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Abstract
The paper investigates innovative conceptual design technologies for an en

ergy-efficient diesel-generator power system of transport vehicles. The relevance 
of the work lies in the necessity of integrated energy utilization within internal 
transport networks to minimize energy losses and consequently minimize the 
cost of generated energy, which forms the foundation for constructing an ener-
gy-efficient system. Solving this problem requires the development of control 
principles that include: creating a mathematical model of the static and dynamic 
processes within the power system; establishing an economic model for evaluating 
the cost and efficiency of electricity generation and consumption; and implement-
ing system control aimed at minimizing costs based on the economic assessment.  
The primary causes of active power losses in the AC electric power system of 
a  transport vehicle are analyzed, particularly system imperfections and reactive 
power flow, which induces additional losses. Measures for reactive power compen-
sation are proposed as a method to eliminate or reduce these power flows. A sys-
tem of energy efficiency evaluation criteria is defined, where the main objective 
is the maximal reduction of the energy loss level. The methodology for enhancing 
energy efficiency is based on the sequential formation of a set of possible mea-
sures, their techno-economic selection, and ranking based on economic feasibility. 
To forecast losses, a mathematical model of the transport power system has been 
developed. The model is built on the principles of decomposition and hierarchy, 
allowing the power system to be broken down into levels (from individual con
sumers to the generator system busbars) and enabling the calculation of the total 
effective active energy losses across all sections. This approach ensures the sys-
tem's adaptation to changing operating conditions, optimizes energy consumption, 
and improves its overall efficiency.
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1.1  Introduction

The problem of integrated energy utilization in internal transport networks, 
considering the necessity of minimizing energy consumption and the correspond-
ing minimization of generated energy cost, forms the basis for constructing an 
energy-efficient transport power system [1–3]. 

Solving this problem requires the development of appropriate control 
principles, which must be based on the sequential execution of the follow- 
ing stages: 

–  development of a mathematical model for static and dynamic processes 
corresponding to both the entire power system and its individual component 
nodes [4–6];

– establishment of an economic model for evaluating the cost and efficiency 
of electric power generation and consumption within transport networks [7–9]; 

–  implementation of power system control aimed at minimizing energy con-
sumption and the corresponding minimization of generated energy cost based on 
the evaluation using the established economic model [10–12].

A significant number of works have been devoted to the issues of developing 
a mathematical model for static and dynamic processes corresponding to both the 
entire power system and its individual component nodes [13–15].

The evaluation of the cost and efficiency of energy generation and con-
sumption in transport networks provides an understanding of how econom-
ically effective the operation of the power system is, provided that the op-
erational indices of the traction system and the power quality indices in the 
electrical network for the corresponding power supply to consumers are fully en-
sured. This approach can be implemented by combining the mathematical model 
of static and dynamic energy processes with approaches from modern economic  
theory [16–18].

An Integrated Electric Power System is a complex of electrical installations 
for the conversion, transmission, and distribution of electrical energy, the func-
tional purpose of which is to supply electric power to transport electricity con
sumers [19–21].
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1.2 � Principles of designing an energy-efficient diesel-generator power 
system of transport vehicles

The modern electric power system must comply with the following basic re-
quirements: reliability – ensuring uninterrupted operation of the system in various 
operating modes; economic efficiency – effective use of resources, minimization 
of costs for electricity generation and distribution [22–24]; safety – guarantee-
ing safety for the transport vehicle, crew, and the environment during system op-
eration; convenience of technical operation – simplicity in system management, 
maintenance, and repair [25–27]; ensuring the established level of power qual-
ity – maintaining stable voltage and frequency, and the absence of disturbances 
and distortions in the electrical energy supply [28–30].

Recently, in the transport industry, one of the leading tasks has been the 
optimization of energy losses during its generation and transmission through 
electrical networks  [31], which has introduced another key requirement: en- 
ergy efficiency.

In the classic approach to constructing a transport power system, the following 
levels of the specified system are distinguished: 

– individual energy consumers; 
– distribution points; 
– distribution networks; 
– main switchboard; 
– generator system busbars. 
Individual levels use their own method for calculating electrical parameters, and 

the design characteristics may differ for the same type of electrical element [32].
When calculating active power losses in system elements, in the presence of 

power meters at each level, this approach allows for a realistic assessment of losses 
in system components when transitioning from one level to another. Considering the 
integrated power system as a transport subsystem, it is clear that the electric energy 
losses during its transmission are determined by the resistance and the power flow 
transmitted by the system itself [33].

