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Abstract: High-speed tracked vehicles have complex powertrains that, in addition to power transfer and transformation, also perform the 

functions of vehicle steering and braking systems, as well as power supply system for various subsystems on the vehicle. Analyzing the 

power balance of a tracked vehicle, especially in specific moving scenarios such as the turning process, is of great importance for 

understanding the power requirements and workload of the powertrain components and their optimization. A simulation model was 

developed, based on the construction parameters of an experimentally tested high-speed tracked vehicle to reduce the time and material 

resources required for experimental testing. Both the simulation and experimental tests were conducted using the same input parameters and 

driving conditions for different vehicle turning scenarios. Simulation and experimental test results are compared to verify the accuracy of 

the simulation model. The analysis of the obtained results shows that the average value of the relative rpm error is about 5%, the average 

value of the relative torque error is about 7%, while the average value of the relative power error is about 6.5%. 
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1. INTRODUCTION 

The development process of a new vehicle, as well as the 

modernization of an existing one, often requires a significant 

amount of time and resources for project development and 

testing, especially when complex experimental testing is 

required. When it comes to the development of a new 

powertrain (or subsystems of similar significance) of a high-

speed tracked vehicle, experimental field tests are almost 

inevitable due to the extreme working conditions that often 

result in unpredictable workloads on the drive components 

[1], [2]. Given the fact that high-speed tracked vehicles are 

most commonly used as combat vehicles, the subsystem 

components must have a high level of reliability and be 

thoroughly tested and verified. In order to optimize the 

construction of the powertrain components, the experimental 

tests must be repeated often. However, using only the “trial 

and error” method in the development of tracked vehicles has 

proven to be expensive. Wong and Preston-Thomas noticed 

this and were among the first to use the Computer Simulation 

Model as part of the vehicle development process [3]. In order 

to reduce the number of experimental tests and thus reduce 

the overall resources required for the vehicle/subsystem 

development, it has become common practice to develop a 

credible simulation model of the subject vehicle that is 

verified  by the results of the experimental field tests [4], [5], 

[6]. The main purpose of the simulation model is to predict 
and quantify the impact of the proposed solutions before the 
final design and testing [7]. 

Developing a realistic simulation model of a high-speed 
tracked vehicle is not an easy task, given the fact that the full 
model of these vehicles would consist of many components 
and subsystems, which would unnecessarily complicate the 
simulation process and make it unreasonably long [8]. This is 
why the simulation model should be simplified as much as 
possible, but not oversimplified to a point where important 
vehicle subsystem parameters are neglected.  

There are several approaches to developing a high-speed 
tracked vehicle simulation model. One of the most popular 
methods is to develop a mathematical model of the vehicle 
and specific vehicle subsystems in a software such as 
MATLAB and its subprogram Simulink [9]. Janarthanan et 
al. used MATLAB Simulink to develop a simulation model 
of a high-speed tracked vehicle to analyze the dynamic load 
on the vehicle and compare the results with the results of 
experimental tests. They found that the simulation model has 
an advantage over experimental tests, especially when it 
comes to time and cost reduction [10], [11], [18]. 

Another popular vehicle development method is to develop 
a 3D vehicle model based on the known vehicle and 
subsystem construction, working principles, materials and 
other parameters, using CAD software. The 3D model of the 
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vehicle is then analyzed in software specifically designed for 
various numerical analyses [12], [13]. According to Madsen 
et al., the most popular approaches for developing a vehicle 
model are Super-Element Models and the Multibody 
approach [14], [15]. In general, researchers claim that the 
most efficient approach for developing the high-speed 
tracked vehicle simulation model is the Multibody approach 
[16], [17]. 

In the paper presented, the powertrain subsystem is 
developed in detail to analyze the dynamic workloads during 
different movement conditions. The vehicle model contains 
the model of the forces resisting the vehicle movement in 
order to simulate the experimental test conditions as 
accurately as possible. 

