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Hybrid tracked vehicle; By increasing the need to reduce pollution, improve performance, and increase fuel efficiency in
Electric motor; heavy-duty vehicles, the use of hybrid-electric systems has gained attention as an innovative and
Fuel efficiency improvement; effective solution. This research aims to improve the energy consumption and select an appropriate
Hybrid energy management; configuration for a hybrid tracked vehicle. Initially, various architectures of hybrid systems will
Miles per gallon gasoline be analyzed, and the most suitable configuration will be identified. Then, a dynamic model of the
equivalent (MPGe). tracked vehicle will be developed by using MATLAB software, and a step-by-step design

algorithm, including determining initial requirements, mathematical modeling, selecting key
components, and implementing an energy management controller, will be simulated. The final
model will be validated with data from a reference to evaluate the accuracy. Simulation results
showed that the series hybrid configuration performed better in terms of battery state of charge
stability compared to the parallel architecture, providing approximately 18% superiority in
maintaining battery charge level. Additionally, to improve power system stability and reduce
electrical load on the battery, a supercapacitor was used as a complementary energy storage
element, which increases the operation time in electric driving mode by approximately 8 minutes,
indicating better instantaneous power management and reduced electrical load on the battery.
Furthermore, a comparison of multi-speed gearboxes with two-speed types showed that the multi-
speed gearboxes lead to significant improvements in energy consumption efficiency by providing
the possibility of optimal gear selection. The findings of this research can serve as a valuable basis
for the future design and development of advanced heavy-duty hybrid vehicles.

Extended Abstract

1. Introduction

weight and special operational requirements, are known for high fuel consumption and significant emissions.
Considering the global effort to reduce emissions, improve fuel efficiency, and increase operational capability, attention
to hybridization technologies in this class of vehicles has risen markedly. Hybridizing heavy tracked vehicles brings notable
benefits, including reduced emissions, improved output torque, lower fuel consumption, and increased operational range [1].
By integrating electric systems alongside traditional internal combustion powerplants, it is possible to recover energy during

r I Yracked vehicles have many applications; these vehicles generally use internal combustion engines (ICEs), due to high
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deceleration and braking, manage peak power, and optimize engine performance. In addition, the high torque characteristic of
electric motors makes them an ideal option for the traction demands of tracked vehicles, which require high pulling force on
difficult terrain [2]. Tracked vehicles are made up of complex mechanical and electronic components that must be precisely
coordinated for effective performance under harsh conditions. The main components of these vehicles include the propulsion
system (internal combustion or electric motor), the power transmission system, the track-based running gear, a heavy-duty
suspension system, energy storage such as batteries, and control equipment for managing energy and movement [3, 4]. Another
notable advantage of hybrid powertrain systems in these vehicles is the ability to move silently. The capability to travel quietly
without producing internal combustion engine noise is a critical benefit. Hybrid systems make it possible for the vehicle to
operate over short distances or under certain conditions using only the electric motor, without generating acoustic pollution [8].
Also, the use of advanced energy storage systems such as lithium batteries and fast-charging supercapacitors has effectively
enabled meeting the instantaneous power demands of the powertrain and high-consumption auxiliary equipment. The
combination of these elements significantly improves the overall performance of hybrid tracked vehicles on rough terrain and
under various operating conditions [1, 9, 10].

This study was carried out to design, simulate, and evaluate the performance of a hybrid powertrain and ultimately optimize
it for a tracked vehicle. In this paper, the dynamic modeling and analysis of the power transmission architecture, energy
distribution, and component layout of the hybrid propulsion system in a tracked vehicle are examined. To this end, various
hybrid system configurations were compared and evaluated not only from the perspective of conceptual architecture but also
based on dynamic behavior, energy management, and operational performance. Additionally, by employing energy storage
technologies such as lithium-ion batteries and supercapacitors, the role of these components in improving state of charge (SOC)
stability, reducing fuel consumption, and enhancing system responsiveness to transient loads was analyzed in detail. The
simulations for this research were conducted in the MATLAB/Simulink environment, and the model’s validation was assessed
using real-world data from reference [1].

2. Types of hybrid-electric powertrain configurations

In hybrid-electric vehicles, the arrangement of the internal combustion engine and the electric motor in the powertrain
determines the energy management strategy, which is implemented in three configurations: series, parallel, and series-parallel.
In a series hybrid system, the internal combustion engine is not mechanically connected to the drive wheels. Instead, it powers
a generator that produces electricity or charges a battery, which supplies an electric motor that drives the wheels. This
architecture allows the combustion engine to operate in its optimal efficiency range independently of vehicle speed. The main
advantages of the series configuration include mechanical simplicity, effective regenerative braking, and the ability to operate
in all-electric mode, making it ideal for quiet propulsion in a variety of applications. However, energy conversion losses (from
mechanical to electrical and back to mechanical) can slightly reduce its overall efficiency during steady high-speed driving.
Figure 1-a shows the series configuration of a hybrid vehicle.