It is possible to conditionally divide the unified electric power system into the 
following fragments (which provide power supply to each specified system level):

– electrical networks of individual electricity consumers;
– internal electrical networks;
– power sources.
This classification is based on the principle of electric power transfer from the 

source to the reception point, which allows for analyzing the stage of transfer where 
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the most electric energy is lost. At the same time, it is also necessary to adhere to 
technical principles, according to which the part of the network supplying electricity 
to each technical unit (section, compartment, etc.) or any of its groups is taken into 
account. For the purpose of further analysis of the electrical system's energy effi-
ciency, it is possible to consider the schematic and component implementation of the 
elements of these electrical system fragments. The type of transport power supply is 
determined by the following main factors [34]:

– system voltage;
– presence of auxiliary power plants;
– requirements for the reliability of uninterrupted power supply.
The electrical network of a transport vehicle is a set of elements designed to 

transmit electrical energy from the main switchboard to connected distribution 
points that supply isolated or high-voltage electrical equipment. 

In some cases, measuring equipment is also directly connected to the main 
switchboard (depending on the power source). The transmission elements  
of such networks are lines (usually cables or busbars). Depending on the specific 
requirements for the power supply of electricity consumers in the aforemen-
tioned transport networks, it is expedient to apply mainline and radial transport 
power supply schemes. 

Unlike the radial scheme, the mainline scheme is characterized by less reliable 
power supply but is cheaper to install due to the reduction in the length of power 
lines and the number of high-voltage devices used [35, 36]. In order to preserve 
the advantages of mainline schemes and increase reliability, various improve-
ments have been made, including transit mainline schemes. For example, large 
and important electricity consumers are served by radial circuits, while others 
are grouped together and served by mainline circuits. The electrical networks of 
individual transport electricity consumers are intended for the distribution and 
direct supply of most electricity consumers. The components of such an electrical 
network are:

– a power plant (often of pre-fabricated design);
– a system with various protective devices;
– a power circuit.
Structurally, the communication lines are insulated wires or cable lines, and 

busbars are also used for mainline circuits. In practice, the mixed network system, 
which combines the advantages of radial and mainline systems, has become the 
most widespread. The principle of studying the transport electrical system should 
be based on an approach used in energy auditing practice, which is based on con-
sidering the elements of the transport network. This is logical when compiling 
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energy balances across the transport vehicle as a whole, assessing the total losses 
in the elements, and developing general energy saving measures. However, such 
an approach, firstly, excludes the integrity of the transport system. This integrity 
is manifested in the fact that its elements are interconnected, and the processes of 
electrical energy conversion and consumption are inseparable. Secondly, the en
ergy saving recommendations proposed in this case are independent of themselves 
and provide only a general direction.

Moreover, the uniqueness of each transport subsystem is not taken into ac-
count. Therefore, the division of the transport power system into such fragments 
in the study must be related to its structure and specific technical processes in 
each compartment or power consumer. This does not contradict the general prin-
ciples of energy research but rather supplements and improves them.

The integration of Energy Storage Systems into marine traction networks 
fundamentally establishes a bi-directional energy flow, moving beyond conven-
tional unidirectional power schemes to achieve the maximal reduction of energy 
loss levels. Primary power is generated by the Onboard Power Generation Sys-
tem, typically comprising diesel-generator sets, which supply energy via the main 
switchboard and power converters to the propulsion drives for vessel movement. 
The Energy Storage System functions as a dynamic energy buffer, optimizing this 
flow. Energy charging primarily occurs via two channels. Firstly, the Energy Stor-
age System instantaneously absorbs regenerative braking energy recovered from 
the propulsion motors during deceleration, preventing its dissipation as heat and 
serving as the most direct mechanism for loss minimization. Secondly, the Energy 
Storage System can draw power from the diesel-generator sets during low-load 
periods, facilitating their sustained operation within the highest efficiency band 
and thereby reducing the overall cost of energy generation. The reverse flow, En-
ergy Storage System discharging, is triggered during high transient peak loads, 
such as those encountered during maneuvering or rapid acceleration. The Energy 
Storage System rapidly injects stored energy into the traction network, effec-
tively relieving the diesel-generator sets and mitigating severe load transients 
that cause significant active power losses due to high impulse currents. Further-
more, the Energy Storage System's fast-response capability actively contributes 
to voltage stabilization and reactive power compensation within the network, 
which is crucial for enhancing power quality, improving network throughput, and 
curtailing auxiliary losses. Consequently, the Energy Storage System transforms 
the highly volatile propulsion load profile into a stable, efficient demand for the 
Onboard Power Generation System, significantly improving the vessel's overall 
fuel efficiency.
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1.3 � Identification of the causes of main energy losses in the AC electric 
power system

The transmission of energy through the electrical networks of a transport vehicle 
is accompanied by active electric energy losses caused by electromagnetic and ther-
mal processes occurring in their elements and technological electrical equipment. 
The classification of electric energy losses existing in the theory of general power 
supply is based on their underlying causes. 