The aim of this paper is to validate the high-speed tracked 
vehicle mathematical model in order to use it for the future 
development and modernization of the subject vehicle. The 
assessment and validation of the model accuracy is done by 
comparing it with the experimental test results of the real 
vehicle. 

2. SUBJECT & METHODS 

The method used in this paper is based on the comparison 
and analysis of simulation models and experimental tests, in 
a similar manner as in [19]. The first step of building a 
simulation model is to develop an accurate vehicle model 
based on known vehicle construction parameters. The next 
step is to develop a model of the propulsion and resisting 
forces acting on the vehicle during different moving 
scenarios. The most specific and demanding movement 
scenario for a high-speed tracked vehicle is the turning 
process, where additional power is used to provide the 
different track rewinding speed and to overcome the turning 
resistance forces [20], [21], [22]. 

A. Subject vehicle 

The high-speed tracked vehicle used for simulation model 
development and experimental testing has a mechanical 
powertrain with two power flows, as shown in Fig. 1. 

 

Fig. 1.  Subject vehicle powertrain. 

The main power flow is always activated and transfers the 
power parameters from the IC engine through the gearbox to 
the tracks. The auxiliary power flow is activated when the 
vehicle enters the turning process, through friction clutches 
or brakes. Part of the engine power is transferred through the 
auxiliary power flow to the summarizing planetary gear set 
(SPP, Fig. 1) of the inner track, where it is combined with the 
power from the main flow, as shown in Fig. 2. This results in 
a reduction in the output angular velocity of the planetary gear 

set, and thus a reduction in the rewinding speed of the inner 
track. The inner track is the track with the lower velocity 
around which the vehicle is turning [23]. 

When the turning mechanism friction clutch is activated, 
the vehicle turns with a defined calculated radius. This state 
of the turning process is specific because of the circulating 
power, referred to as recuperation power, which appears in 
the powertrain. This circulating power has a positive effect on 
the vehicle’s power balance, as it supports the vehicle turning 
process by increasing the power in the outer track and thus 
reducing the power required from the IC engine, as shown in 
Fig. 2. 

 

Fig. 2.  Turning process powertrain kinematic scheme. 

B. Simulation model 

The vehicle simulation model is developed in MATLAB 
Simulink and combines mechanical components (IC engine, 
gearbox, brakes and clutches), physical components (forces 
representing moving resistance, friction, etc.), and Simulink 
components (signal converters, scopes, mathematical 
operation blocks). 

The model is created from subsystems that are part of the 
vehicle powertrain system [24]. The model concept is shown 
in Fig. 3 and consists of the following subsystems: 

• IC engine with main friction clutch  

• Integrated powertrain subsystem 

• Track subsystem 

• Control block 

 

Fig. 3.  Powertrain simulation model. 
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IC engine with main friction clutch subsystem 

The IC engine with main friction clutch subsystem consists 

of three main blocks: IC engine, Clutch pedal, and Main 

friction clutch, as shown in Fig. 4. 

 

Fig. 4.  ICE & main friction clutch subsystem. 

The IC engine block represents the torque and angular 

velocity source for the powertrain, parametrized by speed-

torque data collected during real ICE experimental testing, as 

shown in Fig. 5. Apart from basic speed-torque data, the ICE 

block is specified by engine type parameters (SI/CI), 

kinematic parameters (speed limits), and dynamic parameters 

(engine inertia).  

 

Fig. 5.  ICE characteristic curve. 

Engine torque and angular velocity, defined as ICE 

mechanical output signals, are transferred to the Integrated 

powertrain subsystem by means of the Main friction clutch 

block.  

As in the experiment, the throttle input signal is one of the 

main simulation input data and represents the driver’s 

demands. The throttle input signal lies between zero and one 

and specifies the torque demanded by the engine as a fraction 

of the maximum possible torque. If the engine speed falls 

below the Stall speed, the engine torque is blended to zero. 

The throttle position input signal is pre-set in the Control 

block, labeled T in Fig. 6, and corresponds to the throttle 

position information from the experimental test. 

