるしきい値にはヒステリシス性を

持たせておく．

駆動相数の切り替えにより，ワイドレンジかつ高効率での

動作が実現できるが，従来の制御系で駆動相数を切り替える

と，電力変換器の状態が大きく遷移するため，状態遷移量に

応じた出力電圧の変動が発生する．出力電圧の変動が大きい

ほど，変動を抑制する機能を持つキャパシタが大型化するデ

メリットがある．そのため，状態遷移量に応じた出力電圧の

変動は可能な限り低減する必要がある． コンバータにお

いてはこの課題に対しての改善制御が提案されている ．

コンバータの出力電圧制御の応答性は商用電源の周波数より

低く設計しなければならないため， コンバータに比べ，

出力電圧の変動がより顕著に表れるが， 検討されていない．  

 

図 各相数で測定した コンバータの効率曲線

where Vac represents the root mean square (RMS) value of 
the input voltage, Vo represents the RMS value of the output 
voltage, and D represents the duty ratio.

From Figure 2, it can be observed that the control system of 
the PFC converter consists of two major control loops. Among 
these, the inner loop is responsible for power factor correction 
control, while the outer loop is for output voltage control. In 
addition to these loops, disturbances at the frequency of the 
commercial power supplymains power are always multiplied 
into the control system after the output voltage compensator. 
Each loop interferes with the others, and disturbances from the 
commercial power supplymains frequency also interfere with 
output voltage control. Therefore, it is necessary to properly 
design each control compensator to prevent interference 
between the loops and the disturbances.

Taking these control design methods into account 
and aiming to accommodate high output, we worked on 
implementing a multiphase PFC converter.

Figure 3 shows the circuit diagram of the multiphase 
PFC converter. The validation of the multiphase system was 
conducted using the simplest two-phase PFC converter. Power 
factor correction for the first phase is handled by switches 
S1b and S2b, while switches S3b and S4b manage power factor 
correction for the second phase. Full-wave rectification is 
performed using switches S5b and S6b. Additionally, a current 
balance control mechanism has been introduced to ensure 
that the current flowing through each phase remains uniform.

By implementing a multiphase configuration, the current 
flowing through each phase can be reduced, which in turn 
lowers conduction losses. Additionally, through interleaved 
operation, inductors L1 and L2 can be replaced with a coupled 
inductor, thereby canceling out the DC superimposed magnetic 
flux and enabling a reduction in the size of the inductor (4).
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が，高出力駆動時の損失低減のため，インダクタに流れる電

流のピーク値が小さい モードを採用した． モードの

コンバータを制御するため，図 のような制御系を構築し

た．図 に記載されている コンバータの各伝達関数Δ

Δ とΔ Δ は，以下の式で表される ．

 
 
 
 
 

ここで は入力電圧実効値， は出力電圧実効値， は

比を表している．

図 より コンバータの制御系には大きく二つの制御ル

ープが存在する．二つの制御ループのうち，内側に形成して

いるループは力率改善制御であり，外側に形成されているル

ープは出力電圧制御である．また，これらのループとは別に

常に出力電圧補償器の後に商用電源の周波数の外乱が制御系

に乗算される．各ループは干渉しており，また商用電源の周

波数の外乱についても出力電圧制御に干渉する．そのため，

各ループと外乱の干渉を受けないよう各制御の補償器を適切

に設計する必要がある．

これらの制御設計手法を考慮し，高出力に対応させるべく，

コンバータのマルチフェーズ化に取り組んだ．

図 にマルチフェーズ方式の コンバータの回路図を示

す．マルチフェーズ 方式の検証は，最も 単純な 相 コ

ンバータで実施した．スイッチ ， で 相目の力率改善，

スイッチ ， で 相目の力率改善，スイッチ ， にて

全波整流を行っている．また各相に流れる電流が均一となる

よう電流バランス制御を導入している．

マルチフェーズ化することにより各相に流れる電流を低減

させることができ，結果として導通損失の低減が可能となる．

またインターリーブ動作によりインダクタ ， を結合イン

ダクタに置き換えることで 直流重畳磁束を打ち消すことが

可能となり，インダクタの小型化も見込める ．

図 単相 型ブリッジレス コンバータの回路図

図 コンバータのブロック線図

 
 
 
 
 
 
 
 

図 マルチフェーズ型 コンバータの回路図

駆駆動動相相数数切切りり替替ええ制制御御

マルチフェーズ化により高出力帯での高効率駆動が実現で

きるが，デメリットとして搭載するスイッチングデバイスの

数が増え，スイッチング損失が増加する．導通損失よりスイ

ッチング損失の割合が支配的な低出力帯においては効率が悪

化するため，出力に応じて適切に駆動相数を切り替えて動作

させる必要がある．

図 に検討した コンバータの効率曲線を示す．出力電

力が 付近を超えると，導通損失の損失割合が支配的とな

り， 相駆動時により高効率で動作する．そのため， 付

近で駆動相数を切り替える必要があるが， をしきい値と

し，駆動相数を切り替えるとチャタリングが発生する恐れが

ある．そのため，切り替えるしきい値にはヒステリシス性を

持たせておく．

駆動相数の切り替えにより，ワイドレンジかつ高効率での

動作が実現できるが，従来の制御系で駆動相数を切り替える

と，電力変換器の状態が大きく遷移するため，状態遷移量に

応じた出力電圧の変動が発生する．出力電圧の変動が大きい

ほど，変動を抑制する機能を持つキャパシタが大型化するデ

メリットがある．そのため，状態遷移量に応じた出力電圧の

変動は可能な限り低減する必要がある． コンバータにお

いてはこの課題に対しての改善制御が提案されている ．

コンバータの出力電圧制御の応答性は商用電源の周波数より

低く設計しなければならないため， コンバータに比べ，

出力電圧の変動がより顕著に表れるが， 検討されていない．  

 

図 各相数で測定した コンバータの効率曲線

 

 
 
 

vac
L1

S1b

S2b

Co

S5b

S6b

Ro

S3b

S4b

IL1

vo

Io

IL2 L2

IL

Vref 力率改善
補償器(Gci)

+-+-

|sin(wt)|

++

|sin(wt)|

出力電圧
補償器(Gcv)

ΔVoΔILΔD

vac
L

S1a

S2a

Co

S3a

S4a

Ro
IL

Io

vo

   
      

         
         

    
       

   
           

       

   
   

       
    

  
             

0 1000 2000 3000
96

96.4

96.8

97.2

97.6

98

98.4

出力電力[W]

効
率

[%
]

2相

単相

が，高出力駆動時の損失低減のため，インダクタに流れる電

流のピーク値が小さい モードを採用した． モードの

コンバータを制御するため，図 のような制御系を構築し

た．図 に記載されている コンバータの各伝達関数Δ

Δ とΔ Δ は，以下の式で表される ．

 
 
 
 
 

ここで は入力電圧実効値， は出力電圧実効値， は

比を表している．

図 より コンバータの制御系には大きく二つの制御ル

ープが存在する．二つの制御ループのうち，内側に形成して

いるループは力率改善制御であり，外側に形成されているル

ープは出力電圧制御である．また，これらのループとは別に

常に出力電圧補償器の後に商用電源の周波数の外乱が制御系

に乗算される．各ループは干渉しており，また商用電源の周

波数の外乱についても出力電圧制御に干渉する．そのため，

各ループと外乱の干渉を受けないよう各制御の補償器を適切

に設計する必要がある．

これらの制御設計手法を考慮し，高出力に対応させるべく，

コンバータのマルチフェーズ化に取り組んだ．

図 にマルチフェーズ方式の コンバータの回路図を示

す．マルチフェーズ 方式の検証は，最も 単純な 相 コ

ンバータで実施した．スイッチ ， で 相目の力率改善，

スイッチ ， で 相目の力率改善，スイッチ ， にて

全波整流を行っている．また各相に流れる電流が均一となる

よう電流バランス制御を導入している．

マルチフェーズ化することにより各相に流れる電流を低減

させることができ，結果として導通損失の低減が可能となる．

またインターリーブ動作によりインダクタ ， を結合イン

ダクタに置き換えることで 直流重畳磁束を打ち消すことが

可能となり，インダクタの小型化も見込める ．

図 単相 型ブリッジレス コンバータの回路図

図 コンバータのブロック線図

 
 
 
 
 
 
 
 

図 マルチフェーズ型 コンバータの回路図

駆駆動動相相数数切切りり替替ええ制制御御

マルチフェーズ化により高出力帯での高効率駆動が実現で

きるが，デメリットとして搭載するスイッチングデバイスの

数が増え，スイッチング損失が増加する．導通損失よりスイ

ッチング損失の割合が支配的な低出力帯においては効率が悪

化するため，出力に応じて適切に駆動相数を切り替えて動作

させる必要がある．

図 に検討した コンバータの効率曲線を示す．出力電

力が 付近を超えると，導通損失の損失割合が支配的とな

り， 相駆動時により高効率で動作する．そのため， 付

近で駆動相数を切り替える必要があるが， をしきい値と

し，駆動相数を切り替えるとチャタリングが発生する恐れが

ある．そのため，切り替えるしきい値にはヒステリシス性を

持たせておく．

駆動相数の切り替えにより，ワイドレンジかつ高効率での

動作が実現できるが，従来の制御系で駆動相数を切り替える

と，電力変換器の状態が大きく遷移するため，状態遷移量に

応じた出力電圧の変動が発生する．出力電圧の変動が大きい

ほど，変動を抑制する機能を持つキャパシタが大型化するデ

メリットがある．そのため，状態遷移量に応じた出力電圧の

変動は可能な限り低減する必要がある． コンバータにお

いてはこの課題に対しての改善制御が提案されている ．

コンバータの出力電圧制御の応答性は商用電源の周波数より

低く設計しなければならないため， コンバータに比べ，

出力電圧の変動がより顕著に表れるが， 検討されていない．  

 

図 各相数で測定した コンバータの効率曲線

2.2. Phase Shedding Control
By adopting a multi-phase configuration, efficiency at high 
output can be improved.high-efficiency drive operation can be 
achieved in the high-output range. However, a drawback of this 
approach is that the number of switching devices increases, 
leading to greater switching losses. In the low-output range, 
where switching losses dominate over conduction losses, 
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Figure 4 shows the efficiency curve of the PFC converter 
used in this study. When the output power exceeds 
approximately 600 W, conduction loss becomes the dominant 
factor, and the converter operates with higher efficiency in two-
phase drive mode. Therefore, phase shedding is necessary 
around 600 W. However, if the phase shedding threshold is set 
at exactly 600 W, there is a risk of chattering. To prevent this, 
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Phase shedding allows wide-range and highly efficient 
operation. However, in conventional control systems, phase 
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which is a disadvantage. Therefore, it is necessary to minimize 
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メリットがある．そのため，状態遷移量に応じた出力電圧の

変動は可能な限り低減する必要がある． コンバータにお

いてはこの課題に対しての改善制御が提案されている ．

コンバータの出力電圧制御の応答性は商用電源の周波数より

低く設計しなければならないため， コンバータに比べ，

出力電圧の変動がより顕著に表れるが， 検討されていない．  
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of state transition as much as possible. In DC-DC converters, 
control methods for improving this issue have been proposed 

(5). Since the response speed of output voltage control in PFC 
converters must be designed to be lower than the mains 
frequency of commercial power supplies, fluctuations in output 
voltage become more significant pronounced compared to DC-
DC converters. However, this issue has not been investigated.