The first segment of losses is determined by two main factors: fundamental 
losses, which are defined by the nominal operating mode of the power system el-
ements and the operating conditions with selected justified parameters, and addi-
tional losses, caused by deviations in the operating mode and parameters from the 
specified nominal values. The second segment of losses is caused by various types of 
reasons and can be divided into the following groups: 

– imperfection of the power system; 
– reactive power transfer through the power system elements; 
– irrationality of technological processes in the compartments; 
– deterioration of electric power quality; 
– defects in the organization of the entire power system. 
The imperfection of the transport power system from the perspective of in-

creased electric energy losses is due to the lack of rational approaches that con-
sider the energy-saving factor when solving the primary tasks of building the 
transport system. This also applies to the comprehensive implementation of such 
approaches during the design process. These tasks include, but are not limited to, 
selecting the quantity and capacity of electrical equipment, determining the opti-
mal locations for power sources, choosing conductor cross-sections, and forming 
the overall circuit topology, all of which influence the system's overall efficiency 
and energy saving capacity. 

Reactive power transfer through the elements of the transport electrical net-
work that possess active resistance leads to additional power and electric energy 
losses. Increased reactive power flows also cause other undesirable phenomena, 
such as a  reduction in the throughput capacity of transport lines and distribution 
devices, as well as a decrease in the voltage level in the network. The magnitude 
of these flows can be reduced or completely eliminated through reactive power 
compensation. The problem of reactive power compensation includes a number of 
techno-economic tasks, such as: 

– implementing measures to reduce the reactive power of transport electric
ity consumers; 
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– selecting the location and model for installing transport reactive power com-
pensation devices; 

–  optimizing the operating modes of transport reactive power compensa- 
tion devices; 

– improving methods for calculating and minimizing reactive power. 
Measures aimed at reducing the reactive power consumption by the electrical 

equipment itself are widely used in operational practice and may include the follow-
ing actions: 

– increasing the loading of transport technological units and their operating time; 
– using no-load limiters on asynchronous motors and transport repair units; 
– modernization of the lighting system; 
– replacement, relocation, and disconnection of electrical equipment under load; 
– replacement of asynchronous motors with synchronous ones in new electric 

drives, if acceptable based on techno-economic comparisons; 
– performing high-quality motor repair; 
– using rational converter circuits; 
– applying individual reactive power compensation means.

1.4 � Definition of the system of evaluation criteria for an energy-efficient 
diesel-generator power system of a transport vehicle 

The main objective in constructing and enhancing the energy efficiency of 
a  transport power system is the maximal reduction of the energy loss level. The 
solution to the problem of selecting appropriate means to increase energy efficiency 
must be performed sequentially: 

– formation of a set of all possible means and measures for enhancing the energy 
efficiency of the transport power system; 

– selection of subsets of combinations of options for means and measures for 
increasing the energy efficiency of the transport power system; 

– establishment of a corresponding objective function for enhancing the energy 
efficiency of the transport power system, and determination of boundary conditions 
and specific requirements. 

The set of all circuit solutions that correspond to the defined objective function 
for enhancing the energy efficiency of the transport power system, and also satisfy 
the defined constraints and boundary conditions, allow for the energy efficiency of 
the transport system and constitute the set of measures and means that must be 
implemented for the maximally effective transfer of energy and its consumption  
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by the corresponding electricity consumers. The specified list of measures and 
means depends on the results of solving the optimization problem for increas-
ing energy efficiency and the corresponding technological features of the overall 
transport system's functioning. 

The application of a dynamic process for determining the structure and pa-
rameters of the power system during the formation of these measures and means, 
based on the comprehensive solution of all defined tasks for developing a system 
of energy efficiency enhancement measures, allows for achieving a dynamic trans-
formation of the power system. This facilitates the system's adaptation to chang-
ing operating conditions, optimizes energy consumption, and improves its overall 
efficiency. The main aspect when implementing the proposed dynamic changes in 
the system (determination of the structure and parameters of the power system) is 
their mutual influence. 

The complete simultaneous replacement of the entire nomenclature of electri-
cal equipment in the power system and the use of new circuits is generally not eco-
nomically feasible during the modernization of a transport power system, despite 
the possible maximal energetic benefits from loss reduction. This is explained by the 
high price level of fuel and electrical equipment. Therefore, the task arises of finding 
optimal measures and means that can maximally approximate the power system to 
energy loss minimization while remaining economically justifiable. Given that ex-
isting power systems have similar structure and parameters for certain classes of 
transport vehicles (based on the typification and unification of design solutions), 
the operational parameters can significantly differ due to the technological fea-
tures of each specific transport vehicle. This requires the application of different 
approaches to enhance energy efficiency depending on the specifics of each system. 
To achieve maximal energy efficiency of the transport power system, a set of control 
actions aimed at optimizing its operation is necessary. 