Fig. 6 shows all important simulation input data from the 

Control block, such as: SP-active gear ratio; Clutch-Main 

Friction Clutch activation pressure; Mk1, Mk2-Steering 

brakes activation pressure; S1, S2-auxiliary clutch activation 

pressure. These inputs correspond to the driver’s actions via 

the commands during the experimental test. 

 

Fig. 6.  Control block input signal. 

The Main friction clutch block represents a model of the 

single-plate, dry friction clutch of the subject vehicle. The 

block consists of mechanical input and output ports and a 

physical port connected to the Clutch pedal block where the 

clutch activation/deactivation force is generated. The 

mechanical input port is connected to the ICE block, while 

the mechanical output port is connected to the Integrated 

powertrain subsystem. The Main friction clutch block is 

defined by the effective torque radius, kinetic and static 

friction coefficients, threshold force, and viscous losses 

(optional) so that the clutch model corresponds to the subject 

vehicle clutch parameters. 

The Clutch pedal block represents the mechanical model 

of the clutch activation/deactivation mechanism by a system 

of levers shown in Fig. 7. The block receives the signal from 

the Control block representing the driver command 

(engagement/disengagement cycle), labeled Clutch in Fig. 6, 

and converts it into mechanical activation/deactivation force 

of the Main friction clutch. 

 

Fig. 7.  Clutch command model. 
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Integrated powertrain subsystem 

The subject vehicle powertrain is constructed in such a way 

that the gearbox and turning mechanisms are physically 

organized in a single housing called powertrain in block or 

integrated powertrain [25]. The simulation model of the 

integrated powertrain is designed in the same way as the real 

vehicle powertrain shown in Fig. 8. 

 

Fig. 8.  Integrated powertrain subsystem. 

The turning mechanism model consists of two 

summarizing planetary gear sets, labeled SPP1 and SPP2, and 

auxiliary engagement friction elements S1, S2, MK1, and 

MK2, all shown in Fig. 8. 

The planetary gear sets SSP1 and SSP2 combine the power 

from the main and auxiliary power flows. Each planetary gear 

set model is connected to three mechanical signals: the main 

power flow (driven shaft), the auxiliary power flow (transfer 

shaft), and to the inner and outer track blocks representing the 

drive sprocket shafts and the tracks.  

 

Fig. 9.  Vehicle gearbox model. 

Clutches S1 and S2 represent a model of real multi-

lamellar auxiliary clutches modeled to simulate the transition 

states during the engagement/disengagement process of the 

auxiliary power flow. The clutch models are activated by 

means of the physical signals p_S1 and p_S2 of the Control 

block, shown as S1, S2 in Fig. 6. 

The gearbox block represents the real manual, mechanical 

five-speed gearbox, as shown in Fig. 9. The block simulates 

the function of the real gearbox with the corresponding gear 

ratios and power loss in the gear pairs. The corresponding 

gear pairs are activated by synchronizer and actuator blocks 

connected to the Control block. 

Kinematic and dynamic parameters are delivered from the 

Main Friction Clutch block to the gearbox Transfer shaft via 

the Drive shaft. From the Transfer shaft, power is then 

transferred to the driven shaft by activating one of the five 

forward gear ratios (1-5 blocks) or the reverse gear ratio (R-

block). This represents the Main power flow. The gear blocks 

are activated by synchronizers labeled 5-4, 3-2, and 1-R. The 

synchronizers consist of double-sided dog and cone clutches. 

They have a mechanical translation port representing the ring 

shifter handle S and X1 and X2 ports representing the 

physical signal reporting the position of the synchronizer 

elements. Synchronizer assemblies are designed so that a gear 

signal (1-5) requested by the Control block activates the 

corresponding gear, shown as SP in Fig. 6. 

When the auxiliary power flow is activated by engaging 

the S1 or S2 friction clutch, the power parameters are 

delivered from the transfer shaft to the corresponding 

summarizing planetary gear set SPP1 or SPP2. This is the 

auxiliary power flow. When the vehicle is turning, both the 

main and auxiliary power flows are active. 