3. Proposed Phase Shedding Control

In this study, a new control system and operational flow were 
developed to suppress fluctuations during the phase shedding 
in the PFC converter. Figure 5 illustrates shows the new control 
system, while Figure 6 presents the operational flow of the 
control. For phase shedding, the output power of the PFC 
converter is first checked. At this time, the output power is 
obtained by multiplying the respective sensor values from the 
output voltage sensor and the output current sensor installed 
in the circuit. If the calculated output power value exceeds the 
shedding threshold, S1 is toggled. Then, the state transition 
quantity of the power converter is calculated. The amount of 
state transition is determined from the deviation between the 
current value output from each phase before phase shedding 
Io phase before and the current value output from each phase after 
phase shedding Io phase after. Io phase before and Io phase after 
are calculated using the following equation.
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本研究にて コンバータの駆動相数切り替え時の変動を

抑制するため，新たな制御系と動作フローを構築した．図

に新たな制御系，図 に制御の動作フローをそれぞれ示す．

駆動相数切り替えのため，まず コンバータの出力電力を

確認する．この時の出力電力は，回路に搭載した出力電圧セ

ンサと出力電流センサから得たそれぞれのセンサ値を乗算し

た値である．切り替えのしきい値を計算した出力電力値が超

えた場合， をトグルさせる．そして，電力変換器の状態遷

移量の計算を実施する．状態遷移量は駆動相数切り替え前に

各相から出力された電流値 と駆動相数切り替え後

に各相から出力される電流値 の偏差から算出する．

及び は以下の式より算出した．
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ためである．マルチフェーズの場合，各相は並列接続されて

いるため，入力電圧もしくは出力電圧を用いて駆動相数の切

り替え前後の状態遷移量を推定することは難しい．入力電流

の場合は商用電源の周波数で振動している．切り替り前後の

状態をセンシングする場合，センシングできるのは電流の瞬

時値である．切り替わるタイミングでセンシングされる入力

電流値が変化する．またゼロクロスで切り替わった場合，状

態遷移量は非常に小さくなり，正しくセンシングできない可

能性がある．よって，入力電流を状態遷移量の推定に用いる

ことは難しい．各相に流れる出力電流を用いる場合は，③式，

④式で推定することが可能で，出力電力の変化と駆動相数の

変化の両方の変化を考慮した状態遷移量を推定することがで

きる．そのため，各相から出力される電流値を状態遷移量の

推定に用いた．

状態遷移量の計算が完了したタイミングで をオンし，フ

ィードフォワード（以下， ）制御を開始する．出力電圧変

動の抑制が確認できたタイミングで， をオフすると 値に

応じた電力変換器の状態遷移が再度発生し，出力電圧の変動

が生じる．そのため， 制御中に，出力電圧が大きく変動し

ないよう， 値を徐々に減少させる必要がある． 値がゼロ

となるタイミングで をオフさせることで状態遷移が生じず，

制御系が安定した状態で 制御を停止させることが可能とな

る．

提案した 制御の妥当性を回路シミュレータおよび実機試

験にて確認した． 
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．．結結果果

回路シミュレータを用いて，出力電力 での定常動作

時に，駆動相数を 相から 相に切り替えた．その時の 制

御による効果を確認した結果を図 に示す．提案した 制御

を導入することで， 制御中は制御系が 項の影響を受け目

標値に対して偏差がある状態で動作した．しかし，力率改善

制御が機能した状態で駆動相数切り替え時に発生する出力電

圧変動の振幅を 倍ほどに抑制できた．

次に実機に 制御を導入し，スモールモデルで同様の効果

が得られるか確認した．実機での効果確認の結果を図 に示

す．出力電力 での動作時に駆動相数を 相から 相へ切

り替えた場合においては，図 に示すようにシミュレーショ

ンと同様に， 制御により出力電圧をおよそ 倍ほどに抑

制することができた．しかし，出力電力を から に変

動させ，駆動相数を 相から 相へ切り替えた場合において

は図 に示すように目標値に追従するまでの時間が増大した．

これは，負荷変動から 制御が開始する前に発生した変動を

抑制できず，変動が発生している状態から変動を抑制する

制御が開始したため，目標値に追従するまでの時間が長

Io before and N before represent the sensor value of the output 
current and the number of phases before phase shedding, 
respectively, while Io_after and Nafter represent the sensor 
value of the output current and the number of phases after 
phase shedding, respectively.

The reason for using the current values output from 
each phase to estimate the amount of state transition was to 
accurately capture the difference in states before and after 
phase shedding. In a multi-phase system, each phase is 
connected in parallel, making it difficult to estimate the amount 
of state transition before and after phase shedding using either 
the input voltage or output voltage. In the case of input current, 
it oscillates at the frequency of the commercial power supply. 
When sensing the states before and after the shedding, only the 
instantaneous values of the current can be sensed. The input 
current value sensed at the timing of the shedding changes. 
Additionally, if the transition occurs at the zero-crossing point, the 
amount of state transition becomes extremely small, potentially 
leading to incorrect sensing. Therefore, it is difficult to use the 
input current to estimate the amount of state transition. When 
using the output current flowing through each phase, estimation 
can be performed using Equations ③ and ④, allowing for the 
estimation of the amount of state transition while considering 
both changes in output power and changes in the number of 
phases. Therefore, the current values output from each phase 
were used to estimate the amount of state transition.

When the calculation of the amount of state transition is 
complete, S2 is turned on, and feedforward (hereinafter, FF) 
control is initiated. If S2 is turned off at the moment output 
voltage fluctuation suppression is confirmed, another state 
transition of the power converter occurs according to the FF 
value, causing output voltage fluctuations. Therefore, during 
FF control, the FF value must be gradually reduced to prevent 
significant output voltage fluctuations. By turning off S2 when 
the FF value reaches zero, no state transition occurs, allowing 
FF control to be stopped while keeping the control system 
stable.

The validity of the proposed FF control was confirmed 
through circuit simulation and testing with actual equipment. 
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4. Result

A circuit simulator was used to switch the number of phases 
from one to two during steady-state operation at an output 
power of 1100 W. Figure 7 shows the results of verifying 
the effect of FF control in this scenario. With the proposed 
FF control implemented, the control system operated with 
a deviation from the target value due to the influence of the 
FF term. However, when power factor correction control was 
active, the amplitude of the output voltage fluctuation caused 
by phase shedding was reduced to approximately one-third.

Next, FF control was implemented in the actual equipment 
to verify whether similar effects could be achieved with the 
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5. Conclusion

In this technical report, we presented the structure and effects 
of a phase shedding control system for a multiphase PFC 
converter. By utilizing output current sensor values to estimate 
the amount of state transition before and after phase shedding, 
we were able to account for both changes in output power 
and the number of phases. Based on this estimated state 
transition, we constructed a feedforward control system, which 
successfully reduced output voltage fluctuation amplitude 
to approximately one-third when phase shedding occurred 
under low-load variation conditions. These results confirm the 
effectiveness of the proposed method.
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small model. The results of the effectiveness verification on 
the actual equipment are shown in Figure 8. When the number 
of phases was changed from one to two during operation at 
an output power of 40 W, the output voltage was suppressed 
to approximately one-third by FF control, as shown in Figure 
8, similar to the simulation results. However, when the output 
power was varied from 40 W to 80 W and the number of 
phases was changed from one to two, the time required to 
track the target value increased, as shown in Figure 9.

This is because the fluctuation that occurred before the 
feedforward (FF) control was initiated due to the load variation 
could not be suppressed, and the FF control started while 
fluctuations were still present. As a result, the time required to 
track the target valuesettling time became longer. Therefore, 
by optimizing the time from load variation to the initiation of FF 
control, it is expected that output voltage fluctuations can be 
suppressed in the same manner as under low-load variation 
conditions.
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Estimating the gate-source voltage inside 
the device

1. Introduction

In recent years, as the effects of climate change have become 
more pronounced, environmental considerations have been 
gaining increasing importance. In response, efforts toward 
carbon neutrality have been accelerating worldwide, and in 
Japan, the Green Growth Strategy associated with achieving 
carbon neutrality by 2050 has been announced(1). The 
advancement of power electronics technology is expected 
to play a significant role in achieving carbon neutrality, and 
the widespread adoption of next-generation semiconductors 
such as SiC and GaN will greatly contribute to the proliferation 
of power electronics devices and energy conservation(2)
(3). These next-generation semiconductors exhibit superior 
physical properties, such as bandgap and breakdown 
electric field, compared to conventional Si semiconductors. In 
particular, GaN semiconductors are known to adopt a high-
electron-mobility transistor (HEMT) structure, allowing the use 
of the two-dimensional electron gas formed at the AlGaN/GaN 
interface as a current path(4). This enables a reduction in input 
capacitance for devices with the same ON resistance, leading to 
expectations for the miniaturization and efficiency improvement 
of power converters through high-frequency operation(5).

In a power converter, power control is performed by 
switching the power device ON and OFF. When in the ON state, 
it is necessary to sufficiently reduce the on-resistance of the 
current path to minimize losses. To achieve this, an overdrive 
is used, in which a voltage large enough to secure the current 
path is applied between the gate and source. For GaN devices, 
a voltage of at least 4.5 V is required for overdrive. However, 
the gate withstand voltage is relatively low at approximately 6 
V, resulting in a small margin between the applied voltage and 
the withstand voltage(6). Consequently, there is little tolerance 
for the gate-source withstand voltage, raising concerns that 
voltage surges and subsequent oscillations due to high-speed 

switching could easily exceed the withstand voltage and 
cause device failure. To address this issue, semiconductor 
manufacturers are working on defining instantaneous gate 
withstand voltage ratings(7) and developing GaN devices with 
higher gate withstand voltages(8).

Additionally, the device's chip is packaged in a resin mold 
for protection against foreign objects, making it impossible to 
directly measure the voltage between the gate and source. 
While the voltage at the electrode terminals on the exterior 
of the package can be measured, it is affected by parasitic 
components between the chip and the electrode terminals, 
making it difficult to obtain an accurate voltage reading.

In this study, we propose a method for estimating the 
voltage oscillation applied to the gate-source capacitance 
inside a device by modeling the turn-on behavior of the device 
in a half-bridge circuit, which is commonly used in power 
converters, taking into account parasitic components in the 
wiring and within the device package.

2. Circuit Modeling During Turn-On

In this study, we model the switching behavior during the turn-
on operation of the Lo side device in a half-bridge circuit.