The magnitude of the energy efficiency reserve also depends on the number of 
electricity consumers, which determines the redistribution of loads and the change 
in the supply circuit topology. Changes in the system topology or other influences 
aimed at increasing energy efficiency may be accompanied by additional costs. 
However, these costs do not always lead to a mandatory increase in total costs 
within a group of electricity consumers with the same functional purpose. For the 
effective solution of the energy efficiency enhancement problem, a list of basic sets 
of technically feasible modifications of the power system should be created, which 
will form the basis for further analysis of the feasibility of implementing the defined 
measures. Each action must involve the recalculation of the power system's oper-
ational indicators, as changes in the energy consumption characteristics of some 
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electricity consumers may affect others, requiring verification of the admissibility 
of these changes. The formation of the initial set of technically feasible variants of 
combinations of means and measures for enhancing energy efficiency is based on 
comparing their parameters with the existing system indicators. First, independent 
groups of electricity consumers are identified, the change of which does not affect 
other subsystems. Then, groups of dependent measures are determined, the imple-
mentation of which requires interaction between components. The sequence of im-
plementation of each measure and means should be based on their economic and 
technical feasibility. 

Economic feasibility is assessed under the condition that the cost price of the 
saved energy should not exceed the capital investments for the implementation of 
the specific measure. 

Technical feasibility is determined through engineering analysis of each spe-
cific transport vehicle and its power system. It is obvious that to maximize energy 
efficiency, the sequence of implementation of economically feasible measures and 
means can be determined by ranking them by the amount of cost savings. Therefore, 
the methodology for organizing the implementation program for enhancing the en-
ergy efficiency of a transport vehicle's power system consists of the following stages: 

1. Formation of the set of all possible technical measures and means, which im-
plementation is permissible under the defined operating conditions of the respective 
transport vehicle. This includes considering all possible options that can improve the 
energy efficiency of the transport power system without violating technological and 
operational norms. 

2. Determination of economically and technically permissible measures and 
means for enhancing energy efficiency. At this stage, an evaluation of the measures 
is conducted, taking into account that the cost price of the saved energy should 
not exceed the capital investments in their implementation. In addition, a technical 
analysis is carried out to ensure the feasibility of each measure in the context of 
the specific operating conditions of a particular transport unit, which determines 
whether the proposed measures are technically realistic. 

3. Sorting the refined list of permissible measures and means for enhancing en-
ergy efficiency by decreasing cost of saved energy. This stage involves prioritizing 
the implementation of measures that most effectively lead to energy savings. Thus, 
the sequence of implementation will depend on which measures provide the great-
est economic benefit per unit of investment. 

Various indicators are typically used to assess the effectiveness of such pro
jects, allowing for a comprehensive evaluation of the results of energy efficien-
cy enhancement programs. Among these indicators may be the economic effect.  
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Thus, the selection of a specific set of measures for enhancing the energy efficiency 
of a transport vehicle's power system depends on the defined goal and objectives 
and the financing scheme. The selection of the set of measures and means for re-
ducing losses in the transport vehicle's power system should be based on the prin-
ciple of economic feasibility, i.e., the implementation of measures that allow for 
obtaining the maximal energy effect with minimal costs. This approach ensures 
the optimal use of energy saving potential while maintaining economic benefits. 

From the perspective of an investor interested in the maximal return on in
vested funds, the effectiveness of energy efficiency enhancement measures is 
evaluated through Net Present Value (NPV). This indicator allows for assessing the 
real benefit of investments, considering the time and possible risks associated with 
the implementation of the measures. The selection of such measures that yield the 
maximal Net Present Value is key to increasing the economic efficiency of the en-
ergy saving process in the transport vehicle's power system. Consequently, the ef-
fectiveness of the energy efficiency enhancement program will be achieved when 
measures that provide the maximal economic effect are combined with technical 
feasibility and ensure minimal costs with maximal energy savings. The implemen-
tation of measures and means for enhancing the energy efficiency of a transport 
vehicle's power system is associated with costs for their realization, which obvi-
ously requires a separate consideration of this process from the perspective of 
economic feasibility. The selection of economically effective measures is based on 
performing techno-economic calculations, i.e., determining the following proposed 
techno-economic indicators: 

