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Abstract
The portal axle is a gearbox that is specially designed for off-road 
driving conditions. It is installed between the wheel and the axle 
shaft to give higher ground clearance to the vehicle. However, gear 
train design in portal axle is difficult to study comprehensively 
due to their relatively low cost and short product life cycle. In this 
study, structural analysis of portal axle is simulated using Finite 
Element Method (FEM). FEM static stress analysis is simulated on 
three different gear trains to study the gear teeth bending stress and 
contact stress behaviour of the gear trains. The single and double 
pair gear teeth contact are also considered. Dynamic analysis is 
carried out on above cases like modal & Harmonic.
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I. Introduction

A. Gear Train
A gear train is formed by mounting gears on a frame so that the 
teeth of the gears engage. Gear teeth are designed to ensure the 
pitch circles of engaging gears roll on each other without slipping, 
this provides a smooth transmission of rotation from one gear to 
the next.
Some important features of gears and gear trains are:

The ratio of the pitch circles of mating gears defines the • speed 
ratio and the mechanical advantage of the gear set.
A • planetary gear train provides high gear reduction in a 
compact package.
It is possible to design gear teeth for gears that are • non-
circular, yet still transmit torque smoothly.
The speed ratios of • chain and belt drives are computed in the 
same way as gear ratios. 

B. Portal Axles
Portal axles (or portal gear) are an off-road technology where the 
axle tube is above the center of the wheel hub. 
Compared to normal layout, portal axles enable the vehicle to gain 
a higher ground clearance, as both the axle tube and differential 
casing are tucked up higher under the vehicle. 
Due to the gear reduction at the wheel which lessens the torque 
on all the other drive train components, the size of the differential 
casing can be reduced to gain even more ground clearance. 
Additionally, all drive train elements, in particular the transfer 
gearbox and drive shafts, can be built lighter. This can be of use 
in lowering the center of gravity for a given ground clearance. 
As it requires a heavier and more complex hub assembly, however, 
these systems can result in an increased unsprung weight and 
require robust axle-control elements to give predictable handling. 
In addition, at higher speeds the hub assembly can overheat.

C. Finite Element Method (FEM)
The Finite Element Method (FEM) (its practical application 
often known as Finite Element Analysis (FEA)) is a numerical 
technique for finding approximate solutions to Partial Differential 
Equations (PDE) and their systems, as well as (less often) integral 
equations. In simple terms, FEM is a method for dividing up a 
very complicated problem into small elements that can be solved 
in relation to each other. FEM is a special case of the more general 
Galerkin method with polynomial approximation functions. The 
solution approach is based on eliminating the spatial derivatives 
from the PDE. This approximates the PDE with

A system of • algebraic equations for steady state problems,
A system of • ordinary differential equations for transient 
problems.

II. Analysis of  Mechanical Advantage
Gear teeth are designed so that the number of teeth on a gear is 
proportional to the radius of its pitch circle, and so that the pitch 
circles of meshing gears roll on each other without slipping. The 
speed ratio for a pair of meshing gears can be computed from 
ratio of the radii of the pitch circles and the ratio of the number 
of teeth on each gear.
The velocity v of the point of contact on the pitch circles is the 
same on both gears, and is given by

where input gear A has radius rA and meshes with output gear B 
of radius rB, therefore,

Fig. 1: Structural Diagram of Gear System

where NA is the number of teeth on the input gear and NB is the 
number of teeth on the output gear.
The mechanical advantage of a pair of meshing gears for which 
the input gear has NA teeth and the output gear has NB teeth is 
given by
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This shows that if the output gear GB has more teeth than the input 
gear GA, then the gear train amplifies the input torque. And, if 
the output gear has fewer teeth than the input gear, then the gear 
train reduces the input torque.
If the output gear of a gear train rotates more slowly than the input 
gear, then the gear train is called a speed reducer. In this case, 
because the output gear must have more teeth than the input gear, 
the speed reducer will amplify the input torque.

III. Analysis Using Virtual Work
For this analysis, we consider a gear train that has one degree-
of-freedom, which means the angular rotation of all the gears in 
the gear train are defined by the angle of the input gear. The size 
of the gears and the sequence in which they engage define the 
ratio of the angular velocity ωA of the input gear to the angular 
velocity ωB of the output gear, known as the speed ratio, or gear 
ratio, of the gear train. Let R be the speed ratio, then

The input torque TA acting on the input gear GA is transformed 
by the gear train into the output torque TB exerted by the output 
gear GB. If we assume, that the gears are rigid and that there are 
no losses in the engagement of the gear teeth, then the principle 
of virtual work can be used to analyse the static equilibrium of 
the gear train.
Let the angle θ of the input gear be the generalized coordinate 
of the gear train, then the speed ratio R of the gear train defines 
the angular velocity of the output gear in terms of the input gear, 
that is

The formula for the generalized force obtained from the principle 
of virtual work with applied torques yields[2]

The mechanical advantage of the gear train is the ratio of the output 
torque TB to the input torque TA, and the above equation yields

Thus, the speed ratio of a gear train also defines its mechanical 
advantage. This shows that if the input gear rotates faster than the 
output gear, then the gear train amplifies the input torque. And, if 
the input gear rotates slower than the output gear, then the gear 
train reduces the input torque.
 