Track subsystem 

The track subsystem consists of two track subsystems and 

the turning radius subsystem. The subsystem model is shown 

in Fig. 10. 

Most simulation analyses are performed for the vehicle in 

turn, so the track subsystems are labeled Inner track and Outer 

track, referring to the track with the lower velocity, around 

which the vehicle turns, and the track with the higher velocity, 

which travels a longer distance. 

 

Fig. 10.  Track subsystem model. 

The subsystems are modeled as a combination of 

mechanical components (planetary gear set, torque and 

angular velocity sensors, shafts) and physical components 

that represent the forces acting on the vehicle and are 

explained later in the text. Mechanical parameters from the 

Track subsystem are converted into physical and mechanical 

signals that are sent to scopes and other blocks that provide 

visualization and manipulation with the measured 

parameters. 
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The turning radius subsystem represents the mathematical 

operation for determining the vehicle turning radius and 

trajectory based on the inner and outer track velocity. The 

construction of the block is shown in Fig. 11. 

 

Fig. 11.  Turning radius block. 

The turning radius is determined by (1) 

 𝑅 = 𝐵/2 ∙ (𝑉2 + 𝑉1)/(𝑉2 − 𝑉1) (1) 

where: 

• 𝐵 - track width 

• 𝑉2, 𝑉1 - outer and inner track velocities 

The turning radius information signal is sent to both the 

inner and outer track subsystems, where it affects the turn 

resisting forces. 

C. Vehicle dynamics model 

The vehicle dynamics model represents the influence of 

vehicle movement scenarios on the propulsion and resisting 

forces acting on the vehicle. As mentioned earlier, tracked 

vehicles require more power during turning than during 

rectilinear movement to overcome the resisting forces 

resulting from the terrain structure and the nature of the track-

surface contact [26]. 

The forces acting on the high-speed tracked vehicle during 

the turning process, are shown in Fig. 12 

 

Fig. 12.  Vehicle turning dynamics. 

where: 

• 𝑅𝑘1, 𝑅𝑘2 - rectilinear moving resistance 

• 𝑆1, 𝑆′
1, 𝑆2, 𝑆′

2 - lateral forces resulting from the lateral 

slip of the vehicle 

• 𝐹1, 𝐹2 - propulsive forces 

• 𝑀𝐶 - turning resistance moment 

Under realistic turning conditions, the turning process of 

the vehicle is always characterized by sliding and slipping of 

the tracks, resulting in lateral shift of the vehicle. The vehicle 

cuts and meshes the soil under the tracks, resulting in 

increased turning resistance [27], [28]. The specific lateral 

resistance acting on the vehicle is described in (2) and (3) 

 𝑠 = 𝜇 ∙ 𝐺/2𝐿 (2) 

 𝑆1 = 𝑆′
1 = 𝑆2 = 𝑆′

2 = 𝑠 ∙ 𝐿/2 = 𝜇 ∙ 𝐺/4 (3) 

The coefficient 𝜇 is referred to in literature as the turning 
resistance coefficient empirically defined by (4) 

 𝜇 =
𝜇𝑚𝑎𝑥

0.85+0.15(
𝑅

𝐵
+

1

2
) (4) 

where: 

• 𝑅 - theoretical turning radius 

• 𝜇𝑚𝑎𝑥 - value of coefficient 𝜇 at 𝑅 = 𝐵/2 
The turning resistance moment is then described as in (5) 

 𝑀𝐶 = (𝑆1 + 𝑆2) ∙ 𝐿/2 = 𝜇𝐺𝐿/4 (5) 

When the vehicle is turning with a low velocity, the vehicle 
is subjected to rectilinear resisting forces described by (6) 

 𝑅𝑘1 = 𝑁1𝑓 =, 𝑅𝑘2 = 𝑁2𝑓 =
𝐺

2
𝑓 (6) 

Creating the movement balance equations in the theoretical 
rotation poles O1 and O2, Fig. 10, and solving (7) and (8) 

