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Figure 3. Polarisation curve of a single PEMFC.
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Figure 4. Overview of complete fuel cell system.

PEMFC as an AIP System

PMSM as a Submarine Propulsion Motor

A PEMFC produces electrical power from hydrogen and oxygen
based on the chemical reactions on the anode and cathode side:
• Anode: 2 H2 " 4H+ + 4e• Cathode: O2 + 4H+ + 4e- " 2H2O
The potential between hydrogen and oxygen is dependent on temperature and pressure. In practice, each cell has a voltage potential
of around 0.8 V. A fuel cell stack consists of several cells in series to
produce a useful output voltage.
The fuel cell stack has to provide the required power for the submarine during the surveillance phase, when it sails submerged at a
low speed for a long time. The stack is scaled for the required power by varying the number of cells in series and the cell active area.
The implemented PEMFC model is based on the polarisation curve
shown in !gure 3, which gives the relation between current density
and voltage of a single fuel cell. From this !gure, it can be seen that
a fuel cell is more ef!cient in part load, which is the opposite trend
of other, more conventional power suppliers. Therefore, in the selected concepts, a relatively large fuel cell stack is implemented:
the design power is forty per cent of the maximum power. This results in a reduction in fuel consumption.
The PEMFC requires oxygen and hydrogen to operate. On board the
submarine, the oxygen will be stored as liquid oxygen at
-183oC and the hydrogen will be stored at room temperature at a pressure of 700 bars. Both are supplied to the
fuel cell by a pressure regulator. The oxygen has to be
preheated before it can enter the fuel cell, for which
waste heat of the fuel cell is used. The remaining waste
heat has to be transferred to the seawater. For this system, heat exchangers and a cooling water pump are required, as is shown in !gure 4. To have a fair comparison
between the propulsion system concepts without an AIP
system and those with an AIP system, the size and mass
of the hydrogen and oxygen tanks and the auxiliary components are taken into account in the model as well.

Based on a literature study, the PMSM seems a very promising concept for the submarine propulsion motor as it is said to be small,
highly ef!cient and low in signatures. In order to see if a PMSM motor is actually more bene!cial than the DC motor, this motor has
been implemented in the model.
The PMSM model is based on a dynamic motor model, which can
be found in electrical engineering literature [5], [6]. The model
structure is illustrated in !gure 5. The resulting ef!ciency curve of
the PMSM motor is shown together with the ef!ciency curve of the
modelled DC motor in !gure 6. The steps in the graph are caused by
the different electrical con!gurations for the different “speed
modes” of the submarine.

Results
The simulations result in the minimum required volume and mass of
all components for each power plant concept to ful!l a certain
speci!ed mission. Figure 7 shows the volume results for the studied
mission pro!les with a surveillance speed of three knots. The mission pro!les with a surveillance time of two and three weeks are
considered infeasible for the concepts with LABs without an AIP
system due to sheer size of the LABs in these cases.

Figure 5. PMSM model structure.
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