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With increasing complexity in the heavy duty construction equipment, early fault detection of
certain components in the machine becomes more and more challenging due to too many fault
codes generated when a failure occurs. The axle is one such component. The axle transfers driv-
ing torque from the transmission to the wheels and axle failure may result in costly downtime of
construction equipment. To reduce service cost and to improve uptime, adequate condition moni-
toring based on sensor data from the axle is considered by for instance measuring vibrations on the
axle. Further, the analysis of the data collected has been has been carried out using adequate sig-
nal processing methods. The results indicate that the vibration properties of the axle are relevant
for early fault detection of the axle. Thus, the health of the axle may be continuously monitored
on-board using the vibration information and if the axle health starts to degrade a service and/or
repair may be scheduled well in advance of a potential axle failure and in that way the downtime
of a machine may be reduced and costly replacements and repairs avoided.

1. Introduction

In order to identify and implement adequate on-board methods for the monitoring the condition of
the front and rear axles of a heavy duty construction equipment with the purpose of improving uptime,
the vibration properties of the axles may be investigated. Furthermore, the construction equipment
business seeks for new ways to reduce downtime, costly replacements and repairs,caused by failure
of critical components and thus an axle failure may result in expensive replacement.

Both the front and the rear axle transmits driving torque from the transmission to the wheels which
in turn provides traction force to the construction equipment [1, 2]. Also, the axles act as a support
structure for the complete machine [2].
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In heavy duty construction equipment, the limited-slip differential axle is widely used because of
its ability to overcome the problem of drive wheel traction differences [3]. Furthermore, a limited-
slip differential axle consists of a drive ring gear, a drive pinion gear, a clutch pack, differential spider
gears, a differential side gear, a differential pinion gear, an axle shaft side gear, an axle shaft and a
pinion shaft [2].

A typical axle of a heavy duty construction equipment is shown in Fig. 1

Figure 1: Axle 3-D view.

Different contributions concerning monitoring of driving axle condition have been reported. Huibin
et al. [1] performed an experimental study concerning noise identification of the rear driving axle
using theories and methods for acoustic array measurements. They observed that the dominating
frequencies in the measured signal are related to the gear meshing vibration [1]. Shao et al. [4]
proposed a Radial and Basis Function (RBF) and Back Propagation (BP) neural networks as a fault
and diagnosis procedure for rear axle gear utilizing Root Mean Square (RMS) and Kurtosis features
of the measured vibration signals. Santacruz et al. [2] described test points optimization process
for real-time vibration and frequency monitoring system on a differential axle fixed rig using a field-
programmable gate array (FPGA), an online analysis data storage unit which locates the strongest fre-
quency components by computing frequency spectrum. In addition to the FPGA, an offline program
which calculates the RMS and variance of the vibration in time domain and computes an histogram
from the series with the strongest frequency component is also utilized [2]. They reached a conclu-
sion that the execution of the test under a controlled platform yielded acceptable performance with
the axle shaft having the most intense vibration based on the RMS value. However, they stated that
the methods needs to be further validated [2]. This paper concerns an initial investigation of the front
and rear axles vibration on a Wheel Loader based on Order Power Spectrum and Order Modulation
Power Spectrum. The purpose is to identify suitable methods for extracting features providing robust
and reliable information on the health state of the front and rear axles. Furthermore, the intention is
to implement an on-board system for early fault prediction utilizing the identified feature extraction
methods. The order analysis technique is selected because it provides information about the vibration
related to the changing rotational speed.
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2. Materials and Methods

2.1 Experimental Setup

A Volvo Construction Equipment L180H Wheel Loader was used in the experiments. The ma-
chine was warmed-up before the test cycles and the bucket was loaded with 8 tonnes of gravel. The
Volvo CE test track in Eskilstuna, Sweden, was used in the experiments as driving track, using one
driver and similar driving style in all measurements. The measured quantities used in the investigation
are the engine speed and vibration of the structure around the rear and the front axles pinions. The
experiment was controlled and an adequate number of recordings were made.