– capital (initial) investments; 
– current (annual) costs. 
For transport power systems, the current (annual) costs represent the costs of 

electric energy generation, maintenance of transport service personnel, and current 
repair of electrical equipment, depreciation deductions, and auxiliary costs. Analo-
gous to making technical decisions during the design of a transport power system, 
the selection of these measures is carried out using the following criteria:

– project payback period or its reciprocal, the capital investment efficiency ratio 
in the project; 

– annual discounted costs [23]. 
The share of cost savings per USD 1 of capital investments is reflected by the 

efficiency ratio, the reciprocal of the payback period.
Based on the recommendations in [23], that the implementation of measures for 

electric energy saving does not significantly affect the change in depreciation deduc-
tions and other costs, it is proposed to calculate this ratio only from the perspective 
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of reducing the cost of consumed electricity (expected electricity savings). Annual 
discounted costs are most often used in the design of a transport power system, 
where the economic efficiency of projects is determined by its minimal value. The 
components of this criterion are analogous to the payback period criterion, among 
which the specific weight of the energy loss cost during its transmission through in-
ternal networks is still small, so the potential for energy efficiency in the resulting 
engineering studies is practically not utilized. 

The latter is also due to the fact that capital investments in the power system 
are a component of the techno-economic justification for the construction or recon-
struction of the entire transport vehicle, determined by the estimated cost of the 
designed object based on consolidated indicators. Hence the desire to reduce the 
cost of the transport power system, and therefore the focus on reducing capital in-
vestments first when choosing technical solutions, which also leads to a decrease in 
operating costs (for depreciation and current maintenance), since they are normal-
ized by a certain percentage of the capital investments in the power system. This 
focus in the given criterion is mathematically realized as an element of the sum of the 
techno-economic projects of the transport system, among which the cost of electri-
cal equipment has predominant significance. 

One of the main criteria for the effectiveness of energy saving as a complex of 
organizational, technical, and technological solutions is the additional gain that re-
mains as a result of their implementation. In the presence of losses, the degree of 
reduction of these losses as a result of specific organizational and technical mea-
sures to enhance the energy efficiency of transport vehicles is taken into account. 
At the same time, a constraint for the development of design options for increasing 
the energy efficiency of transport vehicles is that the transport vehicle as a whole 
must comply with pre-defined technical, technological, social, and environmental 
performance indicators. The main effects from the implementation of energy sav-
ing measures and tools in the power systems of transport vehicles as a complex of 
organizational, technical, and technological solutions are calculated based on the 
principle of isolating from the total volume of benefits received the part that is  
directly caused by the implementation of these measures and tools and remains 
undistributed. Logically, this should be defined as

� � �P P Pi i i2 1 ,	 (1.1)

where P i1  and P i2  – the profit indicators for the i-th calculation period before and 
after the implementation of the complex of measures aimed at reducing energy 
losses in the transport vehicle's power system.
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In transport power systems, the real processes of energy generation, conver-
sion, and transmission, and the corresponding losses, are determined by the en
ergy consumption modes of transport electricity consumers and the parameters 
of the transport power system itself. It makes sense to consider the appropriate 
technical process of energy transmission through the system so that the total 
losses in the system elements are as small as possible, while satisfying all tech-
nical requirements for the overall operation of the transport vehicle. Therefore, 
the overall evaluation of the energy saving potential ESP in the transport vehicle's 
power system is proposed to be performed as the difference in active electric en-
ergy losses corresponding to the parameters of the transport power system over 
a specified time interval Wp and the forecasted active electric energy losses in the 
proposed power system Wn

ESP = Wp – Wn .	 (1.2)

Unlike other criteria for evaluating the energy efficiency of transport power sys-
tems, the latter explicitly define the maximally technically possible energy saving 
reserve in transport power systems and identify measures aimed at the direct reduc-
tion of energy losses within the transport systems. These measures are based on the 
calculation and analysis of specific values of energy savings determined after making 
changes to the transport vehicle's power system. However, the implementation of 
measures to reduce energy losses in transport power systems must be technically 
and economically justified. Therefore, a detailed assessment of the forecasted en
ergy efficiency of the transport power system is necessary.

1.5 � Defining general requirements for the diesel-generator power system 
model of transport vehicles

The application of computational methods for investigating electromechani-
cal and electromagnetic processes in transport electric power systems requires 
a mathematical analogue, constructed with consideration for the research objec-
tives (forecasted parameters and the factors influencing them). A systematic and 
effective influence on the magnitude of electric energy losses during transmission 
through the transport vehicle's electrical network first requires the determina-
tion of these losses. Therefore, it is proposed to develop a mathematical model 
of the transport power system. In this model, the parameters subject to fore-
casting are the total effective electric energy losses across all sections and levels  
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of generation, transmission, and consumption on board the transport vehicle over 
a certain period. 