2.1. �Parasitic Components of Power Semiconductor Devices
The equivalent model of a GaN device is represented as 
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タターーンン 時時のの回回路路モモデデリリンンググ

本研究では，ハーフブリッジ回路における サイド側のタ

ーン 時のスイッチングをモデリングする．

パパワワーー半半導導体体デデババイイススのの寄寄生生成成分分

デバイスの等価モデルは，図 のように表される．一般

にゲート電圧はゲートソース間容量 の電圧を指す．しか

し，前述のとおり実際の測定ではパッケージ内部のコモンソ

ースインダクタンス をはじめ，配線の抵抗やインダクタ

ンスの影響が含まれてしまい， 電圧を測定することは困難

である．

モモデデルルのの構構築築

理想的なハーフブリッジ回路に，半導体デバイスやデバイ

スを実装する配線基板の寄生成分を含めた等価回路を図 に

示す．ターン 中に流れる直流電流を考慮するため， サイ

ドのドレインソース間に 負荷を接続している．直流電流は，

計算時に 負荷電流に初期値を与えることによってモデルに

反映する． サイドのターン 時は， サイドは ，

サイドが となっている．したがって，交流電流は， サイ

ドは各端子間容量を， サイドはチャネル抵抗を，そしてバ

イパスコンデンサ を経由した経路を流れる．直流電流は

電源からＬ負荷を経由して流れる．

図 にゲート電圧振動を表現するための簡易モデルを示す．

サイド は 状態であるため，チャネル抵抗は小さく無

視できるものとする．その場合，ゲートソース間容量 は

帰還容量 を含めた入力容量 として表現され，本モデ

ルでは に印加される電圧をゲート電圧と定義する．

サイド はドレイン，ソース，ゲートの各端子間容量の合成

容量を考えた時，ドレインソース間容量 が支配的になる

ことから を反映する．また，交流電流の経路に存在する

抵抗成分，インダクタンス成分は， ， として表現する．

さらに， サイドゲート駆動回路に存在する抵抗成分，イン

ダクタンス成分は ， と表現し，ゲートソース間に印加

する電圧は とする． サイドゲート駆動回路に存在する抵

抗成分，インダクタンス成分は，ターン 時の挙動には影響

しないため，本モデルでは省略する．

バイパスコンデンサ は と比較して十分大きいため，

交流経路においては電源とみなすことができる．この際，直

流経路の電源と兼ねることができ，本モデル上では電源 と

して扱う．

評評価価検検証証

パパララメメーータタとと初初期期条条件件のの決決定定

本モデルの妥当性を検証するため，簡易モデルの各パラメ

ータにデバイスや基板パラメータの値を代入し電圧波形を算

出した．表 に電圧波形の算出に用いたパラメータ一覧を示

す．

動作条件として，電源電圧を ， 負荷に流れる初期電

流を とした．スイッチング時の挙動を模擬するため，時

間 において，電源電圧 を → ， サイドゲート電

圧 を → にそれぞれステップ応答させることによって

モデルの電気的状態を変化させ，電圧波形を算出した．

デバイスは， を用いた．ターン 時の直前に

サイド， サイドそれぞれのデバイスに印加されている

電圧を考慮し， は ≒ 時の値， は ＝ 時の値

をそれぞれデータシートより用いた ．コモンソースインダ

クタンス は， を用いた ．基板の抵抗成分，イン

ダクタンス成分は，後述する実機のデータと比較するため，

基板の設計データを を用いて解析を行

い，該当するパラメータを抽出した．

図 デバイスの等価モデル

図 寄生成分を含めた等価回路

図 サイド側のターン 時の簡易モデル

Equivalent model of GaN deviceFigure 1
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In recent years, next-generation semiconductors have been gaining attention in power elec-
tronics equipment, with GaN being particularly anticipated for the miniaturization of power 
converters driven by high frequencies. However, the gate withstand voltage of GaN is ap-
proximately 6V, and there is a concern that voltage oscillations during switching could lead 
to dielectric breakdown. This study proposes a method to model the gate voltage oscillations 

within the device, including parasitic components of the package and wiring, during the device's ON state, 
Measurements indicated that the gate voltage oscillated beyond the withstand voltage due to the signifi-
cant influence of source inductance. However, the model suggested that the internal gate oscillations were 
smaller and within the withstand voltage range.
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shown in Figure 1. In general, the gate voltage refers to the 
voltage across the gate-source capacitance, Cgs. However, as 
mentioned earlier, actual measurements inevitably include the 
effects of factors such as the common source inductance, Lcs, 
inside the package, as well as the resistance and inductance 
of the wiring. As a result, accurately measuring the voltage of 
Cgs is challenging.

2.2 Model Construction
Figure 2 illustrates an equivalent circuit of an ideal half-bridge 
circuit that includes parasitic components of semiconductor 
devices and the wiring board on which the devices are 
mounted. To account for the DC current flowing during turn-on, 
an L-load is connected between the drain and source of the Hi 
side switch. The DC current is reflected in the model by setting 
an initial value for the L-load current during calculations. When 
the Lo side switch turns ON, the Hi side switch is OFF while 
the Lo side switch is ON. Consequently, the AC current flows 
through the path via the inter-terminal capacitance on the Hi 
side, the channel resistance on the Lo side, and the bypass 
capacitor Csnb. The DC current flows from the power supply 
through the L load.
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Equivalent circuit that includes parasitic 
components

Figure 2

Figure 3 shows a simplified model for representing gate 
voltage oscillations. Since the Lo side transistor Q2 is in the ON 
state, its channel resistance is small and can be considered 
negligible. In this case, the gate-source capacitance Cgs 
is expressed as the input capacitance Ciss, which includes 
the feedback capacitance Cgd. In this model, the voltage 

applied to Ciss is defined as the gate voltage. For the Hi side 
transistor Q1, when considering the composite capacitance 
among its drain, source, and gate terminals, the drain-source 
capacitance Cds is dominant and is therefore reflected in the 
model. The resistance and inductance components present 
in the alternating current path are represented as Rm and 
Lm, respectively. Furthermore, the resistance and inductance 
components in the Lo side gate drive circuit are denoted as 
Rg and Lg, respectively, and the voltage applied between 
the gate and source is represented as Vg. The resistive and 
inductive components present in the Hi side gate drive circuit 
do not affect its behavior during turn-on and are therefore 
omitted in this model.

Since the bypass capacitor Csnb is sufficiently large 
compared to Cds, it can be considered a power supply in 
the AC path. At the same time, it can also serve as the power 
supply in the DC path, and in this model, it is treated as power 
supply E.

3. Evaluation and Verification

3.1. Determination of Parameters and Initial Conditions
To verify the validity of this model, the values of device and 
Wiring Board parameters were substituted into each parameter 
of the simplified model to calculate the voltage waveform. Table 
1 presents a list of parameters used for the voltage waveform 
calculation.

The operating conditions were set with a power supply 
voltage of 100 V and an initial current of 12 A flowing through 
the inductive load. To simulate switching behavior, at time t = 
0, the model’s electrical state was changed by applying step 
responses to both the power supply voltage E (0 → 100 V) 
and the Lo side gate voltage Vg (0 → 5.2V), and the voltage 
waveform was calculated.

The GaN device used was the EPC2010C. Considering 
the voltage applied to both the Hi side and Lo side devices 
immediately before turn-on, the Ciss value was taken from the 
datasheet at approximately 0 V, while the Cds value was taken 
at 100 V(7). A common source inductance, Lcs, of 300 pH was 
used (9). To compare with the actual device data discussed 
later, the resistance and inductance components of the Wiring 
Board were analyzed using ANSYS Q3D Extractor based 
on the Wiring Board design data, and the corresponding 
parameters were extracted.

Table 1 List of parameters

Symbol Parameter Symbol Parameter

Rm 0.5 Ω Ciss 420 pF

Lm 7.8 nH Cds 240 pF

Rg 11.5 Ω Lcs 300 pH

Lg 19.8 nH L0 174 uH

E 0→ 100 V Vg 0→ 5.2 V
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デバイスは， を用いた．ターン 時の直前に

サイド， サイドそれぞれのデバイスに印加されている

電圧を考慮し， は ≒ 時の値， は ＝ 時の値

をそれぞれデータシートより用いた ．コモンソースインダ

クタンス は， を用いた ．基板の抵抗成分，イン

ダクタンス成分は，後述する実機のデータと比較するため，

基板の設計データを を用いて解析を行

い，該当するパラメータを抽出した．

図 デバイスの等価モデル

図 寄生成分を含めた等価回路

図 サイド側のターン 時の簡易モデル

Simplified model of Lo side device during turn-on 
operation

Figure 3
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3.2. Verification of Model Validity
To evaluate the validity of the voltage oscillation model, 
a comparative assessment with actual equipment was 
conducted using double-pulse evaluation. To measure the 
gate voltage, a probing terminal was placed as close to the 
device as possible, and an optically isolated probe (TIVP05, 
manufactured by Tektronix) was used. A comparison between 
the measured waveform and the modeled waveform is shown in 
Figure 4. The dashed line represents the measured waveform, 
while the solid line represents the modeled waveform. In the 
comparison waveform shown in Figure 4, the time when the 
turn-on begins and current starts flowing through the Lo side 
channel is set as 0 seconds. In this model, transient changes 
in the device have not been considered, so the waveforms do 
not overlap. However, the waveform shapes and oscillation 
frequencies match with high accuracy. Specifically, the 
oscillation frequency of the modeled waveform is 114.9 MHz, 
while that of the measured waveform is 117.9 MHz, resulting in 
an error of 2.5 percent.

When comparing the peak values of the gate voltage, the 
peak value of the modeled waveform was 8.51 V, while the 
peak value of the measured waveform was 7.42 V, resulting in 
an error of 12.8 percent. This discrepancy is likely because, in 
the modeled waveform, E and Vg were given a step response 
to simulate switching behavior. Consequently, the change was 
steeper than the measured waveform, leading to the observed 
difference in the peak gate voltage.

3.3. Estimation of Internal Gate Voltage of Device
Using this model, we estimate the actual gate voltage inside the 
device (Ciss voltage in this model). Figure 5 shows the voltage 
waveform of Ciss calculated under the same conditions using 
the model. As seen in Figure 5, the oscillation of the Ciss 
voltage is smaller than the voltage that includes Lcs, which 
can actually be measured. The peak voltage is 5.80 V, which 
falls within the withstand voltage range. This indicates that 
the reverse electromotive force generated in the inductance 
due to the change in current during turn-on has a significant 
effect. The magnitude of the generated reverse electromotive 
force V is expressed using the change in drain current dId/dt 
in equation (i).

 

 
 
 

モモデデルルのの妥妥当当性性のの検検証証

電圧振動モデルの妥当性を評価するため，ダブルパルス

評価にて実機との比較評価を行った．ゲート電圧の測定には，

できる限りデバイス近傍にプロービング端子を設けて光絶縁

プローブ（ 製）を用いて測定した．実測波

形とモデリング波形の比較を図 に示す．破線が実測波形，

実線がモデリング波形である．図 の比較波形では，ターン

がはじまり サイドのチャネルに電流が流れ始めた時間

を として示している．今回のモデルにおいて，デバイス

の過渡時の変化は考慮していないため波形は重なり合ってい

ないが，波形の形状，及び振動周波数は，高い精度で一致し

ている．実際，モデリング波形の振動周波数は，

であり，実測波形の振動周波数は であるため，そ

の誤差は ％であった．

ゲート電圧のピーク値を比較すると，モデリング波形のピ

ーク値は であったのに対し，実測波形のピーク値は

であり，その誤差は ％であった．これは，モデ

リング波形ではスイッチングの挙動を模擬するため ， を

ステップ応答させているため，実測と比較して変化が急峻で

あり，その結果，ゲート電圧のピーク値に差異が生じたと考

えられる．

デデババイイスス内内部部ののゲゲーートト電電圧圧のの推推定定

本モデルを用いて， 実際のデバイス内部のゲート電圧（本

モデルにおける 電圧）の推定を行う．図 にモデルから

算出した同条件における の電圧波形を示す．図 からわ

かるとおり， 電圧の振動は実際に測定可能な を含ん

だ電圧と比較して振動が小さく．ピーク電圧は であり

耐圧の範囲内に収まっている．これは，ターン 時に電流が

変化することでインダクタンスに発生する逆起電力の影響が

大きいことを示している．発生する逆起電力 の大きさは，

ドレイン電流変化量 を用いて式 で表される．

・・・・・・・・・・・（ ）

は と小さいが は数 オーダーで電流が変化す

るため ドレイン電流の変化量が大きいため発生する起電力

が大きく，測定される電圧波形と実際のデバイス内部のゲー

ト電圧に大きな差異が生じていると考えられる．スイッチン

グ開始直後のゲート電圧の大きな沈み込みも の影響と考

えられる．モデルより推定した波形によって，デバイス内部

のゲート電圧についてピーク電圧は実測値よりも小さく，ま

た，測定に見られるような大きな電圧振動はしていないと考

えられ， のようなゲート耐圧が小さなデバイスにおいても，

問題なく動作できているとみなすことができる．これにより，

スイッチング速度をより高速にしたり印加するゲート電圧を

大きくしたりすることが可能となり，スイッチング損失を低

減することが可能となる．

図 にモデルにおける つのインダクタンス と をパ

ラメトリック変化させた時のゲート電圧のピーク値マッピン

グを示す．一般にスイッチング回路におけるインダクタンス

表 パラメータ一覧

記記号号 パラメータ 記記号号 パラメータ

0.5 Ω

11.5 Ω

0→100 V 0→5.2 V

図 モデリング波形と実測波形の比較

図 モデルより算出したデバイス内部のゲート電圧波形

図 を変化させたときのゲート電圧の

ピーク値のマッピング

Although Lcs is as small as 300 pH, the current in GaN 
changes on the order of several nanoseconds. As a result, 
the change in drain current is large, leading to a significant 
induced electromotive force. Consequently, there is likely a 
considerable discrepancy between the measured voltage 
waveform and the actual gate voltage inside the device. A 
significant drop in gate voltage immediately after switching 
begins is also considered to be influenced by Lcs. The 
waveform estimated from the model suggests that the peak 
gate voltage inside the device is lower than the measured 
value and does not exhibit large voltage oscillations as seen 
in the measurements. Therefore, even for devices with low 

gate withstand voltage, such as GaN, it can be assumed that 
they operate without issues. As a result, it becomes possible 
to further increase the switching speed or apply a higher gate 
voltage, thereby reducing switching losses.

