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Abstract: This paper describes a mathematical model and presents the 
dynamic analysis of a series-hybrid tracked tank driven by two electric 
motors, one devoted to propulsion (PM) and the other to steering (SM). A 
double differential mechanism is adopted to electrically produce the speed 
difference between the tracks required for skid steering. In this paper this 
specific transmission is called Electro-Mechanical Transmission (EMT). 
The EMT model supports the steering motor control strategy definition and 
the electric motor size optimization. Dynamic simulations applied to a 55 
ton Main Battle Tank are shown and discussed in order to validate the 
obtained results. 
 
Keywords: military vehicle; hybrid vehicles; electro-mechanical 
transmission; tank; driveline; tracked vehicle modelling; skid steering. 
 
 

 
1 Introduction 
 
Interest in hybrid and all-electric military vehicles has increased over recent years. In the 
military field, research on electric vehicles is driven above all by stealth potential (silent 
movement), improved fuel economy (25-30%), improved accelerations, integration with 
electric weapons, ability of on-board power generation, reduced maintenance and 
flexibility in traction system layout which may help to improve ballistic protection, as 
discussed in the NATO Task Group AVT-047 (2004) report. 
Although up to now tanks are exclusively driven by diesel engines in combination with 
automatic transmissions, there are several potential benefits in powertrain 
electrification/hybridization (Guenter, 2007). In particular, propulsion systems conceived 
to save energy while maintaining the required steering and traction performance are of 
relevant interest for tracked vehicles, especially considering how critical and expensive 
the fuel availability can be during a military mission. Despite the fact that, in tracked 
vehicles, high rolling resistance does not allow a great amount of energy to be 
regenerated, an energy storage device can be used to maximize overall powertrain 
efficiency, improve vehicle acceleration and increase the energy available to supply 
electrical equipment.  
In a tracked vehicle the transmission system is involved in both braking and steering 
manoeuvres. There are various types of steering mechanism available for tracked 





   

 

   

   
 

   

   

 

   

    Electro-Mechanical Transmission Modelling for Series-Hybrid Tracked Tanks    
 

    
 
 

   

   
 

   

   

 

   

       
 

this purpose an ordinary gear train (OG5) with two intermediate gear wheels is adopted 
on the left vehicle side while an ordinary gear train (OG3) with only one intermediate 
gear wheel is introduced on the right side. In this way it is possible to accelerate one track 
and slow down the other, thus allowing the steering manoeuvre according to the skid 
steering principle. Two friction brakes Br,L and Br,R, placed between the steering 
differentials and the final drives, allow the vehicle speed to be reduced and also the 
tracked tank to be steered if they generate different braking torques for the two vehicle 
sides. 
The system composed of a gear set PGS1, clutch CL, and brake B1 realizes a two-speed 
Automatic Transmission (AT). The first drive range of the AT is obtainable by engaging 
brake B1 (CL must be disengaged) and is useful on difficult terrains, while the second 
speed is a direct drive obtainable by engaging the clutch CL (B1 must be disengaged) and 
is suitable for easy terrains and roadways.  
Table 1 shows the gear ratios of the two-speed AT. 
 
3 Dynamic model 

3.1 General description 

The dynamic model is composed of four main subsystems as depicted in Figure 3, named 
Control, Electric Motors, Transmission and Tracked Vehicle.  
The Control subsystem contains the control logic used to calculate the reference values 
for both the propulsion and the steering motors, depending on the desired manoeuvre.  
The Electric Motors block computes the torque delivered by the two electric motors 
according to their control signals, coming from the Control block, and depending on the 
saturation imposed by the respective maximum torque maps. A first order low-pass filter 
is introduced between the desired and the actual torque value to take into account the 
torque control system bandwidth. 
The transmission dynamics are modelled in the Transmission block starting from the 
driving torques supplied by the actuators, the resistant torques exerted by the tracks, and 
the torques applied by the braking system on the brake disks. 
Last main block, i.e. the Tracked Vehicle, has two main tasks: the mathematical 
description of the track-terrain interaction and the vehicle dynamics. The forces applied 
to the ground by the tracks are concentrated under the roadwheels and simulated using a 
smoothed Coulomb friction model. The vehicle motion is described by three degrees of 
freedom (d.o.f.): the longitudinal and lateral position of the centre of gravity and the 
rotation about a vertical axis (yaw angle). 
 
3.2 Model assumptions and limitations 

The principal assumptions made and the consequent model limitations are:  
- rigid transmission components, i.e. no compliance effects are considered, and no gear 
backlash in the transmission, hence the validity of this model is limited to steady-state 
and low-frequency manoeuvres; 
- inertial terms concentrated in the following positions: propulsion motor (JPM), steering 
motor (JSM), sprockets (JWL, JWR) and vehicle (m); 
- continuous track-terrain contact discretised in a finite number of contact patches equal 
to the number of roadwheels. Contact patch forces are modelled as smoothed friction 
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where 53  from the hypothesis of the symmetry of the transmission system.  
Eqs. (10) and (14) are the dynamic equations of the transmission. The transmission 
kinematic equations can be written considering first of all that 

ATPMCRR  being the propulsion motor connected to the carrier of PGS1 
through the AT. In addition FDCWL  and FDCWR , then: 

;    (15) 

The latter equations highlight that a positive steering motor speed (i.e. 0 ) 
increases the speed of the right sprocket and slows down the other one. The steering 
motor is responsible for differentiating the speeds of the two sprockets. The speed 
difference between the sprockets is: 

 (16) 

Moreover it is also possible to observe that during straight line maneuvers the steering 
motor speed must be null, thereby determining the so-called zero-shaft operating mode, 
in order to allow both the wheels to rotate at the same speed. 
 