The selection of the synthesized model structure and the relationships between 
power values, transport power system parameters, and the load of the transport 
electricity consumer is determined by the permissible forecasting error (loss es-
timation). The latter is defined by the requirements for the accuracy class of the 
transport measuring equipment that records the electricity consumption mode in-
dicators of the consumers.

One of the goals of using the developed model is also the forecasting of losses 
when changing the structure and parameters of the transport power system itself 
over a certain period of time, and the use of the resulting values in subsequent 
techno-economic analysis.

The selection of the method for calculating effective energy losses in the power 
system is determined by the data used regarding the parameters of its elements (re-
sistances). The latter are very stable and not difficult to obtain. The magnitude of the 
existing or projected electrical load can be determined by known methods applied 
in the operation of transport vehicles, or calculated by methods applied in the de-
sign of transport vehicles. Depending on the type and completeness of information 
about the load, deterministic, probabilistic, or statistical models and methods that 
satisfy the conditions of information uncertainty (fuzziness) can be used to calculate 
effective power losses. If the parameters of the transport network elements and the 
electrical load of transport electricity consumers are used as initial data, it is recom-
mended to use the first of these. When calculating losses in the transport vehicle's 
power system, a simple deterministic method is recommended, which takes into ac-
count the duration of intervals with maximal power loss values, according to which 
the active electric energy losses ∆W are determined by the formula [23]

� �� �W Pa � ,	 (1.3)

where ∆P – active power losses in the maximal load mode of the transport network; 
τ – the duration of time intervals with maximal power losses in the transport vehicle's 
power system.

The theory of designing complex technical objects utilizes the principles of de-
composition and hierarchy in object descriptions. The latter involves division into 
levels, typically functional ones, depending on the level of detail of the properties and 
characteristics displayed by the object as a whole.

The principle of decomposition consists of dividing each hierarchy into several 
parts (blocks), which allows objects to be designed block by block at each level of 



17

Innovative conceptual design technologies for an energy-efficient  
diesel-generator power system of a transport vehicle

Chapter 1

the hierarchy. It is obvious that the considered approach is also suitable for model-
ing transport power systems. It is possible to transfer the principles outlined above 
to the immediate task, which is the construction of an energy efficiency model for 
a transport power system. To construct such a model, the power system is broken 
down into subsystems, and the structure of the model itself is determined consider-
ing its hierarchical structure:

– individual electricity consumers;
– distribution points;
– distribution electrical networks;
– main switchboard;
– generator system busbars.
Then, the total active energy losses in the system W will be determined by 

the  formula

W = W1 + W2 + W3 + W4 + W5,	 (1.4)

where W1 – active energy losses in the generator system busbars; W2 – active energy 
losses in the main switchboard; W3 – active energy losses in the distribution electri-
cal networks; W4 – active energy losses in the distribution points; W5 – active energy 
losses in the individual electricity consumers.

Typification and unification of design solutions are also important principles 
in the design of complex technical systems. Therefore, the structure of the model 
should correspond to the typical diagram of the transport power system and can be 
easily adapted to other diagrams by removing sections or elements that do not exist, 
or by their additional inclusion at various levels of the power system using appro-
priate connections. Thus, the development of models for transport power systems 
is based on mathematical dependencies for calculating effective power losses in 
the transport subsystems specified in the model. These model components must be 
self-contained computational units, suitable for the further effective implementa-
tion of the energy efficiency research model of the transport power system not only 
for the transport vehicle as a whole, but also separately for each compartment and 
complex electricity consumer.

Let there be a set of distribution nodes N for a certain compartment or group 
of compartments of the transport vehicle. The number N includes everything that 
must be powered from the j-th transformer of the transport power system. These 
nodes are further presented as distribution points (DPi, i N=1, ), with calculated loads 
for active power Pi and reactive power Qi, and coordinates of the locations in the 
plan of the vehicle section ((xi, yi), m). The active electric energy losses in the vehicle's 
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network when supplying the distribution points DPi from the j-th transformer are 
calculated as the sum of losses on the ij-th section wij

W w w lc ij
i

N

j

M

i
i

N

j

M

ij� � ��� �� .	 (1.5)

The current load of the i-th node of the transport network at nominal voltage U
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and the specific resistance of the ij-th section of the transport network is determined 
by the conductor cross-section sij and the specific resistance of its core material ρij ,  
considering the number of conductor strands in the transport network for each 
section nij (units)

r
s nij

ij

ij ij

�
�

�

1000 �
.	 (1.7)

The length of the transport network section lij can be calculated based on the 
coordinates of the j-th transformer (xj , yj) and the i-th distribution points (xj, yj), using 
the principle of the shortest possible distance

D
y y x xi j i j

 �
�� � � �� �2 2

1000
,	 (1.8)

or based on a detailed layout plan of the electrical equipment in the corresponding 
compartment or group of compartments of the transport vehicle, i.e., by correcting 
the section length according to the proposed transport route for laying the electri-
cal network.