Fig. 2: Portal Axle Vairation

Fig. 3: Portal Tek Super 14 Axle + Portal Tek Stouter

IV. Design
We use the method introduced in Epicyclic Ratio Calculation for 
determining the final gear ratio of an epicyclic gear train. This 
method is extremely methodical, which is appropriate since use 
of intuition is quite futile with an epicyclic gear train such as the 
following example.

Fig. 4: A Plan View of the Epicyclic Gear Train Arrangement

With portal axles the axle input is raised above the wheel end 
centreline.  Input power travels through the carrier and axle shafts 
to spur gears at each wheel end that provide additional reduction 
and also a drop of 4.8” from axle shaft to wheel end centreline.  
This configuration allows for greater ground clearance under the 
axle canter.  The most common applications are military, forestry, 
and municipal service vehicles.
The axles can be equipped with several different options including 
Central Tire Inflation (CTI), traction control differentials, ABS, 
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variable input locations to improve drive train packaging, and 
various mounting pad options.  Brake options include hydraulic 
disc and air actuated wedge.

Fig. 5: Portal Axles Variation

Fig. 6: Input, Idler, and Output Gear Train

V. Drive Train Mechanical Design
We offer our customers a full design and development service for 
all parts of the drive train. Taking the initial concept, whether it 
is a new product or the adaption of an existing system, we have 
the capability to design:

Fig. 7: Drive Train Mechanical Design

Casings• 
Gear, shaft and bearing arrangements• 
Couplings and disconnects• 
Special purpose assemblies• 

A. Casings
We have extensive experience of designing cast and machined 
casings, both for sand cast and die cast production methods. 
Patterns for sand castings and hard tooling for die castings are 
typically cut directly from our CAD data, which is also used to 
program the CNC tools that machine the finished parts.

Fig. 8: Drive Train Castings

We have various analysis tools at our disposal, to ensure that the 
finished parts are fit for purpose, including:

Fig. 9: FEM Analysis

Draft Analysis• 
Wall Thickness Analysis• 
Finite Element Analysis• 

Cast parts will usually be subject to all of the above as part of 
our design work flow, with the depth of the analysis study being 
proportional to the complexity and significance of the subject 
part.

B. Gear, Shaft and Bearing Arrangements
Gears, shafts and bearings are an essential part of any drive train, 
and we have considerable expertise in this area. We have significant 
experience in the design of unique drive train arrangements, where 
packaging constraints rule out a more conventional solution.



IJRMET Vol. 3, IssuE 1, NoV - ApRIl 2013

w w w . i j r m e t . c o m InternatIonal Journal of research In MechanIcal engIneerIng & technology 49

 ISSN : 2249-5762 (Online)  |  ISSN : 2249-5770 (Print)

Fig. 10: Gear, Shaft and Bearing Arrangements

C. Analysis
Our innovative designs are validated using a variety of analysis 
tools, allowing us to identify potential weak links in the system at 
the design stage and take remedial action ahead of the prototype 
phase. Our analysis tools include:

Durability Analysis of complete drive trains, subjected to 1. 
application specific load collectives.
Contact Analysis of individual tooth meshes, including shaft 2. 
deflection, lead angle modification and transmission error 
prediction.
Finite Element Analysis3. 
Classical Gear Analysis 4. 
Spur and Helical Gear Analysis according to ISO 6336• 
Bevel Gear Analysis according to ISO 10300• 
Hypoid Gear Analysis according to Klingelnberg• 
Classical Shaft Analysis 5. 
Shaft Strength according to DIN 743• 
Classical Bearing Analysis 6. 
Bearing Life according to ISO 281• 

D. Couplings and Disconnects
Drive trains often require some form of coupling or disconnect 
device, such that the correct parts of the drive train are connected 
to the power source at the appropriate time. Our experience in 
this field ranges from simple sliding dog devices, typically found 
in locking differentials and auxiliary axle disconnects, through to 
intelligent multi-plate clutch couplings, typically found in AWD 
systems.
We have been particularly successful with using multi-plate clutch 
couplings in innovative AWD vehicle drive train arrangements, and 
have seen some very impressive results in terms of dramatically 
enhanced vehicle off-road capability.

Fig. 11: Couplings and Disconnects

E. Special Purpose Assemblies
Our portfolio includes special purpose drivetrain assemblies, 
such as geared drop housings, which transform a standard axle 
into a portal axle, when exceptionally high ground clearance is 
required.