From (15) the expressions of the speeds of the two motors can be derived: 

 (17) 

It has therefore been demonstrated that the PM speed is proportional to the mean value of 
the two sprocket speeds while the steering motor speed is proportional to their difference. 
By calculating the time derivatives of equations (17) and substituting them in equations 
(10) and (14) it follows that: 

 

(18) 
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Considering WWRWL JJJ  the former equations can be further simplified as follows: 

 
(19) 

It is interesting to highlight, from the previous equations, that the PM torque amplified by 
the AT ratio contributes to accelerating both wheels, while the wheel acceleration 
difference can be obtained both by acting on the SM torque and by differentiating the 
braking action between the two sides of the vehicle. 
For simulation purposes the equations to compute the left and right sprocket accelerations 
separately are also reported: 
 

 

(20) 

   (21) 
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Additional coefficients  and sk , mapped as a function of sideslip angle and of 
longitudinal slip respectively, are introduced in the model to describe the effect of the 
track combined slip and are implemented by means of look-up tables. The resultant 
steady-state behavior of the track-terrain interaction for each contact patch can be 
summarized through a plot of lateral force vs. longitudinal force for different sideslip 
angles and longitudinal slip (see Figure 7). 
The moments about CG due to lateral forces Fy,i are (see Figure 8): 

 (29) 

The resultant longitudinal and lateral forces and moment about the vehicle vertical axis 
due to tracks-terrain interaction are the summation of the effects of singles contact 
patches: 

 (30) 

More detailed track-terrain models are available in Literature that are able to predict the 
track motion resistance as well as the tractive effort of a track as functions of soil 
properties (Wong, 2010). For the sake of simplicity it was decided to use a basic model 
with the lowest possible number of parameters while maintaining a good level of 
approximation of the physical phenomenon. 

Kinematics 

During turning manoeuvres, the longitudinal and lateral components, i.e. ui and vi 
respectively, of individual roadwheel translational speed differ from the ones relative to 
the vehicle center of gravity. With reference to Figure 8 and considering the rigid body 
kinematics applied to the vehicle it yields:  

                         

(31) 

The longitudinal slip of a generic contact patch is  is defined as follows: 
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By substituting equations (35) and (36) in (38) and assuming small pitch angles it gives:   

    
(39) 

The comparison between eq.     (39) 
and (37) directly gives the suspension pitch stiffness Kp: 

 (40) 

that, once substituted in the previous equations, allows the problem of the longitudinal 
load transfer ilonF ,  to finally be solved. 

Electric Motors 

The simulated vehicle is a 53.5ton Main Battle Tank equipped with a 1.1MW-11kNm 
electric machine for propulsion and a 0.25MW-2kNm electric machine for skid steering; 
the main vehicle and powertrain data was taken from Hirt and Naunheimer (1999). 
Figure 11 shows the maximum torque and maximum power maps of steering and 
propulsion motors. To ensure that the hybrid electric tank is able to achieve the 0.84MW 
diesel version vehicle performance, i.e. 65 km/h of maximum speed and 60% of 
maximum grade, a traction diagram of the vehicle was calculated and it is shown in 
Figure 12. The  dynamics of both actuators in terms of torque control response was 
approximated by a first order low-pass filter with a high cutoff frequency (100rad/s) and 
unitary passband gain.  
The two electric motors of the transmission must be chosen in order to satisfy various 
vehicle performance specifications such as maximum speed, gradeability, steerability, 
etc. As an example, a simplified procedure for steady-state vehicle traction performance 
computation, starting from the PM torque map and transmission parameters, is explained 
in section 4. More detailed results can be gained by adopting the discussed dynamic 
model, that considers the track longitudinal slip required for the force generation in track-
terrain interface and longitudinal load transfer. SM motor size optimisation can benefit 
from the usage of the dynamic model as well: in fact, SM torque and speed time histories 
obtained during simulations of the most critical steering tests facilitate the SM size 
selection. The effect of different steering control strategy calibrations can also be 
evaluated. 
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Figure 1  The powertrain block diagram 

 

 

Figure 2 Stick diagram of the EMT 

 

 

Table 1 Forward drive ranges of the two-speeds AT 

Drive range Clutch Brake Gear ratio ( AT ) 
Neutral Off Off - 

1 Off On 3.3 
2 On Off 1 



   

 

   

   
 

   

   

 

   

   E.Galvagno, E.Rondinelli and M.Velardocchia    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 3  The main structure of the tracked tank dynamic model 
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Figure 4   Driveline free body diagrams 
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Figure 5 Free body diagram of the tracked tank (top view) 

 

 

 

Figure 6   Longitudinal force as a function of longitudinal slip (on the left) and lateral force as a 
function of sideslip angle (on the right) used for each contact patch. 
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Figure 7   Lateral force vs. longitudinal force for different sideslip angles and longitudinal slips 

 
 
 

 

Figure 8   Track-terrain discretised contact model 
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Figure 9   Rear (a) and lateral (b) view of tracked tank for lateral and longitudinal weight transfer 
computation. 
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Figure 10   Tracked vehicle suspension 