Figure 1-b shows the parallel architecture for a hybrid vehicle. In a parallel hybrid architecture, both the internal combustion
engine and the electric motor are mechanically connected to the drivetrain and can deliver power to the wheels independently
or simultaneously. Parallel hybrids typically exhibit better overall drivetrain efficiency under steady operating conditions, but
they offer less flexibility in regenerative braking and all-electric driving compared with series systems. Figure 1-c shows the
series-parallel architecture for a hybrid vehicle. The series-parallel or power-split configuration combines the features of both
series and parallel systems. This system uses a set of planetary gears (a gearbox) or a power-split device to divide the engine’s
power between the wheels and the generator. This architecture enables seamless switching between series and parallel modes
depending on driving conditions.
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Figure 1 Different hybrid vehicle architecture a) series, b) parallel, c) series-parallel configuration

3. Algorithm Design Modeling

Using the Simscape library in this paper enabled a realistic simulation of mechanical, electrical, and thermal components
such as the internal combustion engine, electric motor, gearbox, battery, and ultracapacitor. Moreover, the ability to define
efficiency maps and use experimental data raises the modeling accuracy to an industrial level. Figure 2 shows the model
simulated in the MATLAB/Simulink environment.
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Figure 2 Simulation model of a hybrid tracked vehicle in the MATLAB/Simulink environment
In this paper, the fundamental functional performance characteristics of the tracked vehicle were selected according to the
data given in Table 1. The driving cycle used in this paper was extracted from reference [1], which was specifically designed

to simulate the challenging operational conditions of tracked vehicles.

Table 1 Modeled Tracked Vehicle Characteristics

Parameter Value
Maximum Speed 65 km/h
Slope climbing capability 60 %
Acceleration from 0 to 32 km/h Less than 8 s
Silent operational range 25 km at 25 kmv/h speed

4. Results and discussion

After implementing the model validation, a comparative simulation study between series and parallel hybrid architectures
under identical conditions was conducted. Figure 3 shows the state-of-charge (SOC) curves for both the series and parallel
configurations. The results indicate that the series configuration maintains a more stable and higher SOC, which implies better
energy recovery efficiency (due to the electric motor’s continual engagement with the wheels during braking) and more efficient
utilization of the electric drivetrain under varying conditions. 18% improvement of the SOC index was observed in the series
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architecture compared to the parallel configuration. The effect of using a supercapacitor was simulated under identical driving
conditions. Adding the supercapacitor markedly improves peak power sustainment, which reduces stress on the battery during
high-acceleration climbs on steep grades. This model uses a supercapacitor with a maximum power of 280 kW, a nominal
voltage of 250 V, and an energy capacity of 0.27 kWh. Adding a supercapacitor to the energy storage system reduced battery
level of discharge by about 15%, smoothed SOC fluctuations by up to 22% compared with the no-supercapacitor case, and
increased pure-electric driving time by about 4.5 minutes.
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Figure 3 a) Comparing SOC for series and parallel configurations, b) with and without supercapacitor

5. Conclusion

In this paper, a design and modeling framework was developed and implemented to evaluate and optimize different
architectures of hybrid powertrain systems in tracked vehicles. After reviewing common configurations in the hybrid vehicle
industry, the effect of hybrid configuration was simulated and compared in the MATLAB/Simulink environment. The
comparisons of the architectures show that the series configuration showed better performance than the parallel architecture;
an improvement of about 18% was observed in the SOC index. Adding a supercapacitor to the energy storage system reduced
battery level of discharge by about 15%, smoothed SOC fluctuations by up to 22% compared to the system without a
supercapacitor, and increased pure-electric driving time by approximately 4.5 minutes. In addition, using a multi-speed gearbox
led to a 20% improvement in optimal energy consumption compared to a two-speed system.
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1. Determination of
Vehicle Specification
(Operation, driving Cycle, ...)

v

2. Developing
Mathematical Model
(Dynamics, Engine. ...)

v

> 3. Selecting Key Features
(Motor, Battery, ...)

v

4. Modeling in Simulink/
Matlab

v

5. Optimization and
Comparison

Satisfaction of
esign Criteria?

l Yes

6. Final Design of Hybrid
Vehicle
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Parameter Value
Maximum Speed 65 km/h
Slope climbing capability 60 %
Acceleration from 0 to 32 km/h Less than 8 s
Silent operational range 25 km at 25 km/h speed
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! Two-Speed Gearbox
2 Multi-Speed Transmission
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