Fig. 12: Special Purpose Assembles

VI. Simulation Setup
One of the greatest challenges engineers face when conducting 
real-time simulation of advanced motor drives is how to attain an 
adequate combination of model fidelity and simulation step time. 
While a simple constant parameter D-Q model may be sufficient to 
conduct some HIL tests, increased model fidelity is often necessary 
for the design of advanced motor drives. 
High-fidelity simulation also applies to performance optimization 
of control systems in high-efficiency electric motor applications 
commonly found in the automotive industry. Using high-fidelity 
FEA (finite-element analysis) models, an engineer can simulate 
complex, non-ideal behavior such as cogging torque and design 
a controller to reduce torque ripple. 
Similarly, a designer can simulate the variation in motor inductance 
at high currents, which greatly affects the torque produced by the 
motor, and test the controller accordingly. Lower-fidelity models 
do not adequately represent cogging torque, motor inductances at 
high currents, or other nonlinearities in the simulation. The absence 
of these characteristics reduces the effectiveness of HIL testing, 
which results in more field tests and increased development time 
to test adequately embedded-control software. 
FEA is a simulation method that provides highly accurate motor 
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models with enough fidelity to account for nonlinearities found in 
electric motors (Figure 2). However, historically, this high fidelity 
simulation has been limited to software-only implementation, 
because it can often take hours to simulate a few seconds worth 
of real-world operation. 
To perform HIL testing on electric motor systems, simulation 
models must run in real-time. High-fidelity models need simplifying 
to run within the limits of processor-based systems, resulting 
in reduced effectiveness of HIL tests. A processor-independent, 
hardware-based simulation is necessary to achieve the closed-loop 
update rates required for electric-motor HIL testing. 
FPGAs provide the high speed processing necessary for electric-
motor simulation and high-speed update rates with low latency 
from input to output. However, because FPGAs are hardware, 
they have limited available resources. 
Engineers must often simplify electric-motor models to operate 
within the limits of these resources, which reduces model fidelity. 
To obtain the performance and accuracy necessary for real-time 
high-fidelity electric-motor simulation, an FPGA must be large 
enough to contain the entire characterization of the electric 
motor. 
Advancements in FPGA technology have made it possible for 
tools such as the JMAG add-on for NI VeriStand to perform real-
time high-fidelity simulation of electric motors for HIL testing. 
Meanwhile graphical-programming tools such as LabVIEW 
FPGA provide an abstracted tool chain for FPGA development 
that reduces development time for creating high-fidelity electric-
motor models. 

Fig. 13: The High Density Mesh of the FEA (Finite Element 
Analysis) Produces a Very High Fidelity Representation of this 
IPM (Interior Permanent-Magnet) Motor‘S Characteristics

Fig. 14:

This report summarizes work performed to model, evaluate, 
and verify the safety benefits of an improved version of the Roll 
Advisor and Controller (RA& C) on-board safety system.
The RA& C on-board safety system includes two major 
components consisting of the Roll Stability Advisor (RSA) and 
the Roll Stability Control (RSC). The RSA component informs 
drivers when they have performed a maneuver with a high risk 
of rollover; the RSC component initiates autonomous braking to 
prevent a rollover due to excessive speed in a curve. The combined 
RA& C constantly monitors cornering forces while the vehicle is 
in operation. An on-board computer in the RA& C processes the 
information received from the on-board sensors to detect when 
there is risk of a rollover. If a high risk of rollover is detected, 
the RSC component initiates braking automatically to slow the 
vehicle without driver intervention. 
Figure 14 shows the lateral acceleration calculated at the trailer 
centre of gravity during these simulations. As the acceleration 
reaches about 0.3 g, the RSC activates and reduces the rolling 
tendency of the trailer. The static rollover threshold of a filled 
FOT vehicle was measured to be about 0.37g. At the next higher 
speed increment, the vehicle without the RSC would have reached 
a peak trailer lateral acceleration of 0.40 g (the value in Appendix 
A for this example case) and rolled over.

Fig. 14: RSC Limits the Lateral Acceleration of the Trailer

Fig. 15: Simulation of the RSC to Reduce Speed and Avoid a 
Rollover
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The model of the RSC was implemented for the next simulation 
of this maneuver. When the vehicle was about to roll over, the 
RSC called for the brakes to be applied, so an appropriate brake 
application was simulated. The truck slowed down and did not roll. 
Figure 15 shows how the RSC affects the speed of the simulated 
truck. The solid line is the speed of the truck without RSC, just 
below the rollover threshold. The dotted line indicates the speed 
of the truck equipped with RSC. Up to the point of intervention, 
the two trucks had the same speed. At the point indicated by 
the arrow, the brakes were applied, the simulated vehicle slowed 
down, and a rollover was avoided.
Conclusions
In this study, structural analysis of portal axle is simulated using 
Finite Element Method (FEM). FEM static stress analysis is 
simulated on three different gear trains to study the gear teeth 
bending stress and contact stress behaviour of the gear trains. 
The single and double pair gear teeth contact are also considered. 
There was a big difference between the natural frequencies of the 
gear trains compared to the operating frequency of the portal axle 
unit in which it is a normal case. Therefore, resonance will not 
occur when the portal axle unit is operating at its speed range. 
However, modal analysis must be performed as a safety precaution 
in portal axle design.
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