It is possible to establish the initial constraints and assumptions that must be 
taken into account when defining the general requirements for the model of the 
transport integrated power system.

1. The number of transport transformers N, the range of variation of which will 
be determined as follows

S
SH

N
M
mmax

≤ ≤ ,	 (1.9)
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where S – the electrical load of the compartment or group of compartments of 
the transport vehicle; SHmax – the maximal nominal power of the transport trans
former that meets the established requirements; m – the number of connections  
to the busbars; M – the number of electricity consumers connected to the trans-
port transformer.

2. The electrical load S1 on each transport vehicle transformer must relate to the 
nominal power of the transformer SN  as follows

S
S
n kN � �

1 ,	 (1.10)

where n – the number of transport transformers; k  – the transformer loading factor.
3. The coordinates of impermissible placement of each transport transformer 

(xT, yT) from the perspective of the transport vehicle's technological and territorial 
conditions are constrained as follows:

x x x

y y y

x y Z i T

T

T

T T i

min max

min max

,

,

, , , ,

� �

� �

� �� �1 	 (1.11)

where (xmin, ymin), (xmax, ymax) – the limiting values of the abscissa and ordinate for place-
ment on the transport vehicle; Zi – the set of abscissa and ordinate of all transport 
vehicle area sections that belong to the i-th closed region of impermissible place-
ment; T – the indicator of impermissible placement zones on the transport vehicle.

4. The cross-sections of conductors for all sections of the transport electrical net-
work must be selected considering the main technical constraints:

– maximum permissible heat dissipation, taking into account normal and post-
fault conditions;

– thermal stability of cables to short-circuit currents;
– performing tests for economic current density.
All checks against these requirements concern the previously selected (accord-

ing to one of the conditions) increase in the cross-sectional area s. The latter value in 
the range of change of such a parameter as the cross-sectional area of the network 
transmission section F defines its minimum limit. The maximum value of this range is 
limited by the number of cable lines m1 permitted for connection in the design of the 
distribution device. The constraint for the cross-sectional area of conductors for all 
sections is then defined by the following inequality

s F m s� � �1 1 .	 (1.12)
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5. The maximal nominal power of the reactive power compensator connected 
to the distribution device busbars must not exceed the reactive power load value 
for each bus section, taking into account reactive losses.

6. The short-circuit current of the power bus, relative to its level in the hierarchy 
of the transport electrical network, must not exceed the switching capacity of the 
distribution device used.

The parameters of the components of the transport electrical network deter-
mine their layout, as they are the connecting elements between the supply and dis-
tribution parts of the transport vehicle. Such parameters include: 

– coordinates of the installation locations of the nodes under consideration; 
– number of nodes and distribution of electrical loads among the nodes, which 

determines the scheme (topology) of the transport power system; 
– design characteristics of individual nodes. 
Thus, the efficiency of electric power transmission through the network will di-

rectly depend on its topology.
A characteristic feature of transport power systems is the presence of sections 

where cable laying is impossible. Therefore, difficulties arise in setting topology 
problems related to the mathematical description of constraints on the location of 
possible power sources and the routing of transport electrical network cables. De-
pending on how these constraints are introduced, the complexity of the problem can 
significantly vary. The method of domain plane recognition of the transport vehicle 
allows for dividing the image space of the transport vehicle into non-overlapping 
regions, each corresponding to one class of images, which enables an elementary 
analytical description and significantly simplifies the description of unacceptable re-
gions of the transport vehicle.

Then, the entire unacceptable zone is described by a purely logical separation 
function of the form

� �
�

 

x x
m

� � � � � �
�1

,	 (1.13)

where m – the number of non-intersecting regions into which the transport vehi-
cle's image-space is divided; �



x� �  – the analytical description of the region of the 
selected class.

It is obvious that the most acceptable region for the task under consideration 
is the elementary region in the form of a hyperparallelepiped (a rectangle on 
a  plane), the simplest analytical description of which is the signature function of 
the form [5, 6]
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If the point, which is the placement location of the j-th element of the electrical 
network, falls within the hyperparallelepiped x x n� � �min max , , �� �1 , then ��



x j� � �1. 
Otherwise, ��



x j� � �0.