Figure 6 presents a peak value mapping of the gate 
voltage when the two inductances, Lm and Lg, in the model 
are varied parametrically. In general, inductance in switching 
circuits is required to be minimized. However, as shown in 
Figure 6, simply reducing the inductance does not necessarily 
minimize the peak value. By designing the two values in a well-
balanced manner, it becomes possible to suppress the peak 
value of gate voltage oscillation during turn-on.
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Comparison of measured waveform and 
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Figure 4

Voltage waveform of internal gate voltage of 
device calculated using the model

Figure 5

Peak value mapping of gate voltage when Lm 
and Lg are varied

Figure 6
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4. Conclusion

In this study, a circuit model for the turn-on operation of a half-
bridge circuit, a common switching circuit, was developed by 
taking into account the parasitic components included in the 
device package and the Wiring Board. By using this model, 
we demonstrated a method for estimating the internal behavior 
of a device that is difficult to measure in practice. When 
switching with GaN, the gate withstand voltage is low, making 
it susceptible to dielectric breakdown due to surges at turn-
on and subsequent oscillations. With high-speed switching, 
when there is a significant change in current, the back 
electromotive force of the common source inductance causes 
a substantial difference between the measured waveform and 
the gate voltage inside the device. However, by using this 
model to estimate the internal gate voltage of the device, it 
becomes possible to determine whether the voltage exceeds 
the withstand voltage. This enables the miniaturization and 
efficiency improvement of power electronics equipment, 
making full use of GaN’s characteristics of high-speed 
switching and low loss.
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The semi-solid die casting method has advantages such as reduction of casting defects and 
improvement of dimensional accuracy. On the other hand, ADC12 alloy, which is widely used 
as a die casting alloy, is difficult to be used for semi-solid die casting because of its narrow 
temperature range which is suitable for semi-solid slurry formation. In this development, 
ADC12 alloy slurry was successfully formed by applying mechanical vibration to the cooling 

process from the molten state to the solid-liquid coexistence temperature and optimizing the conditions. 
In addition, this technology was realized in the mass production process, and it was adopted for hydrogen 
supply unit components used in FCEV (Fuel Cell Electric Vehicle).

Development and Practical Application of ADC12 Aluminum Alloy Semi-Solid 
Die Casting Mass Production Technology Using Mechanical Vibration

Abstract

1. Introduction

Amid the growing need for carbon neutrality in the automobile 
industry, there has been an increased demand for high-quality, 
lightweight, and cost-effective aluminum raw materials.
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● Low-speed + local squeeze die casting

● Gravity casting
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●Semi-solid die casting 
    (AC4CH material)

● Cast-forging

図1.コストと品質の関係図

Relation between costs and qualityFigure 1

Figure 1 shows a correlation curve between functional 
quality and costs for a method of producing aluminum raw 
materials, illustrating a relationship in which an increase in 
functional quality leads to higher costs.

In conventional semi-solid die casting (DC), AC4CH 
aluminum alloy materials have generally been used. However, 
these materials have the following drawbacks that contribute 
to high costs:
・ �Low market distribution volume, leading to high material costs;
・ �Low fluidity, resulting in large wall thicknesses depending 

on the shape;
・ �Low mechanical properties, requiring post-processing such 

as heat treatment based on quality requirements.

Thus, development was carried out to use ADC12 
aluminum alloy materials, which have large market distribution 
and are commonly used in relatively inexpensive die casting, 
for semi-solid die casting. This approach achieves both high-
quality and cost-effective aluminum rough shape materials, 
ultimately meeting market demands.

2. Characteristics of Semi-Solid DC

In general, in liquid-phase die casting, rippling of the liquid 
traps air, as shown in Figure 2, and the transition from the liquid 
to solid phases causes the material to shrink.
 

Liquid-phase DC 
(conventional method)

Semi-solid DC

この図が論文の図

More gas entrapment

Solidification shrinkage

Large segregation Liquid state

Less gas entrapment

Solidification shrinkage
Small segregation

Semi-solid 
(slurry) 

state

Die Die
Plunger

Slurry
Plunger

Differences between liquid-phase and semi-solid 
die casting

Figure 2

These phenomena cause porosity due to air entrapment 
and shrinkage, as well as segregation of alloy compositions 
caused by rapid cooling. These factors reduce internal quality 
and are inevitable issues associated with high-speed molding 
of liquid metal.

In contrast, semi-solid die casting uses a slurry in which 
metal is in a semi-solid state at a temperature lower than that 
of liquid-phase die casting. Therefore, semi-solid die casting 
is expected to reduce coagulation shrinkage and porosity, as 
well as improve dimensional reproducibility.

Additionally, semi-solid die casting can help reduce 
porosity by preventing air entrapment, as there is no rippling 
during injection when the plunger starts to move.

Masayuki Kito, Junichi Shinoda, Ryo Koide, Yuta Ichimura, Yuichiro Murakami, Kenji Miwa
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Furthermore, since the material filling the mold is in a 
slurry state with a relatively uniform metallographic structure, 
semi-solid die casting is expected to reduce segregation and 
fluctuations in mechanical properties, thereby improving the 
mean values of these parameters.

Therefore, semi-solid die casting is considered a 
fundamental solution to the problems involved in conventional 
die casting of liquid metal. However, it also has some 
disadvantages.

The first disadvantage is the risk of underfill due to the reduced 
fluidity caused by pouring a high-viscosity fluid into a mold.

AL-Si binary state diagramFigure 3

図 3.AL-Siの２元状態図
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The second disadvantage is the challenges associated with 
the material characteristics of ADC12 when applied to die casting.

As shown in the state diagram in Figure 3, ADC12 has 
a smaller temperature range where the material can exist in 
a solid-liquid coexistence state compared to AC4CH. This 
makes it more difficult to control the temperature and produce 
a semi-solid metal slurry.

Additionally, as shown in Figure 4, ADC12 and AC4CH 
exhibit different coagulation patterns. AC4CH coagulates 
uniformly in a gruel-like state, while ADC12 coagulates from the 
peripheral sections, where the temperature decreases faster 
than in other areas. This can lead to an uneven solid phase 
ratio within the slurry and result in segregation. Therefore, 
although ADC12 is low in cost and high in strength, it has been 
considered a material that is difficult to use for producing high-
quality semi-solid slurry with a uniform solid phase.

3. Producing the Semi-Solid Slurry of ADC12 Alloy

In the production of the ADC12 alloy slurry, molten metal is 
poured into a container, which is mechanically vibrated at a 
temperature lower than that of the molten metal. The metal is 
then cooled while being circulated by convection, reaching a 
solid-liquid coexistence state.

When molten metal is cooled, a solid phase precipitates 
on the surface of the container, which is at a lower temperature 
than that of the molten metal.

A conceptual image of this process is shown in Figure 5. 
Conventionally, AC4CH slurry has been produced by 

causing molten metal to flow in a rotational direction, such as 
with electromagnetic stirring, which disperses and refines the 
solid phase that precipitates on the surface of the container. 
However, this method cannot produce a favorable ADC12 
slurry, as a hard initial solidifying shell forms on the contact 
surface between the ADC12 and the container.

Therefore, to obtain a favorable ADC12 slurry, a strong 
stirring force through mechanical vibration is applied to 
the molten metal, which separates the solid phase from the 
surface of the container.

Figure 6 shows a conceptual image of a mechanical 
vibration device used to produce ADC12 slurry.

The device enhances the dispersion and refinement of 
the solid phase through convection, thereby equalizing the 
solid phase. In this way, a method has been established for 
producing high-quality slurry through the optimal application 
of mechanical vibration.

Figure 7 shows the effect of the slurry production method 
using mechanical vibration.

When no vibration was applied, a coarse structure 

粥状凝固イメージ（AC4CH合金）

表皮形成型凝固イメージ（ADC12合金）

図4合金違いによる凝固イメージ
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図6.機械振動装置イメージ図
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Conceptual image of slurry productionFigure 5
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device

Figure 6
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growing into a dendrite-like form was observed. In contrast, 
when vibration was applied, the structure was refined and 
a favorable semi-solid slurry was obtainable in terms of the 
smallness of the mean particle size and the mean circularity 
of solid phase particles, which were considered to be ideal for 
maintaining the features of raw materials.

Additionally, the method was able to produce a slurry with 
uniform hardness from its surface to its interior, allowing it to 
be easily cut with a metal spatula. The cut section was smooth 
and clean (see Figure 8).

4. Challenges in Maintaining the Fluidity of the Slurry

Using a mold capable of producing a spiral test piece for 
evaluating flow lengths, the influence of shear stress on 
flow length was evaluated by varying gate thicknesses and 
injection speeds.

Using the spiral test piece shown in Figure 9, the relation 
between gate thickness and flow length was evaluated, as 
shown in Figure 10.

The flow length of ADC12 in a semi-solid state tends to 
increase as the gate thickness is reduced.

In the case of a gate thickness of 4.0 mm, the flow length 
was considered to have increased due to the decrease in flow 
resistance.

Next, the parameters used in the flow length test were 
reorganized using the following equations:

Shear rate: γ = 6Q / (BH²) = 6V / H
(�where γ is the shear rate, V is the gate speed, Q is the 
volume flow rate, B is the gate width, and H is the gate 

thickness), and
Shear stress: τ ＝ γ･η
where η is the apparent viscosity.
The shear rate increases as the gate width and thickness 

are reduced. Additionally, the shear rate increases as the gate 
speed is increased.

Figure 11 shows the reorganized relation between the 
calculated shear rates and flow lengths.
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Relation between shear rates and flow lengthsFigure 11

In a semi-solid state, the flow length is enhanced when the 
shear rate is increased above a certain amount. This suggests 
that the slurry fluidity improves due to the reduction in slurry 
viscosity when the shear rate at the gate is increased, causing 
the slurry to experience greater shear stress.

Accordingly, it was confirmed that applying a certain level 
of shear rate allows a flow length similar to that of the liquid 
phase to be maintained.

