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Abstract. This study investigates methods for improving the control effectiveness of marine combined
power plants in order to enhance their energy efficiency and environmental performance. In the context of
increasingly strict international regulations on ship emissions, particularly those defined by MARPOL
Annex VI, the development of advanced propulsion and control systems has become a critical engineering
task. The research focuses on series and parallel combined power plants configurations and proposes an
improved control strategy incorporating a shaft machine and a controllable pitch propeller (CPP). The
results demonstrate that optimized control of hybrid propulsion systems allows for reduced fuel
consumption, lower emissions, and improved operational flexibility, especially under variable load and
maneuvering conditions.

Introduction. The reduction of harmful emissions from marine propulsion
systems has become a key requirement due to international environmental
regulations such as MARPOL Annex VI. These regulations impose strict limits on
emissions of nitrogen oxides (NOy), sulfur oxides (SOx), and carbon dioxide (CO»),
forcing shipowners and designers to adopt more efficient and environmentally
friendly technologies [1-11].

Various approaches have been developed to improve the performance of
marine diesel power plants, including optimization of hull design, application of
controllable pitch propellers, utilization of alternative fuels, and modernization of
fuel injection and exhaust treatment systems. However, one of the most promising
directions is the implementation of combined (hybrid) power plants, which integrate
mechanical and electrical energy conversion systems. Combined power plants can
be configured as either series (Figure. 1a) or parallel (Figure. 1b) systems [12-28].
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Fig. 1. Block diagrams of combined power plants
a) series configuration; b) parallel configuration

In the first case (Fig. 1a), a diesel generator as the main engine (ME) supplies
power to a semiconductor converter (SC), to which a battery and a propulsion
electric motor (PEM) are connected. The SC is used to control the PEM rotational
speed and to manage battery discharge and charging [29-41].

In the second case (Fig. 1b), the ME drives the propeller through a disengaging
clutch M; and a combining gearbox (CG). The PEM, powered by the SC, can also
drive the propeller through the CG and the disengaging clutch M, [29-41].

Series (combined) power plants’ main advantage is the lack of a mechanical
link between the diesel generator (ME) and the propeller (rigidly coupled to the
propulsion electric motor, PEM). By controlling the semiconductor converter (SC),
the propeller speed can be widely varied and its rotation reversed, improving
maneuverability, while the ME runs at an almost constant speed in one direction.
The drawback is lower efficiency, because the diesel engine’s energy undergoes
triple conversion [42-59].

1 = Mpg "Nsc " NPEM (1)
here, Npg, Nsc, Npem - €fficiencies of the diesel generator, the semiconductor
converter, and the propulsion electric motor, respectively.

An advantage of the parallel-type combined power plants (see Fig. 1b) is its
higher efficiency compared with the configuration shown in Fig. la, since the
mechanical power of the ME can be transmitted to the propeller directly, without
intermediate energy conversions, except for minor losses in the shaft line and the
combining gearbox. Its drawback is the need to adjust the ME fuel supply each time
the propeller rotational speed changes [60-77]. The parallel configuration is more
efficient because the ME’s mechanical power can be transmitted directly to the
propeller. However, when propeller speed changes, the diesel generator’s fuel
supply must be adjusted. Operating the diesel engine in transients and off-rated loads
increases specific fuel consumption, exhaust emissions, soot formation, and piston
ring coking. Propeller reversal also requires a reversing gearbox or reversible diesel
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engines, which are more complex and costly. Stopping is often done by passive
water-resistance braking, leading to longer stopping distance/time than active
reversal braking, which can reduce controllability and navigation safety. Therefore,
optimizing combined power-plant control systems is a key task for improving
environmental and techno-economic performance [78-94].

Methodology. The research is based on a comparative analysis of different
combined power plants configurations and the development of an improved control
scheme for hybrid propulsion systems. The proposed system integrates a shaft
machine (SM), a semiconductor converter (SC), a battery system, and a controllable
pitch propeller (CPP) [95-100].
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Fig. 2. Block diagram of the combined power plant with a shaft machine and
a controllable pitch propeller

A controllable pitch propeller (Fig. 2) is used as the propulsor. Through the
reduction gear, it is driven either by the operating main engine via clutch M, or by
the battery—semiconductor converter—shaft machine subsystem via clutch M,. The
shaft machine is a synchronous unit that can operate in both generator and motor
modes. Designing a combined power plant requires calculating and selecting its
components. For this application, lithium-ion or lithtum iron phosphate (Li-Fe-PO4,
LFP) batteries are preferred, with capacity and voltage chosen so that the charging
power (from the given formula) is comparable to the main engine rated power
PME.nom [1-9].

Pep = Ucp + Ien 2)
here, P, is the battery charging power, W; U, is the average charging
voltage, V, I, is the charging current, A.

The charging current I, is determined from the following relation:

Iecn = kap - 4B (3)
here, where K, is a coefficient depending on the type of battery used, h', Cpp
is the battery capacity, A-h.

If the battery has a capacity that is significantly higher than required, the time
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needed to recharge it from the ME increases proportionally, since the ME power is
limited. This battery selection is advisable when the battery is mainly charged from
shore power. Choosing a battery capacity lower than the specified value increases
the charging rate from the ME. However, the economic benefit of such a power plant
will obviously be limited, because the battery, due to its small capacity, will
discharge relatively quickly.

The considered control method for the shipboard combined power plants is
implemented as follows. The vessel is set in motion by applying voltage from the
battery to the shaft machine operating in motor mode. In this case, the main engine
disengaging clutch M, is opened, while clutch M, is engaged. Acceleration,
propulsion, and control of the controllable pitch propeller speed are carried out by
means of the semiconductor converter until the battery voltage drops to a specified
threshold. After that, the battery voltage sensor sends a signal to the remote
automated control system to start the main engine and pre-connect it to the
combining gearbox by engaging the main engine clutch M. From the moment the
main engine is connected to the controllable pitch propeller, propeller thrust is
controlled by changing the propeller pitch while maintaining a constant main engine
shaft speed.

Maintaining the ME shaft resistance torque constant at its rated value is done
as follows: when the propeller (CPP) resistance torque is below the ME rated torque,
the shaft machine (SM) is switched to generator mode by the remote automated
control system. By controlling the semiconductor converter (SC), electrical power
is taken from the SM to create an additional braking torque equal to the difference
between the ME rated torque and the CPP resistance torque. The control system
automatically determines the ME load factor from exhaust-gas temperature sensors.
The SM’s AC output is rectified by the SC and fed to the shipboard electrical
network or used to charge the battery (AB).

Conclusion. With the described control method, it can be used both on small
tonnage vessels with approximate shaft powers up to 250 kW and on larger vessels
such as ferries with shaft powers up to 3 MW, operating with frequent maneuvering
modes; implementing the proposed combined power plant increases the efficiency
of main engine utilization, reduces the consumption of fuels and lubricants, and
decreases harmful emissions to the atmosphere; using the proposed combined power
plants with an additional energy source in the form of a battery makes it possible to
reduce the installed main engine power while ensuring steady operation of the
engine at rated parameters. As a result, operating costs are reduced, and the quality
and comfort for crew and passengers are improved.
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