1.6  Conclusions

1. The general principles for designing an energy-efficient transport integrated 
AC power system have been defined. It is shown that the problem of integrated elec-
tric energy utilization in transport networks, taking into account the need for minimi-
zation of energy losses and the corresponding minimization of the cost of generated 
energy, is the foundation for constructing an energy-efficient transport integrated 
power system. Solving this problem requires the development of appropriate control 
principles, which must be based on the sequential execution of stages such as: the de-
velopment of a mathematical model of static and dynamic processes corresponding to 
both the entire electric power system of the transport vehicle and its individual com-
ponent nodes; the establishment of an economic model for evaluating the cost and 
efficiency of electric power generation and consumption in transport networks; and 
the implementation of control over the integrated electric power system of the trans-
port vehicle to minimize energy consumption and the corresponding minimization of 
the cost of generated energy based on the evaluation using the established economic 
model. The principle of investigating the transport electrical system should be appro-
priately based on the consideration of individual elements of the transport network, 
which is logical when compiling energy balances for the transport vehicle as a whole, 
assessing total losses in the elements, and developing general energy-saving mea-
sures. In the course of the study, it was determined that the division of the transport 
power system into these fragments must be related to its structure and specific tech-
nical processes in each compartment or electricity consumer. This does not contra-
dict the general principle of energy research but merely supplements and improves it.

2. The causes of major energy losses in the integrated AC electric power sys-
tem of a transport vehicle have been identified. Specifically, energy transmission 
through the electrical networks of the transport vehicle is accompanied by active 
electric energy losses caused by electromagnetic and thermal processes occurring 
in their elements and the technological electrical equipment of the transport vehicle.  
It is shown that the transfer of reactive power through the active resistances in the  
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elements of the transport electrical network causes additional power losses and 
a  corresponding increase in electric energy consumption. Increased reactive power 
flows can also lead to other undesirable phenomena, such as a reduction in the 
throughput capacity of transport lines and distribution devices, and a decrease 
in the voltage level. The reduction or complete elimination of power flows can be 
achieved by implementing reactive energy compensation measures. In marine 
transport, the issue of reactive power regulation involves a complex of techno-eco-
nomic aspects, including: reducing the consumption of reactive energy by on-board 
electricity consumers; determining the optimal type and location for installing com-
pensating devices; setting up effective operating modes for these devices; and im-
proving methods for calculating and reducing the level of reactive power. Measures 
aimed at reducing reactive power consumption by the consumers themselves are 
usually applied in operational practice and may include actions such as: increasing 
the loading of transport technological units and increasing their utilization time;  
using no-load limiters on asynchronous motors and transport welding units; re-
placement, rearrangement, and disconnection of lightly loaded electrical equip-
ment; replacement of asynchronous motors with synchronous ones in new electric 
drive installations, if acceptable based on techno-economic comparisons; perform-
ing high-quality motor repair; utilizing rational converter circuits; and applying 
means for individual reactive power compensation.

3. A system of evaluation criteria for an energy-efficient transport integrated 
AC power system has been established. It is specifically shown that the main objec-
tive in constructing and enhancing the energy efficiency of a transport power sys-
tem is the maximal reduction of the energy loss level. The solution to the problem 
of selecting appropriate means to increase energy efficiency must be performed 
sequentially: forming the set of all possible means and measures for enhancing the 
energy efficiency of the transport power system; selecting subsets of combinations 
of options for means and measures to increase the energy efficiency of the transport 
power system; and establishing a corresponding objective function for enhancing the 
energy efficiency of the transport power system, as well as defining boundary and 
additional conditions. The set of solutions that correspond to the defined objective 
function for enhancing the energy efficiency of the transport power system, and also 
satisfy the defined constraints and boundary conditions, enable the energy efficiency 
of the transport system and constitute the set of measures and means that must be 
implemented for the maximally effective energy transmission through the transport 
vehicle's systems and its consumption by the corresponding electricity consumers.

4. The general requirements for the model of the transport integrated power 
system have been defined. Specifically, the model is based on the principle of 
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decomposition, which means dividing each level into a number of parts (blocks) 
with the possibility of block-by-block design of the object at each hierarchical level. 
It is obvious that the considered approach should be appropriately implemented 
when modeling the transport power system to solve the problem of forming an 
energy efficiency model for the transport power system, the core idea of which 
is the development of a power system that operates with minimal energy losses 
within it. For the synthesis of this model, the transport vehicle's power system is 
broken down into subsystems, taking into account its hierarchical structure and 
defining the structure of the model itself: individual electricity consumers; distri-
bution points; distribution electrical networks; main switchboard; generator sys-
tem busbars.

The corresponding requirements for each subsystem and the initial values and 
constraints have been established.
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