5. Dimensional Accuracy and Mechanical Properties

The influence of phase differences on dimensional accuracy 

ゲート厚さ

断面A-A

ゲート幅

AA

Gate width

Cross-section A-A

Gate thickness

Observation of the structure of ADC12 alloy 
slurry

Figure 7

Relation between gate thickness and flow lengthFigure 10

Spiral test pieceFigure 9

Observation of cutting ADC12 alloy slurryFigure 8
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23:固相粒子
24:液相部分 平均粒径：66.3μm

平均円形度＊：2.84

23 24振動無し 振動有り

＊円形度：真円の場合が1で小さいほど真円に近い

R = 1 R = 1.16 R = 3.41R = 1.98R = 1.56

参考：

A:固相粒子面積、L:固相粒子周囲長

図7. ADC12合金の金属スラリーの組織観察

Without vibration With vibration

23: Solid phase particles 24: Liquid phase portion Average particle size: 66.3 µm
Average circularity*: 2.84

 

 
 
 

図図 合合金金違違いいにによよるる凝凝固固イイメメーージジ

溶融金属が冷却されると 温度の低い容器表面から固相が

析出する

そのイメージを図 に示す

図図 ススララリリーー生生成成イイメメーージジ

従来の では電磁撹拌のような回転方向の流動を与え

て 容器表面から析出する固相を分散 微細化させてスラリー

を得るが では容器との接触面に硬い初期凝固殻が生成

され良好なスラリーが得られない

そこで 今回 で良好なスラリーを得る方法として 機

械振動を加えることで 強い撹拌力を与えることにより固相

を容器表面から遊離させた

その装置のイメージ図を図 に示す

図図 機機械械振振動動装装置置イイメメーージジ図図

これにより 対流による固相の分散と微細化を促進し固相

が均一となる 最適な機械振動を付与することで 良質なスラ

リーを生成する方法を確立した

この機械振動によるスラリー生成方法の効果を図 に示す

振動無しの状態ではデンドライト状に成長した粗大な組織

が観察されるのに対し 振動ありの状態においては 組織が微

細化されており 粗形材の素性を低下させないために望まし

いとされる固相粒子の平均粒径は小さく 平均円形度も小さ

いセミソリッドスラリーを得ることが可能となった

図図 合合金金のの金金属属ススララリリーーのの組組織織観観察察

またそのスラリーは金属ヘラで簡単に切れ スラリー表面

から内部まで均一な硬さで カット断面は滑らかできれいな

スラリーを生成することが可能となった （図 ）

図図 合合金金属属ススララリリーーののカカッットト観観察察

．．ススララリリーーのの流流動動性性確確保保のの課課題題ににつついいてて

渦巻状テストピースが得られる流動長評価用の金型を用い

て ゲート厚さや射出速度を可変させることでせん断応力が

流動長へ与える影響を評価した

図 ゲート厚さと流動長の関係

Gate thickness (mm)

0.1 m/s, 37 MPa, liquid phase

Legend: Injection speed, injection pressure in order
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applying a mold release agent to the container, producing slurry 
through vibration, and performing other processes.

In this way, establishing a common line has contributed to 
a reduction in investment and allowed production facilities to 
be effectively utilized according to production loads, thereby 
reducing costs.

7. Effects of the Development

Lastly, the effects of the development are summarized, as 
shown in Figures 15 and 16.

The first effect is the improvement of internal quality. Semi-
solid die casting can reduce the void ratio to one-tenth of that 
in liquid-phase die casting. It was confirmed that semi-solid die 
casting helps reduce porosity, an internal defect, by preventing 
air entrapment and shrinkage, which are key characteristics of 

was evaluated by comparing the products shown in Figure 12, 
which were produced through liquid-phase and semi-solid die 
casting.

 
液相とセミソリッドの寸法精度比較

A

基準面
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○・・・測定ポイント

抜き勾配：１．７５°

図12.液相とセミソリッドの寸法精度比較
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Figure 12

The product produced through semi-solid die casting 
exhibited reduced dimensional variation compared to the 
product produced through liquid-phase die casting. This 
suggests that the smaller shrinkage rate in semi-solid die 
casting, compared to liquid-phase die casting, contributed to 
the improvement in dimensional reproducibility.

Next, mechanical property tests were conducted using 
test pieces (φ10) produced through liquid-phase and semi-
solid die casting. The results of the comparative evaluation of 
the mechanical properties are shown in Figure 13.
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図13.液相とセミソリッドの機械的特性
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The test piece produced through semi-solid die casting 
exhibited improved elongation compared to the one produced 
through liquid-phase die casting, with equivalent properties for 
the other test parameters. This suggests that the application 
of vibration contributed to a more uniform refinement of the 
structure, resulting in less segregation and, consequently, 
reduced variation and improved stability.

6. Establishing a Common Line for Liquid-Phase and Semi-Solid Die Casting

Figure 14 shows the common line established by Aisan 
Industry for both liquid-phase and semi-solid die casting.

The area surrounded by dotted lines represents the 
existing die casting line, while the area surrounded by solid lines 
represents the process line exclusively for producing semi-solid 
slurry. In semi-solid die casting, the exclusive process line is fully 
automated, with robotic transport used for cooling the container, 
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図15.内部品質の向上
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this casting method.
The second effect is the facilitation of downsizing. Semi-

solid die casting achieves approximately 40% reduction in 
weight compared to conventional forged components by 
ensuring fluidity and achieving near-net-shape production, 
similar to products made through liquid-phase die casting.

The third effect is cost reduction. Establishing a common 
line for liquid-phase and semi-solid die casting using ADC12 has 
reduced production costs by approximately 80% compared to 
forging. Additionally, using ADC12 can eliminate the need for T6 
treatment, thereby contributing to a reduction in CO2 emissions.

8. Conclusion and Future Actions

This development achieved the successful production of a 
semi-solid slurry of an alloy like ADC12, with a composition 
close to the eutectic point, which has been considered difficult. 
The developed technology for producing semi-solid slurry is 
now available for most alloys.

By using this technique and receiving significant 
cooperation from the individuals involved, we have achieved 
mass production of the second-generation hydrogen delivery 
assembly for FCVs (see Figure 17).

 

トヨタ自動車・ミライに搭載

空気 水素
タンク

燃料電池スタック
[2H2+O2=2H2O+4e-]

モータ バッテリー

(O2) 水
(H2O)

デリバリASSYDelivery assembly

Air

Battery

Hydrogen 
tank

Motor

Installed in Toyota Motor 
Corporation’s “Mirai”

Oxygen 
(O₂)

Water 
(H₂O)

Hydrogen
 (H₂)

Electricity (e-)

Fuel cell stack

Hydrogen delivery assembly for fcvsFigure 17

This research was conducted as part of the “Aichi Priority 
Research Project” initiated by Aichi Prefecture. We would 
like to express our profound gratitude to Kenji Miwa, a former 
staff member of the National Institute of Advanced Industrial 
Science and Technology (AIST), and Yuichiro Murakami, a 
staff member of AIST, for their cooperation in the project.
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01
Motor controller

Motor controllers are essential products 
that support the entire mobility powertrain. 
They enable efficient driving by precisely 
controlling the current and frequency 
suppl ied to the motor according to 
driving conditions. This reduces mobility’s 
acceleration and deceleration, as well as 
battery consumption.

Circuit board required for motor 
control

Software

Initiatives

Motor Controller for Small Mobility

Tomoya Tanaka, Ryo Kojima, Yoshihiko Kawasaki, Yasuo Hosokawa, Shigemichi Ujiie

Precise control maximizes the potential of electric mobility!

We are committed to technological development to make 
electric mobility more comfortable and efficient. Motors that 
power electric mobility do not move as intended just by 
drawing current from the battery. This is where the “motor 
controller” comes into play! It finely adjusts the current and 
frequency according to driving conditions—ensuring a 
smooth ride and fulfilling the user’s intentions.

Aisan Industry has spent many years cultivating control 
technologies for engines and hybrid vehicles. Leveraging this 
experience, we develop hardware and software, as well as 
propose systems that perfectly match our customers’ needs.

In addition, simulation technology is used to ensure 
lean designs and high-quality manufacturing processes. We 

continue to make fine adjustments even after installation in 
vehicles to ensure optimal performance.

This technology reduces vehicle shaking when starting 
or driving at low speeds and prevents the vehicle from rolling 
backward when starting on a slope. We will continue to 
support the evolution of safe and comfortable mobility, taking 
on the challenge of creating new value!

Highlights of 
Achievements

VCU

Battery

Motor

Current

Motor controller

Software

Driving commands 
(accelerator, brakes, etc.)

Controls 
current
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Noise simulation

Thermal fluid analysis

02
V-shaped model process

03
Simulation

Leveraging our many years of experience in engine 
and hybrid control development enables us to 
proceed with development systematically, according 
to process, and ensure high quality.

We have shortened schedules and reduced 
prototyping costs by utilizing simulation 
in the design process to promote efficient 
development without rework.

M
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Before control change

Target rotation speed

After control change

Starting
Time

M
o

to
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Starting
Time

After control change

Before control change

Rollback
(insufficient torque)

Preventing rollback
(sufficient torque)

04
Motor control development

Our control  technology and vehicle 
expertise, cultivated through body and 
torque control during hill starts, enable 
performance levels that meet mobility 
requirements.

Temperature distribution Cross-sectional temperature

Cross-sectional velocity

Results 
(Problem Solving)

Achievements

■ Reduced shaking when starting to achieve a more comfortable ride.

■ �Prevented backward movement when starting on slopes, improving 
safety.

■ �We aim to promote the adoption of electric mobility further by continuing 
to pursue improvements and cost reductions.

Smooth starting Safety on uphill roads

Item integration and testing

Integration testing

Unit testing

Static testingDetailed design

Unit design

Requirements specification

System design
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01
Rectangular shape

We have adopted a rectangular shape 
that offers high strength and durability 
while remaining lightweight to meet our 
customers’ in-vehicle needs.

Case

Battery pack Battery control Battery module Bundling battery cells Battery cells Charging section

High-strength aluminum deep drawing

- Strength and durability: ±10% plate thickness 
tolerance on each of the �ve sides

- Cost reduction through thinning and reducing 
material yield

<Function and needs>

W:308, D:40, H:100

Development model Battery case for BEV

Initiatives

Deep Drawing Technology Development 
for BEV Battery Cases

Masayuki Tsukamoto, Keisuke Wakasugi

Establishing a high-quality, thin-wall pressing method 
improves battery quality and reduces costs

As interest in environmental issues grows, the shift toward 
electric vehicles (EVs) is gaining momentum. In response, 
Aisan has developed manufacturing methods for lithium-
ion battery cases for battery electric vehicles (BEVs). While 
battery cases are usually cylindrical or rectangular, we have 
successfully developed a rectangular case (01) that is strong, 
durable, and lightweight to meet the specific needs of our 
customers’ in-vehicle applications. We achieved this by 
forming a single aluminum alloy sheet into the desired shape 
using deep drawing press technology (02).

In addition to applying simple deep drawing on sheet 
metal, the technology used to manufacture rectangular cans 
requires corner bending processing to form right angles. 
Furthermore, to ensure strength and durability, each side of 
the can requires a different sheet metal thickness. In response 

to rising aluminum prices, it was necessary to create these 
shapes and ensure a high yield rate (the ratio of finished 
products to raw materials input) for aluminum.