 ∑ 𝑀𝑂1 = 𝐹2 ∙ 𝐵 − 𝑅𝑘2 ∙ 𝐵 − 𝑀𝐶  (7) 

 ∑ 𝑀𝑂2 = 𝐹1 ∙ 𝐵 + 𝑅𝑘1 ∙ 𝐵 − 𝑀𝐶  (8) 

The propulsion forces acting on the tracks can be described 
by (9)  

 𝐹2 = 𝑅𝑘2 +
𝑀𝐶

𝐵
,  𝐹1 = −𝑅𝑘2 +

𝑀𝐶

𝐵
 (9) 

By replacing the corresponding values from (5) and (6) into 
(9), the total vehicle propulsion forces are then defined as in 
(10) 

 𝐹2 =
𝐺

2
𝑓 +

𝜇𝐺𝐿

4𝐵
,  𝐹1 = −

𝐺

2
𝑓 +

𝜇𝐺𝐿

4𝐵
  (10) 

 

Fig. 13.  Resisting forces model. 
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The dynamic forces acting on the vehicle are modeled as a 

physical signal in both the inner and outer track subsystems, 

as shown in Fig. 13. The physical signal representing the 

calculation of the turning resistance is converted into a 

mechanical signal (torque) and connected to the mechanical 

model of the drive wheels and drive shafts. The torque signal 

has the opposite direction of the drive shaft torque, so it 

represents the powertrain load due to the turning resistance. 

D. Experimental test 

To verify the created simulation model, experimental tests 

were performed with the subject vehicle in different turning 

scenarios. The turning scenarios were carefully recorded to 

use the same movement conditions to the simulation process, 

as far as possible.  

The tests were conducted under dry conditions on levelled, 

soft clay and asphalt terrain. The vehicle is driven with 

different engine loads, gear changing, varying the position of 

the drive wheel, i.e. the auxiliary clutch activation pressure, 

and thus changing the turning radius. 

Data acquisition 

The measurement of the significant parameters is 

performed by wireless signal transfer and acquisition system, 

in a manner corresponding to methods in [29], [30]. Strain 

gauges with wireless signal transfer are attached to the 

integrated powertrain output shafts shown in Fig. 14 to 

measure powertrain output torque. Inductive gauges were 

used to measure the kinematic values of the powertrain 

(output angular velocities). The gauges are attached to the 

powertrain housing, while the reference measuring point is 

placed on the main brake disk. 

 

Fig. 14.  Position of the measuring equipment. 

In order to record all the conditions of the turning scenario, 

a pressure gauge is installed in the auxiliary clutch hydraulic 

system, see Fig. 15. By measuring the auxiliary clutch 

activation pressure, precise information about the clutch 

working state is obtained, which gives us information about 

the vehicle moving regime. 

Since the significant test parameters are measured on 

rotating powertrain components, the strain and angular 

velocity gauges used for the measurement have wireless data 

transmission. The QuantumX acquisition system is used for 

acquisition and processing of the measured signals, and the 

results are analyzed and displayed in the Catman software. 

 

Fig. 15.  Pressure gauge position. 

Experimental test procedure 

To compare the simulation and experimental test results, a 
specific part of the experimental test is selected and simulated 
in the simulation model. 

The selected part of the experimental test includes such 
driving scenarios where the vehicle is driven in a certain gear, 
with a relatively constant input engine speed, and with the 
auxiliary friction clutch fully and partially engaged. 

Vehicle trajectory is shown in Fig. 16. For the time interval 
t ≈ 0 s - 35 s, the vehicle was turning with the auxiliary clutch 
fully engaged, making a full turn and starting a second one. 
The clutch is then partially disengaged in t ≈ 35 s - 80 s, 
increasing the turning radius. From t ≈ 80 s - 110 s, the clutch 
is again fully engaged, so that the turning radius decreases to 
the calculated radius and the vehicle makes another full turn 
and stops. The vehicle makes three full circle turns, the first 
and last with the auxiliary clutch fully engaged and the middle 
one with clutch slip because the auxiliary clutch is partially 
engaged. 

