
加圧実験システム

図 2 に加圧実験システムの概要を示す。加圧実験

システムは、ヘリウムガスボンベ、圧力計、バッフ

ァータンク、真空ポンプ、銅管、加圧試験ホルダー

部で構成されている。加圧試験ホルダー内には試験

サンプルとして、厚さ 1 mm の GFRP 管に、ひずみ

ゲージ 2 枚を直交させるように貼り付けたもの（以

下、低温試験部）が設置されている。GFRP 管の両端

は真鍮でキャップをしており、その片側に銅管を差

し込み加圧孔としている。また、真鍮キャップには

それぞれセルノックス温度計が埋め込まれており、

付近に温度調節用ヒーターがそれぞれ貼り付けられ

ている。

実験方法

GFRP管でできた低温試験部を液体窒素で冷却し、

ヘリウムガスを用いて加圧してひずみ測定を行った。

低温試験部内と加圧試験ホルダー内を真空にした状

態で温度制御を開始し、温度が安定したところでひ

ずみのゼロ点を取った。加圧は大気圧の状態から

0.40 MPaG まで 0.05 MPa 刻みで行い、それぞれ 6 分

間その圧力を保持した。温度制御には Lake Shore 製

の温度コントローラ 335 型を使用した。また、計測

用ソフトウェアとして、圧力の計測には LabVIEWを、

ひずみ計測には DCS-100A を使用した。 

実験結果と考察

実験で得られた測定値を基に GFRP 管内の圧力と

ひずみの関係のグラフを描くと、いずれの温度にお

いても非常に高い直線性のあるグラフが得られた。

図 3 は、実験結果を基に導出した GFRP 管のヤング

率と温度の関係を示したものである。液体窒素温度

におけるヤング率は 28.90 GPa という結果が得られ

た。これは他の研究(5)において導き出された結果と

近いため、正確性は高いと判断できる。また、金属

等のヤング率は温度によって直線的に変化するため、

それに倣って近似直線を描いた。この直線を外挿す

ると、液体水素温度における GFRP 管のヤング率は

29.84 GPa になると推測される。今後、100 K 以上及

び液体ヘリウム（沸点 4.2 K）までの温度域において

も同様の実験を行い、GFRP 管のヤング率の温度依

存性について詳細に調べていく予定である。 
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図 2 加圧実験システムの概略図 
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図 3 GFRP 管における温度とヤング率の関係 
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1. Introduction 

 

Under multiple conditions in which onboard generators 

operate in parallel, the per-unit load factor of each 

generator tends to decrease and the efficiency also tends 

to deteriorate. This study addresses these issues by 

utilizing an energy storage system (ESS) in an onboard 

grid system. The ESS aims to control the load of 

generators indirectly, which improves the fuel efficiency 

of the generators. When the generator’s load factor is low, 

the ESS is controlled to absorb power to raise the load 

factor and promote high-efficiency operation. When the 

power demand increases temporarily, an additional 

generator starts to supply electricity in ordinal situation. 

However, it is possible to avoid starting a generator by 

discharging power from the ESS, which prevents the 

generators from running under low-load conditions 

caused by parallel running. An original simulation was 

developed to estimate the performance of the ESS in terms 

of the fuel savings. This study addresses why fuel 

consumption can be reduced by the ESS. 

 

2. Onboard grid with ESS 
 

In the simulation, it was assumed that the ESS was 

installed in the AC power system of electric propulsion 

ship A, which had three 750 kW generators(Fig.1). 

The ESS consists of an AFE converter, a chopper, and 

a battery bank connected in series to the AC bus. The AFE 

converter and chopper employ IGBTs with a rated voltage 

of 1700 V, and their rated output is 600 kW. The battery 

bank consists of numerous lithium-ion cells, the 

specifications of which are listed in Table 1. The entire 

battery capacity was approximately 280 kWh. 

 

 

 

End-of-charge voltage [V/cell] 4.2

Nominal voltage [V/cell] 3.5

End-of-discharge voltage[V/cell] 2.8

C-rate 2 

Current capacity [Ah/cell] 10

Internal impedance [Ω/cell] 0.01

 

3. Simulation Methods 
 

The onboard power system including the ESS is 

monitored and controlled by an integrated controller. The 

ESS was charged and discharged so that the load factor of 

the running generators reach close to 80%. When the 

running generator and ESS cannot satisfy the power 

demand, an additional generator is started in an 

appropriate sequence. The characteristics of the fuel 

consumption of the generator were modeled based on the 

measured data of the main generator characteristics at 

Ship A. It calculates the fuel consumption according to the 

load factor. The power losses in the ESS and battery were 

calculated sequentially according to the SOC of the 
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Fig.1 Onboard power system with ESS 
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battery and the requested power on the convereter. The 

energy dissipation of the entire power system was 

calculated every second according to the load conditions, 

which changed over time. 

The electricity demand data measured by Ship A for 23 

days were used in the simulation. The difference between 

the calculated results of the simulation and the observed 

data was sufficiently small to be within the accuracy 

guarantee of the fuel flow meter of Ship A. Therefore, it 

can be concluded that the simulation results were verified. 

 

4． Simulation results and discussion 
 

To evaluate the effectiveness of the ESS, fuel 

consumption was calculated by simulating the actual 

operation without the ESS. The fuel-saving effect of the 

ESS was set as the baseline (Fig. 2). The fuel consumption 

saving rate varies significantly from day to day. 

Figure 3 shows the saving rate for the parallel running 

time of the generators. The time at which the generators 

were running in parallel during the actual operation was 

used as the base value. This shows how long the ESS 

prevents the generator from running. The fuel 

consumption saving rate depends on the saving rate of the 

parallel running time. In other words, the shorter the 

parallel running time of the generators using the ESS, the 

more fuel that can be saved. 

 To clarify this mechanism, the observed data in terms 

of the parallel running time were analyzed (see Fig.4). For 

instance, it shows that the generators operated in parallel 

for the entire day during navigation from 2nd to 4th of Feb. 

2023. Parallel running time was classified into two states. 

One is in a state where the power demand is between 200 

kW and 675 kW (Load Condition Ⅰ), where 675 kW 

corresponds to a 90% load of a generator. Another state 

shows that the power demand was between 675 kW and 

1275 kW (Load Condition Ⅱ), where 1275 kW is the sum 

of the 90% load of the generator and the rated power of 

the converter in the ESS.  

Comparing figures 3 and 4, the longer the time of load 

condition I, the greater is the reduction in the parallel 

running time of the generators. However, if the time of 

load condition I is short like 230202, the parallel running 

time cannot be decreased. 

Looking closely at the data of 170208, the parallel 

running time in load condition Ⅰ is approximately eight 

hours. However, the load factor of the generator reached 

condition Ⅱ for several tens of minutes. Engineers may be 

concerned that the generator load may exceed 675 kW in 

this case. Therefore, they decided to run the two 

generators in parallel although one generator can supply 

sufficient electricity on most days. The ESS can supply  

electricity instantaneously when the power demand 

exceeds the set threshold value. Therefore, engineers may 

not be concerned with generator overload. If they let the 

integrated controller governs the operation of the 

generators and ESS automatically, the parallel running 

time can be reduced, as shown in Fig.3. 
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Ⅰ Between 200 kW and 675 kW Ⅱ Between 675kW and 1275kW

Fig.3 Reduction rate of parallel running time 

Fig.4  Parallel operation time of generators  

by electricity demand zone 

Fig.2 Fuel saving rate 

262