To address these issues, Aisan introduced the “ironing 
press method,” which utilizes the material’s characteristics. 
Unlike conventional method that gradually deep draw the 
sheet material in multiple processes (if drawn all at once, it 
will crack and the desired shape cannot be achieved), our 
pressing method (03) reduces the number of processes and 
improves material yield. Furthermore, we pursued the optimal 
number of processes (03+) by incorporating a process 
design that suppresses cracking, as well as press tryout and 
CAE* analysis.

Highlights of 
Achievements

*Computer-aided engineering: design support using computers
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2023 2024 2025 2030

Conventional 
technology High deep drawing

pressing technology

Innovative
technology

Conventional
technology

Next-generation
technology

Cost reduction
of 15%

or greater

Battery
capacity
+4%* Next manufacturing

method under
development

Technological 
evolution

*Aisanʼs estimate based on thinning

03
Ironing press method

We have introduced the “ironing press method” 
among deep drawing press methods that utilize the 
fact that the elongation rate of materials increases 
when they are stretched while compressive force is 
applied in the direction of the high plate thickness. 
Unlike conventional methods that deep draw the 
plate material gradually in multiple processes (if 
drawn all at once, it will crack and the desired shape 
cannot be achieved), this method has reduced the 
number of processes and improved material yield.

Reducing the number of processes 
too much (i.e., increasing the amount 
of deformation per process) 
can cause cracking

Identified stresses that do not cause 
cracking through CAE analysis

A single aluminum alloy 
sheet is formed into a 
rectangular shape through 
deep drawing press.

High-strength aluminum sheet → Manufacturing through multiple processes (molds) → Rectangular can

Offcuts → waste material

[ Conventional: deep drawing while 
pressing down the workpiece ] [ Development: applying 

ironing force and stretch]

Less scrap means an improved 
yield and fewer processes  

!"#

PUNCH
DIE

Wrincle holder Scrap

Work piece

!"# PUNCHDIE

Work piece
Ironing

Reducing the gap between the die and punch increases 
ironing force, which results in a large change in plate 
thickness.  

Presser

【従来：ワークを押さえながら絞る】 【開発：しごき力を加え引き伸ばす】

スクラップ小＝歩留まり向上＋工程数削減

!"#

PUNCH
DIE

Wrincle holder Scrap

Work piece

!"# PUNCHDIE

Work piece
しごき

ﾀﾞｲとﾊﾟﾝﾁとのｽｷﾏを減らす＝しごき力≒板厚変化大

押さえ

〔コスト〕
▲15.35円/個

〔省エネ〕
▲143.27t-CO2t/年

【従来：ワークを押さえながら絞る】 【開発：しごき力を加え引き伸ばす】

スクラップ小＝歩留まり向上＋工程数削減

!"#

PUNCH
DIE

Wrincle holder Scrap

Work piece

!"# PUNCHDIE

Work piece
しごき

ﾀﾞｲとﾊﾟﾝﾁとのｽｷﾏを減らす＝しごき力≒板厚変化大

押さえ

〔コスト〕
▲15.35円/個

〔省エネ〕
▲143.27t-CO2t/年

02
Deep drawing press

In order to improve material yield

Cracking Reduced stress concentration at corners

After 
improvement

Successfully determined the process (mold) that 
suppresses cracking.

03+
Pursuing the optimal number 
of processes
We determined the optimal number of 
processes by incorporating a process 
design that suppressed cracking, as well as 
press tryout and CAE analysis.

Key points in pursuing MONOZUKURI

◎ Waste reduction:
   high material yield (more than 80%) 

◎ Reduction in number of processes

Reduction 
measures

Results
(Problem Solving)

Future Developments

■ �Contributed to increasing battery capacity and reducing costs 
(expected cost reduction of 5%).

■ �Saved energy through reduction in the number of processes 
(expected reduction of 140 tons of CO₂ per year).

■ �Achieved development that ensures high quality, along with 
safety and durability.

■ �Currently promoting initiatives with a view to mass production.

■ �We are developing a new manufacturing method that will increase 
battery capacity as well as reduce costs by more than 15%, allowing us 
to make further improvements.
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No10A

Confidential
関係者外秘

Aisan‘s own definition of “Software First” 

Establishment of a special task team
( for the purpose of human resource development)

⑴ Defining the Ideal goal for Engineers

⑵ Extraction of required skills and skill achievement goals

Goals after 3 years

⑶Determine evaluation methods and criteria

In-vehicle software platform
In-vehicle service provision platform

Image
Processing

Speech
Recognition cockpit

In-vehicle software

Vehicle 
Electronics

Cloud (AWS, etc.) data center

Service Platform

Various
AI analyzes

Autonomous
Driving Support

OTA
Distribution Center

Service Software

Clarification of 
business 
strategy 

Establishment 
of promotion 
organization 

Annual Goals

⑷ Deciding on the training method

Technical Basics TrainingPractical Development via OJT

SWF100

⑸ Development of the training curriculum

01
Established Skill Development Goals and 
Methods Aligned with the Ideal Engineer 
Profile

In the planning phase, we first defined the ideal goal for 
engineers, the skill achievement goals for the next three 
years, the evaluation methods, and the development of the 
training curriculum. We defined the talent profile as “talent 
with the skills to independently develop in-vehicle systems,” 
based on the technologies in which Aisan Industry has 
traditionally excelled, plus software skills.

Initiatives

Developing Software Engineers  
for Vehicle Electrification

Electric System Development Department

Reskill Internal Talent to Drive the Future of  
the Automotive Industry!

Software engineers are essential for developing electric 
systems, the key to achieving carbon neutrality. However, 
Aisan has an extreme shortage of software engineers. We 
have primarily manufactured mechanical parts for engines, 
so we are not well-positioned to fill this need. There is also a 
shortage of talent in the industry as a whole, which has made 
it difficult to secure talent.

Therefore, in FY2022, we launched the “Software First 
100 Project”(SWF100) with the goal of developing 100 
software engineers over three years. We reskilled young and 
mid-career employees seeking to transition into software 
engineering, and provided training for new hires entering 
software development roles.

First, we formed a special task team for implementing 
development curriculums. We started by defining the type 
of talent Aisan sought. Then, we define the ideal goal for 

engineers, Talent Development Policy, goals, and methods. 
As we implemented the Talent Development  curriculums, 
curriculums, we continuously refined our methods to 
enhance their effectiveness. 

The development policy, outlined in section 01, involved 
making the skill acquisition status visible, selecting relevant 
topics, and providing guidance that considered the skill 
areas needing improvement and each individual’s aptitude. 
By the final year of the program, the participants had grown 
to the point where they could contribute to the development 
of actual products under a leader’s guidance. The three-year 
program ended in FY2024. We achieved nearly all of our 
goals in terms of participant numbers and skill levels. Going 
forward, we plan to focus on strengthening our organizational 
capabilities and cultivating leaders.

Highlights of Achievements
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03
Development Status Monitoring and 
Timely Follow-Up

Member evaluations are visualized based on 
predefined criteria, and follow-ups are conducted 
according to individual aptitude.
The criteria are applied by expanding the industry 
standard ETSS (Embedded Technology Skill 
Standards).

Build real-world development skills 
through on-the-job training

To develop self-reliant engineers over a three-year 
period, we set annual goals for each year

【Measures】
●Investing in software 
 talent development
●Collaboration with 

external organizations
●Proactive mid-career 

recruitment

Development of around 
100 high-potential 
software engineers

＋15~20
people

FY22 FY23 FY24

(peaple)

1st
year

2nd
year

3rd
year

The core functions and added 
value of EV’s are shifting 

toward software project

skill

Foundational

Applied

Practical

High

Moderate
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through on-the-job training

To develop self-reliant engineers over a three-year 
period, we set annual goals for each year
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1st season
Elemental Technology 

Development

2nd season
Real Theme Development

3rd season
Mass production 

preparation

4th season
Mass production 

preparation

5th season
Mass production 

preparation

2022/07-12 2023/01-06 2023/07-12 2024/01-09 2024/10-03

CN Device Control

E

Drive Control

Power Conversion
Power Control

Power supply
Power management

common
PF

Communication PF

Control PF

CAS
Autonomous Driving

Service
OUT-CAR

Real product 
development

Motor
inverter

DC-DC
converter

BMS
charger

Autonomous Driving

第１クール
要素技術開発

第２クール
リアルテーマ開発

第３クール
量産対応準備

第4クール
量産対応準備

第５クール
量産対応準備

2022/07-12 2023/01-06 2023/07-12 2024/01-09 2024/10-03

CN 機器制御

E

駆動制御

電力変換
電力制御

電力供給
電源管理

共通
PF

通信PF

制御PF

CAS
自動運転

サービス
OUT-CAR

仮想テーマ
要素技術開発

実製品テーマ
機能開発

モーター
インバータ

DCDC
コンバータ

BMS
充電器

自律走行

Virtual product 
development
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Personal Record of Skill Evaluation Results

02
Driving Practical Skill Development 
Through a Hands-On, OJT-Focused 
Curriculum

The development curriculum focused on on-the-
job training (OJT) to quickly develop practical 
skills. Basic skills required for OJT are acquired 
through a three-month basic development of 
the training curriculum conducted prior to OJT. 
Development themes are set based on the 
business strategy roadmap. Each team advances 
development under the guidance of a project 
leader in accordance with the Aisan development 
process. Participants aim to enhance their skills 
by repeatedly experiencing development cycles 
called “season” every six to nine months.

■ �We will improve our capabilities to respond to new demands, such as 
increased development of mass production and in-vehicle security, as 
well as environmental changes, such as SDV and generative AI.

■ �Our key activities will focus on strengthening our talent (Development of Project 
Managers and Technical Experts, etc.) and our organization (High-quality 
development processes, management system utilization, etc.). Additionally, we will 
also accelerate the development of electrified products as a new project.

■ �In three years, nearly all of the reskilled members advanced to the 
intermediate level they were aiming for.

■ �From the second half of FY2022 onward, they participated in multiple 
actual product development themes.

■ �Completed construction of a basics training and OJT curriculum system.

Results

Future Measures
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01
Development method using MBD

Using MBD makes it possible to use simulation in the 
early stages of design, implement small PDCA cycles, 
and build quality in the virtual world.

<Conventional development> <MBD>

Customer
 requirements

Product planning

Product design

Prototyping

Product evaluation

System evaluation

Vehicle evaluation

Design Evaluation

Significant 
rework

Design Evaluation

Customer 
requirements or

Requirements review

Product design

Prototyping

Product evaluation

System evaluation

Vehicle evaluation
Fewer reworks

Product planning

Shortened 
development period

※引用︓経済産業省「自動車新時代戦略会議（第1回）資料」を愛三工業に合せた形に変更

Development with an emphasis on design
(Uses simulation to build quality into the design at early stages)

Development with an emphasis on evaluation
(Identifies problems through evaluation and takes measures 

that will cost man-hours and money)

No11

* �Excerpt: Modified from the Ministry of Economy, Trade and Industry’s “strategic committee for the new era of automobiles (first meeting) materials” to align with Aisan Industry

Key Points of 
Development

We worked on MBD (model-based development) to 
develop and verify models on computers. However, since 
each department worked on MBD separately, there were 
drawbacks, such as the duplication of model development. 
From 2020 to 2021, we conducted activities to standardize 
MBD and create a system that would allow models to be 
utilized as assets by the entire engineering department.

This was driven by the rapid changes in the automotive 
industry environment, such as CASE. To accelerate our 
response to electrification (E), one of the CASE elements, 
we strengthened our development capabilities and aimed to 
achieve mass production of electrified products at an early 
stage.