 

Fig. 16.  Vehicle trajectory. 

3. RESULTS 

The input parameters of the experimental test (engine 
speed, auxiliary clutch activation pressure, active gear, brake 
activation pressure) are used as input parameters of the 
simulation to provide the same test conditions as much as 
possible. The simulation output values are compared with the 
experiment output values (powertrain output torque, angular 
velocity, and power) to validate the consistency of the 
simulation model with the real vehicle under the same 
conditions. The selected part of the whole experimental test 
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is where the subject vehicle was driven in second gear with a 
relatively constant input engine speed of about 850 rpm. 
Simulation input parameters are shown in Fig. 6. 

Fig. 17 shows the auxiliary clutch engagement/dis-
engagement during the turning process, which gives us 
information about the vehicle moving regime. The 
experimentally obtained pressure values are interpolated and 
used as input pressure values for the auxiliary clutch in the 
simulation model. The curves pS1 and pS1s represent the 
clutch activation pressure measured during the experimental 
tests and simulation, respectively.  

 

Fig. 17.  Auxiliary clutch activation pressure-simulation vs 

experiment. 

At the beginning of the turning process, the auxiliary clutch 
is fully engaged with a maximum activation pressure of 
p ≈ 6.5 bar, as shown in Fig. 17. This means that the vehicle 
is turning with the calculated radius and the largest value of 
power recuperation.  

The auxiliary clutch is fully disengaged for a period of 
t ≈ 35 s - 50 s and then partially engaged to an approximate 
value of p ≈ 2 bar.  

From t ≈ 50 s - 80 s, the auxiliary clutch activation 
pressure is increased to an approximate value of p ≈ 2 bar, 
and the vehicle is turning with auxiliary clutch slip because 
the clutch is partially activated. 

From t ≈ 80 s - 95 s, the driver increases the activation 
pressure of the auxiliary clutch to the approximate value of 
p ≈ 4 bar, resulting in auxiliary clutch slip decrease and thus 
decreasing the turning radius. 

From t ≈ 95 s - 116 s, the auxiliary clutch is once again 
fully engaged. The driver then disengages the clutch and ends 
the turning process. 

It is obvious that the curves pS1 and pS1s overlap for 
almost the entire duration of the analysis because the clutch 
activation pressure results from the experimental test were 
used as input parameters for the simulation. This is because 
the auxiliary clutch activation pressure is the function of the 
command wheel position, which is an input parameter 
influenced by the driver.  

The high oscillation of the auxiliary clutch pressure pS1 
during the time interval t ≈ 35 s - 50 s comes from the abrupt 
disengagement process of the auxiliary clutch, which is 
characterized by large slip losses and unpredictable behavior. 
Such behavior would cause the simulation to crash, so this 
transition state is simulated as a continuous process, resulting 
in large value discrepancies during this time interval. 

Experimentally obtained engine angular velocity values-

null are interpolated and used as input values for the 

simulation model IC engine angular velocity-nulls. The 

measured value represents the driver’s throttle demand, 

making it an input parameter.  

The measured angular velocities of the inner and outer 

tracks are shown in Fig. 18 and labeled n1, n2, while the 

simulated ones are labeled n1s, n2s, respectively. It is obvious 

that the simulated output velocities correspond exactly to the 

character and value of the measured velocities. 

 

Fig. 18.  Input and output rpm-simulation vs experiment. 

In the time interval t ≈ 0 s - 35 s, the inner track velocity 

has a lower value than the outer track velocity, because the 

turning mechanism reduces its rotation speed. When the 

clutch activation pressure drops during the time interval 

t ≈ 50 s - 80 s, the inner track velocity increases because the 

auxiliary clutch is partially activated, resulting in an increase 

of the turning radius. In the time interval t ≈ 80 s - 110 s, the 

auxiliary clutch activation pressure is increased, so the inner 

track velocity decreases again and the vehicle turns with a 

lower calculated radius. 

A comparison of the measured and simulated torque on the 

powertrain output shafts is shown in Fig. 19. Curves M2 and 

M1 represent the measured torque on the outer and inner 

tracks, respectively, while curves M2s and M1s represent the 

simulated torque on the outer and inner tracks, respectively. 

 

Fig. 19.  Inner and outer track torque-simulation vs experiment. 
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During the time interval t ≈ 0 s - 35 s of the turning 
process, with the auxiliary clutch fully engaged, both 
measured and simulated torques have a relatively constant 
value and a high overlap rate. Negative torque values 
represent the braking torque on the inner track. Torque 
oscillations on both inner and outer tracks come from input 
rpm oscillations. 

When the clutch activation pressure decreases in the time 
interval t ≈ 50 s - 80 s, the clutch is partially engaged and the 
vehicle turns with a larger turning radius. With turning radius 
increase, the turning resistance drops, which explains the 
torque drop for both simulation and experimental data on both 
tracks.  

During the time interval t ≈ 80 s - 110 s, the auxiliary 
clutch is fully engaged again, the turning radius drops, so the 
turning resistance increases, thus increasing the torque.  

Matching the power balance curves of the simulation with 
the experimental ones is of great importance for the 
assessment of the powertrain efficiency. The power delivered 
to the inner and outer tracks is shown in Fig. 20. 

 

Fig. 20.  Inner and outer track power-simulation vs experiment. 

Curves P1 and P2 represent the experimental values of 

power delivered to the inner and outer tracks, respectively, 

while curves P1s and P2s represent the same physical values 

in the simulation model. The power results for both 

experiment and simulation are calculated from dynamic and 

kinematic values. 

During the time interval t ≈ 0 s - 35 s of the turning 

process, turning with the auxiliary clutch fully engaged is 

relatively stable from a power balance point of view in both 

the simulation and the experiment. During the time interval 

t ≈ 50 s-80 s, the auxiliary clutch is partially engaged, 

resulting in increased power loss due to slip. This power loss 

is observed on the outer track because the power delivered on 

the outer track depends on the ICE power, the power 

delivered on the inner track, and the power lost due to clutch 

slip [31]. This can be concluded from (11) 

 𝑃2 = 𝑃𝑚𝑧 ∙ 𝜂𝑡 + 𝑃1 ∙ 𝜂𝑝 − 𝑃𝑠 ∙ 𝜂𝑡 (11) 

where 

• 𝑃2, 𝑃1 - power delivered on the outer and inner track 

• 𝑃𝑚𝑧  - IC engine power required for the turning process 

• 𝑃𝑠 - power lost due to auxiliary clutch slip 

• 𝜂𝑡 , 𝜂𝑝 - losses in powertrain mechanical components 

It is obvious that the greater the losses due to clutch slip, 

the less power is delivered to the outer track. This can be seen 

in Fig. 20. 

From t ≈ 65 s to the end of the simulation, the power curve 

changes as expected; as the clutch slip decreases, the power 

delivered is greater and vice versa. 

4. DISCUSSION 

The time frame of t ≈ 35 s - 50 s is not considered for the 
comparison and analysis of the experimental test and 
simulation data. The clutch transition states are a stochastic 
process that is difficult to predict and simulate. The main goal 
is to prove the consistency of the experimental and simulation 
results during the steady states. 

To assess the accuracy of the simulation model, the relative 
errors of the simulated results compared to the experimental 
results are calculated and displayed. The relative errors are 
calculated for the entire experiment/simulation time interval, 
excluding the abrupt auxiliary clutch transition state at 
t ≈ 35 s - 50 s. 