In order to develop internal combustion engine (engine-
related) products while also developing electrified products, 
it is essential to improve design efficiency and development 
speed. Therefore, we promoted the use of MBD within the 
company to reduce rework and improve development speed. 
The issue of duplicated model development was resolved by 
creating a cloud-based storage location (model library) and 
standardizing the specifications (instruction manuals) format. 
This has achieved visibility of the model list. Additionally, 
establishing rules for model construction, such as naming 
conventions, has made interdepartmental reuse of models 
easier and resulted in numerous achievements.

Accelerated development by leveraging MBD! 
Enhanced development capabilities achieved

Takahiro Nakamura, Yusei Noguchi  

MBD Promotion Through 
Model Libraries

Initiatives

Aiming to accelerate development using MBD
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・ノウハウ集(個人の知見を集約)
・保有ソフト情報
・操作マニュアル
・問い合わせフォーム
・ソフト予約

MBDサイト(クラウド)

モデルライブラリ その他成果物

モデル構築ルール

- �Know-how collection (compilation of 
individual knowledge)

- Information on owned software
- Operation manual
- Inquiry form
- Software reservation

MBD website (cloud)
Model construction rules

Other deliverablesModel library

03
MBD website

Through technical skills development, we 
are promoting the company-wide adoption 
of MBD. We have also built and operate 
an MBD website that aggregates all MBD-
related information in the cloud.

© AISAN INDUSTRY CO., LTD. All Rights Reserved.
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Granularity: Degree of reproduction 
of actual machine

Granularity
C

Granularity
B

Granularity
C

Granularity

Motor

Battery

Control

Low High

⇒

モデルの保存場所(モデルライブラリ) モデル仕様書(取説)
など

Model details

Throttle body 
model

︓Software A

︓Software B
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Granularity: Degree of reproduction 
of actual machine

Granularity
C

Granularity
B

Granularity
C

Granularity

Motor

Battery

Control

Low High

⇒

モデルの保存場所(モデルライブラリ) モデル仕様書(取説)
など

Model details

Throttle body 
model

︓Software A

︓Software B

02
Visualization of the 
development list

We created a model library that emphasizes 
ease of viewing and searching, as well as 
model specifications that can be used to 
record necessary information. This made it 
easy to visualize the developed models. We 
also reduced man-hours by utilizing similar 
models.

Listed by product, granularity, and software used
⇒ Emphasizes ease of viewing and searching

Model information (input/output, calculation details, granularity), etc.

<Model storage location (model library)>

<Model specifications (instruction manuals)>

<�Confirmation of the effectiveness of 
promoting MBD>

© AISAN INDUSTRY CO., LTD. All Rights Reserved.
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MBDサイト
運用開始

Website visit

’21/10～12 ’22/1～3 ’22/4～6 ’22/7～9

’21/10～12 ’22/1～3 ’22/4～6 ’22/7～9

ーNumber of MBD users

Start of MBD website operation Present

ーNumber of MBD website visitors

Number of MBD users

Start of MBD website operation

Present

- The number of website visitors has remained constant 
(approximately 30% of the technical department per month)

- The number of MBD users has increased

Results
(Problem Solving)

Future Developments

■ �Created a model library to avoid duplication in development.

■ �Established model construction rules to enable the construction of 
standardized, easy-to-reuse models.

■ �Increased the number of MBD users by providing basic technical skills.

■ �We will further enhance our model library to strengthen our development 
capabilities.
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01
Two issues and countermeasures

There were two major issues, one of which was that coil 
specifications (wire diameter, etc.) and magnetic circuit shape 
were examined separately, often resulting in repeated rework.

ＶＩＳＩＯＮ 2030 この手で笑顔の未来を 14/39

2. 背景

ソレノイドを用いたアクチュエータ
電流によりストロークを制御し、流量調整を行う

Upstream

Downstream

コイル

バルブ

シート（非磁性）

Fluid flow

Spring load

Electromagnetic
attractive force

Fluid force

狙いの特性

流量

電流
開弁電流

要求流量

最大電流

流量制御のために線
形性が求められる

Coil

Valve

Seat 
(non-magnetic)

ＶＩＳＩＯＮ 2030 この手で笑顔の未来を 16/39

Issue 2Issue 1

Transient loads were not 
formulated, making it impossible to 
predict performance until actual 
measurements are taken

Separately examining “coil 
specifications” and “magnetic 
circuit shape” resulted in failure to 
achieve optimal design for the 
product as a whole

Coupling JMAG with 1D-CAE

⇒Building a model to calculate transient 
loads to ensure analytical accuracy 
that can be used for evaluation

Coupling JMAG with design 
exploration software
⇒ Optimizing the design of the 

entire product by simultaneously 
exploring “coil specifications” and 
“magnetic circuit shape”

Implemented 
measures

JMAGを中心に連成手法を用い、課題解決のために対策を実施

2. 背景

No12

<Solving issues using JMAG><LSV>
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Solenoid Valve Development Through 
Coupled Analysis

Takahiro Nakamura, Hiroki Kobayashi  

A significant reduction in design period is achieved through the coupling of electromagnetic 
field analysis software with design exploration software or 1D-CAE software

There is a growing global movement toward carbon neutrality, 
which aims to offset greenhouse gas emissions and achieve 
a net-zero total, as well as toward a decarbonized society. 
In addition to renewable energy sources, such as solar and 
wind power, hydrogen is receiving considerable attention as 
an alternative to fossil fuels.

Since the mid-1990s, Aisan has been working on 
hydrogen-based products, some of which have been 
adopted by the “MIRAI,” a car that does not emit carbon 
dioxide and is attracting attention as the ultimate eco-friendly 
vehicle. We have now taken on the challenge of developing a 
new linear solenoid valve (LSV) to expand our line of products 
for fuel cell vehicles (FCVs).

The LSV is a device that adjusts fluid flow using an 

electric current. However, it often needs to be examined 
repeatedly during the magnetic circuit design process, which 
has made developing it challenging. To address this issue, 
we used a coupling method based on JMAG electromagnetic 
field analysis software. We automated the optimal design of 
the entire product by examining its shape through coupling 
with design exploration software. We also developed an 
analysis method that evaluates responsiveness by coupling 
it with 1D-CAE*. These two new design methods reduced 
the design period by 68% and achieved a 20% reduction in 
product size.

We intend to systematize the construction techniques for 
design methods cultivated through this challenge and apply 
them to new challenges.

Highlights of 
Achievements

*Design support concepts, methods, and tools that are applicable from the upstream stage

AISAN TECHNICAL JOURNAL 2025 No.845
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Electrical circuit model

Calculates “electromagnetic 
attractive force” and 
“translational motion”

MATLAB & 
Simulink

（JMAG-RT）

Simcenter
Amesim

Model overview
・Electrical system

・Electromagnetic 
attractive force

・Valve movement

RT block

Model overview
・Fluid system

・Loads other than 
attractive force 
(including fluid force)

Calculates using RT block

Fluid force

Loads other than 
electromagnetic 
attractive force

From MATLAB

To Amesim

To MATLAB

From Amesim

02
Coupling with design exploration software

The design exploration software determines the shape 
dimensions, which are then transferred to JMAG. 
The analysis model is automatically generated using 
the Shape Editor function. Using design exploration 
reduced the magnetic circuit design period by 89%.

03
Coupling with 1D-CAE

We conducted a response evaluation based on the 
shapes obtained in 02 (coupling JMAG with design 
exploration software). The model was created 
using 1D-CAE to analyze three physical domains: 
electrical, fluid, and translational motion systems.

ＶＩＳＩＯＮ この手で笑顔の未来を 6/39

〇Requirements 
sorting: 5 days

〇Flow path 
design: 5 days

〇Magnetic circuit design:

Conventional development flow

90 days

New development flow

240

9090

340 days
total

110 days
total

68%
reduction

〇Magnetic circuit design:
10 days

〇Prototype evaluation:
80 days × 3 times 

= 240 days
 

10 days + 80 days × 1 time 

= 90 days 
Analysis before prototyping

〇Prototype evaluation:

Requirements sorting

Flow path design

Magnetic circuit design

Prototype evaluation
Conventional New
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Parameters to be examined 
determined

Magnetic circuit shape 
determined

Area where coil can 
be wound 
determined

Coil wire diameter 
determined

Number of turns
determined

Amount of coil wire
used determined

Coil resistance
determined

Area where 
coil can be 
wound

φ

Simultaneous examination of 
“coil specifications” and 
“magnetic circuit shape” enabled

Area where coil can be wound

<�Calculation of coil  
specifications>

<Design exploration model>
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Tank

P

Pressure gauge
(secondary pressure)

Q
Release 

to air

Flowmeter

LSV

P

Pressure gauge
(primary pressure)Pressure 

reducing 
valve

Equipment 
pressure reducing 
valve

Test gas: Nitrogen Power 
supply unit A

Ammeter

システムブロック図

Electrical circuit diagram of power supply unit

Calculates transient 
changes in current

Electrical
system

Translational 
motion system

= + + +
：Spring load
：Fluid force
：Electromagnetic 
attractive force
：Other loads

Solves for valve motion

Fluid 
system

Calculates the flow of compressible 
fluid and determines the primary 
and secondary pressures

<System block diagram>
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Parameters to be examined

Objective function
Minimization of total length 
and outermost diameter

Constraint conditions
Evaluation of coil resistance

Constraint conditions
Evaluation of electromagnetic 
attractive force

Transfers information to JMAG 
and calculates electromagnetic 
attractive force
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■ �We will apply the analysis technology that we developed this time to 
other products.

■ �We will continue developing new analysis technologies aiming to further 
improve efficiency.

■ �Built two design methods using JMAG’s coupling technology.
- Shape examination through coupling with design exploration software
- Response evaluation through coupling with 1D-CAE

■ �The optimization of the design of the entire product resulted in a 20% 
reduction in both the overall length and the outermost diameter.

■ �Improved the development flow and reduced the design period by 68% 
(from 340 days to 110 days), as well as development costs by 67%, by 
decreasing the number of times a prototype is made (from three to one).

Results
(Problem Solving)

Future Developments
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ドローンの電力制御 
［シーズ提供元：愛三工業株式会社］ 

活用できる企業 
・ドローン、空飛ぶクルマを製造する企業 

・ドローン、空飛ぶクルマの開発を行う企業 

・フライトコントローラを製造する企業 

・フライトコントローラの開発を行う企業 

技術概要 

① ホバリング飛行時に発電機の出力調整を行い、バッテリの充放電量を制御することで

長時間の安定飛行が可能になる。 

②移動飛行時の消費電力量を減らすことで長時間の飛行が可能になる。 

 

技術の特徴 

① ホバリング飛行時において、バッテリの SOC（充電率）が所定より低い場合、ホバ

リング飛行に必要な最低出力値よりも高い出力で発電して、余剰電力をバッテリに充

電する。SOC が所定より高い場合はホバリング飛行に必要な最低出力値よりも低い

出力で発電して、バッテリと発電機の両方の出力で飛行する。また、SOC の変化量

に応じて、例えば向かい風、追い風などによる飛行時の負荷量を判断して、発電機の

出力調整を行い、省エネ飛行を行う。【出力制御】 

②移動飛行時において、エンジンの駆動により生じる反トルクの作用方向と、機体を傾

ける方向（進行方向）を一致させることで省エネ飛行が見込める。【機体制御】 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       【出力制御】            【機体制御】 

開発の経緯 

長時間飛行を可能とするハイブリッドドローンを開発。 

Output required for 
hovering flight

Output required for 
ascending flight

Engine output during 
hovering flight

Charging the battery

Crankshaft 
rotation direction

Chassis member
tilt direction

Flight direction 
Anti-torque 
action direction

01
Patents related to drone control

<Technical features>
During hovering flight, the drone is driven at a predetermined output 
value. This value is higher than the minimum required for hovering 
flight, but lower than the minimum required for ascending flight. This 
enables long flight times by charging excess power to the battery. 
[Output Control]
During mobile flight, the drone’s tilt direction (traveling direction) is 
aligned with the direction of the anti-torque generated by the engine 
to achieve energy-efficient flight. [Flight Control] 

These patents relate to output and flight control, which enables 
long flight times and energy efficiency.
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開発の経緯 

長時間飛行を可能とするハイブリッドドローンを開発。 
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Output control

Flight control
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Join the Intellectual Property Business 
Matching Projects
Intellectual Property Sect. Corporate Planning Dept.