The relative errors of the output angular velocity are shown 
in Fig. 21. The average value of the relative rpm error on the 
outer track is about 4%, while on the inner track it is about 
6%. For most of the analyzed interval, when the vehicle is 
moving in stable regimes, the relative error is even lower. The 
maximum values of the relative rpm errors are in the range 
where the auxiliary clutch is partially engaged and slipping at 
t ≈ 50 s - 80 s, which is an unpredictable behavior that was 
difficult to simulate and will be part of further research. The 
input rpm oscillation at t ≈ 50 s has a low impact on the rpm 
output values, having a greater impact on the consistency of 
the experimental and simulation data for torque and power. 
Even with this taken into account, the relative errors are 
acceptable and the simulation rpm curves follow the change 
character of the experimental rpm results, showing the high 
accuracy of the simulation model kinematics. 

 

Fig. 21.  RPM relative error-simulation vs experiment. 

The relative errors of the simulated output torque 

compared to the measured output torque are shown in Fig. 22. 

For the time intervals t ≈ 0 s - 35 s and t ≈ 80 s - 110 s, 

when the auxiliary clutch is fully engaged, the average value 

of the relative torque error is about 5.5% on the outer track 

and 8% on the inner track. The average value of the relative 

torque error during the auxiliary clutch partial engagement 

and slip at t ≈ 50 s - 80 s is about 7% on the outer track and 

13% on the inner track. It is evident that in the regimes where 
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the auxiliary clutch is fully engaged, which are relevant for 

the simulation model accuracy assessment, the relative errors 

are lower. The average relative error values during the 

auxiliary clutch slip, although higher, are also acceptable. The 

torque decrease at t ≈ 50 s occurs with some delay due to the 

significant input rpm drop, especially on the outer track, 

where a change in adhesion conditions was observed, 

resulting in a delayed resistance decrease, which is why the 

difference between the measured and simulated torque is 

higher. For the whole analyzed range, the simulated torque 

curves follow the change character of the experimental result 

curves, which proves the validity of the simulation model 

dynamics. 

 

Fig. 22.  Torque relative error-simulation vs experiment. 

 

Fig. 23.  Power relative error-simulation vs experiment. 

The relative errors of the simulated output power compared 

to the experimental output power are shown in Fig. 23. Since 

power is a value derived from torque and angular velocity, it 

is obvious that the relative power error curves have the same 

characteristic points as the relative torque and rpm error 

curves for the same reasons. For the time intervals 

t ≈ 0 s - 35 s and t ≈ 80 s - 110 s, when the auxiliary clutch is 

fully engaged, the average value of the relative power error is 

about 6.5% on the outer track and 7% on the inner track. The 

average value of the relative power error during the auxiliary 

clutch partial engagement and slip at t ≈ 50 s - 80 s is about 

8% on the outer track and 13% on the inner track. Although 

the relative errors are higher during the auxiliary clutch slip, 

the average value of the relative power error is acceptable for 

both auxiliary clutch states. Given the fact that the simulation 

power curves follow the character of the experimental power 

curves, it is evident that the simulation model is credible with 

the real model in both kinematic and dynamic parameters. 

5. CONCLUSION 

The validation of the simulation model of the subject 
vehicle is of great importance, as it allows to run various tests 
of vehicle movement and powertrain behavior with a high 
accuracy rate compared to the experimental tests. 

Another significant contribution of the developed model is 
that it can be easily adapted and applied to numerous tracked 
vehicles with mechanical turning mechanisms, completely 
changing and improving their design. 

It is important that the significant parameters of the 
simulation model correspond to the measured physical 
quantities during the relevant part of the test when the 
auxiliary clutch was fully engaged (steady states). On 
average, the simulated kinematic values deviate from the 
experimental values by 4% to 6%, which the authors consider 
acceptable. The simulated dynamic values deviate from the 
experimental values by 5% to 8%, which is also considered 
acceptable by the authors of this paper. 

Regimes where the vehicle was moving with the auxiliary 
clutch partially engaged show slightly higher experiment-
simulation data discrepancies (7%-13%). The authors intend 
to further develop the simulation model to perform more 
accurate simulations of friction element slip and transition 
processes and analyze their effects on the power recuperation 
process. In addition, the simulation model will be used for the 
modernization of vehicles with hybrid drive systems, so that 
the verified simulation model will serve as a reference for the 
modernized vehicle model. 
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