Licensing drone patents intended to create new value  
and support other businesses

Many new patents are filed every year, but even after 
obtaining the rights, many patents remain unused and 
dormant. In Japan, there are approximately 1.6 million 
patents, half of which are reportedly unused, and these are 
held by large enterprises. The “Intellectual Property Business 
Matching” project connects these unused patents with small 
and medium-sized enterprises and startups to develop 
attractive products and create new businesses. 

We are actively participating in this project from the 
perspective that combining our patents with the ideas and 
technologies of external personnel will lead to the creation of 
new value, and from the perspectives of social contribution 
and enhancing corporate value. We are providing drone-

related patents and designs patents to platforms operated by 
the Ministry of Economy, Trade and Industry (Kansai Bureau 
of Economy, Trade and Industry), Aichi Bank, and Nikkan 
Kogyo Shimbun. Aisan’s drones are hybrid-powertrain and 
utilize engine technology cultivated through the development 
of automotive parts. They feature significantly longer flight 
ranges than electric drones. We plan to publicly disclose the 
drone-related patents of flight control and design patents 
obtained through this drone development as licensable 
patents*,  in the hope that they will support companies 
considering developing or manufacturing drones or flying 
cars.

Key Points of the 
Licensable Patents

*Patents that the applicant intends to license to others through a license agreement, etc.
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The concept is “to give people a sense of reassurance and 
kindness,” and its design features set it apart from typical drones.

<Design patents features>
- Egg-shaped design to convey softness
- Gentle and safe transportation image, as if carrying eggs
- Curved frame design to prevent injury during use
- User-friendly height for easily handling cargo

<Design model examples>

<Examples of potential applications>
Hybrid drones and flying cars, which are powered 
by both engines and batteries. 
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ドドロローーンンののデデザザイインン
［シーズ提供元：愛三工業株式会社］

意意匠匠内内容容

・ドローンの全体デザイン

・ドローンの部分デザイン（本体部分、脚部分、プロペラ支持部分）

意意匠匠のの特特徴徴

・卵を模した形状で柔らかさをイメージ

・卵を運ぶようにやさしく、安全に運ぶイメージ

・フレームを曲線で構成し、使う時に当たっても怪我をしないような形状

・人が荷物を取り扱い易い高さとして人にやさしい

開開発発のの経経緯緯

・人々に安心とやさしさを与えるドローンのデザインを開発。

活活用用ででききるる企企業業
・ドローンを製造する企業

・ドローンの開発を行う企業

  
斜視図 斜視図（開蓋状態）

 
本シーズ集は、ライセンサーの協力の元、近畿経済産業局が管理しています。 

問合せ・連絡先：近畿経済産業局 地域経済部 産業技術課 知的財産室 ℡:06-6966-6016 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

その他関連情報 

 
 

提供・契約条件等 
技術の確立段階：実証試験実施済み 

技術の提供形態：特許権の実施許諾 

ノウハウの提供：別途協議 

ライセンスできない分野：なし 

契約金等：一時金＋ランニングロイヤリティ＋ノウハウ提供料（詳細は別途協議） 

活用が見込める事例 

・機体：エンジン（燃料としてガソリン、軽油、エタノール、LP ガス、天然ガス等）と

バッテリを用いたハイブリッド式のドローン、空飛ぶクルマ。 
 

 

・用途： 

 

 

 

 

 
 

 

・弊社実証機： 

対象の特許 
①特許番号：特許第 7094232 号 

登録日：令和 ４年 ６月２３日 

出願日：平成３１年 １月２２日 

名称：マルチコプタ 

②特許番号：特許第 7229874 号 

登録日：令和 ５年 ２月１７日 

出願日：令和 １年 ７月１２日 

名称：マルチコプタ 

 

項目 スペック 
総離陸重量 34.5Kg 
機体重量 30.5Kg 
エンジン発電機 113cc 
バッテリー 4.5KW 
燃費 370g/KWh 
最大飛行時間 180min 

 

Wide-area 
transportation Power supply

Wide-area
monitoring and 

surveying
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02
Design patents concerning the 
external appearance of the drone

Examples of uses

Perspective view Perspective view (lid open)

Results 
(Problem Solving)

Future Developments

■ �We have listed the patents and design patents as licensable patents 
on the platform of the Ministry of Economy, Trade and Industry (Kinki 
Bureau of Economy, Trade and Industry), Aichi Bank, and Nikkan Kogyo 
Shimbun.

■ �We would like to make this project available on platforms other than the 
ones currently provided.

■ �If there are requests to use the patents, we would like to actively support 
their commercialization.

■ �In the future, we would like to make technologies other than drones 
available as needed.
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Double Eccentric Valve for EGR Systems

1. Overview of the Invention, etc.

Award-Winning Technologies

2. Issues with Conventional Inventions and Development Needs

The present invention is used in automobile engine exhaust 
gas recirculation (EGR) valve systems, where it contributes 
to cleaning the exhaust gas and improving fuel efficiency. 
EGR refers to a system that returns a portion of the exhaust 
gas emitted from the engine back to the intake side for re-
combustion. Originally, EGR was mainly used for exhaust gas 
purification (NOx reduction) in diesel vehicles. However, since 
EGR reduces intake resistance and fuel consumption, it is 
now widely used in gasoline vehicles as well. (Figure 1)

Conventional EGR valves were primarily poppet valves (small 
size, low flow rate, and high sealing). However, as the amount 
of recirculated exhaust gas (EGR rate) increases, fuel efficiency 
and exhaust gas cleanliness improve. Therefore, there has 
recently been a demand for high flow rates of recirculated 
exhaust gas. Various companies have proposed the following 
improvements to achieve high flow rates. (Figure 3)

Compared to conventional EGR valves (Conventional 
product 1 in Figure 2), the present invention nearly doubles 
the recirculation flow rate without enlarging the product. This 
contributes to reducing the weight of automobiles and their 
environmental impact.

Currently, the present invention is produced domestically 
at a rate of approximately 600,000 units per year for domestic 
supply.

■ �Conventional product 1  
(poppet valve)

- �High sealing and miniaturization 
are possible for small flow rates

- �High sealing is possible for large 
flow rates, but larger sizes are 
required

■ �Conventional product 2  
(butterfly valve)

- �Miniaturization and large 
flow rates are possible, 
but maintaining high 
sealing is difficult

To meet the development needs for high flow rates, 
it was difficult to commercialize conventional product 
2, and conventional product 1 required enlargement, 
which would increase its weight.

Valve closed

⇒ As flow rate increases, size also increases

Valve open

図２Exhaust gas recirculation system and EGR valveFigure 1 Relationship between product 
weight and maximum flow 
rate

Figure 2

Conventional technologies and their issuesFigure 3

Engine
EGR valve

IntakeIntake EmissionEmission

Reduces intake 
resistance

Improves fuel 
efficiency

Cleans exhaust gas

CombustionCombustion

Recirculates part of 
the exhaust gas

Lowers combustion 
temperature and 
reduces NOx

Maximum 
flow rate 
(L/min)

EGR valve weight

Invention

Conventional 
product

Approximately 
2 times

Seal section

Rotation 
center

Spring 
force

Spring
Valve openValve closed

⇒ �The sealing section wears out due to the pressure 
exerted by the spring force, which makes maintaining 
the sealing level difficult
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3. Features of the Invention, etc.

The present invention has a structure that achieves high flow 
rates and sealing performance without enlarging the product. 
By shifting the center axes of the shaft and valve left and right 
and up and down (double eccentricity), the product opens 
like a butterfly valve, which excels at high flow rates, and 

In the conventional product 2 butterfly valve (Figure 3, bottom), 
dimensional variations in each component were attempted to 
be absorbed by (1) the floating valve seat structure and (2) the 
pressure applied to the sealing section by the spring. However, 
with this structure, sealing performance is only ensured when 
the valve is new. The contact pressure between the valve body 
and valve seat inevitably increases during opening and closing 
of the valve, causing localized welding, or “galling,” to occur. 
This results in wear of the sealing section, making it impossible 
to maintain a high sealing state. (Figure 5, top)

closes like a poppet valve, which provides excellent sealing 
performance (Claim 1).

Furthermore, since the present invention relates to 
fundamental valve technology, it is expected to have various 
applications.

On the other hand, the double eccentric valve of the 
present invention utilizes (1) the eccentric shaft structure 
and (2) the gap between the shaft and the valve, absorbing 
variations in each component during assembly. Consequently, 
galling does not occur during opening or closing of the valve, 
and the sealing performance remains at the same level as 
when the product is new. (Figure 5, bottom)

Furthermore, when comparing the number of components 
around the valve, there are eight for the conventional product 
2 while there are four for the invention, half as many.

<Feature 1> Balancing conflicting performance requirements

<Feature 2> Excellent durability and a simple structure

High sealing
Closes like a lid, similar to 
a poppet valve, providing 
high sealing performance

High flow rate
Opens like a butterfly 
valve, despite being a 
poppet valve, to ensure a 
wider opening area

Structure and performance of the invention (double eccentric valve)Figure 4

Structural comparison between the invention and conventional technologiesFigure 5

High flow rate

← High sealing Leakage flow rate

New needs

*�Comparison based on 
specifications of the same size

Invention (double eccentric valve)

Conventional product 1 
(poppet valve)

Conventional product 2 
(butterfly valve)
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Before joining the shaft and valve 
(assuming the center of the shaft is shifted to the lower left)

Center of the 
rotating shaft

Joining point

The shaft cannot move in the xy 
direction and cannot be jointed 
as is

Since the axis position cannot be moved, the valve 
and seat are pressed together in order to join them 
(this absorbs positional deviation, but creates 
pressure force)

Galling occurs when opening and closing the 
valve (the sealing part wears out)
⇒�High sealing conditions cannot be 

maintained

The valve can move in the xy direction and can 
therefore be seated in the ideal position relative to 
the seat

The shaft is rotated and moved toward the valve 
side to join them (this absorbs positional deviation)

No galling occurs when opening and closing 
the valve (the sealing part does not wear out)
⇒�High sealing conditions can be 

maintained

When joining When opening and closing

Pressure force is Pressure force is 
generatedgenerated
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FY2020
Aichi Invention Commendation: Aichi Invention Award (Aichi Prefecture 

Invention Association, General Incorporated Association)
Chubu Region Invention Commendation: Invention Encouragement Award 

(Japan Institute of Invention and Innovation, a Public Interest 
Incorporated Association)

FY2022
Chubu Science and Technology Center Commendation: Encouragement 

Prize (presented by the Public Foundation of Chubu Science and 
Technology Center, a Public Interest Incorporated Foundation)

FY2024
Commendation for Science and Technology by the Minister of Education, 

Culture, Sports, Science and Technology: Science and Technology 
Award (Development Category) 
(Ministry of Education, Culture, Sports, Science and Technology)

Award-Winning Achievements
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