2.2 Measurement Equipment and Setup

The vibration signals were recorded using a LMS Scadas SCR05 Data Acquisition system, sam-
pling frequency 6400Hz, connected to two triaxial accelerometers attached around the structure
around the pinion of the rear and front axle as in Figures 2 and 3. The accelerometers were mounted
using instant adhesive- Loctite 454. The engine speed from the machine CAN-bus was logged syn-
chronously with the vibration data.

Figure 2: L180H Wheel Loader with accelerometer mounted on the structure around the pinion of the
rear axle.

2.3 Evaluation of the Axle Vibration

Drive-line vibration properties may be analyzed via order analysis technique, frequency domain
and time-frequency domain analysis etc [5, 8]. Order analysis technique, usually referred to as order-
tracking, is utilized in rotating machinery where the rotational speed changes over time. Basically,
Order analysis technique transforms a signals non-stationary components whose vibration frequencies
are related to the rotation speed in the time domain into stationary signal components in the angu-
lar domain and thus provides information about the vibration components related to the changing
rotational speed [6].

Order analysis is carried out by first, synchronously resampling the measured vibration with the
rotational speed of a reference shaft [5]. In other words, synchronous sampling adapts the sample rate
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Figure 3: L180H Wheel Loader with accelerometer mounted on the structure around the pinion of the
front axle.

of the vibration signal with the changing rotational speed, thus, ensuring sampling at an equal angle
increment with reference to the rotating shaft [6].

After synchronously resampling the vibration data to samples with equal angle increment referring
to the rotating reference shaft, the samples of the vibration data are said to be in the order or angle
domain [5]. The synchronously resampled signal may be further analyzed using different signal
processing techniques, but in this paper the Order Power Spectrum and the Order Modulation Power
Spectrum are considered. The Order Power Spectrum may be estimated directly using the Power
Spectrum of the synchronously resampled vibration signal. While, the Order Modulation Power
Spectrum is produced by first estimating the Hilbert Transform of the synchronously resampled signal
and subsequently producing the power spectrum of its so-called analytic signal [5, 7].

2.4 Hilbert Transform

The Hilbert Transform (HT) is a useful technique for determining the instantaneous amplitude and
instantaneous frequency of a signal [14]. HT is not a transform between domains in contrast to other
integral transforms like Fourier transform, wavelet transform, etc, rather, it produces a new signal in
the same domain as the original signal by assigning a complementary imaginary part to a given real
part, or vice versa, by shifting each components of a signal by a quarter of a period [5, 14]. The HT
of a real-valued time signal x(t) may be produced as [5, 14]:

x̂(t) = π−1
∫ ∞
−∞

x(τ)

t− τ
dτ = x(t)∗(πt)−1 (1)

HT corresponds physically to a special type of linear filter with all the amplitudes of the spectral
components left unchanged and the phases shifted by π

2
[14]. However, HT is mostly used in en-

velope calculation and in creating the so-called analytic signal [5]. Furthermore, the analytic signal
is a complex-valued signal z(t) whose real part is the original signal x(t) and its imaginary part is
provided by the HT of the signal x̂(t) as in [14, 15]:

z(t) = x(t) + ix̂(t) (2)

In addition, the demodulated signal is the absolute value of the complex-valued analytic signal z(t)
obtained via the HT [15].
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2.5 Power Spectrum

In estimating spectral properties of a signal, it is important to select an appropriate scaling of the
spectrum estimator [9, 12]. The spectrum estimates may be scaled for either the tonal components
of a signal -power spectrum estimates- or the random part of a signal -power spectral density (PSD)
estimates- [12].
The Power Spectrum (PS) of a periodic sampled signal x(n) is usually computed using the Welch’s
spectrum estimator [10]. The Welch spectrum estimate is obtained by averaging a number of peri-
odograms. Each periodogram is based on segments of a time sequence x(n), each segment consisting
of N samples [13]. Thus, the original time sequence of data must be divided into data segments [11]
The Welch’s power spectrum estimator is given by [11, 13]:

P̂ PS
xx (fk) =

1

LNUPS

L−1∑
l=0

∣∣∣∣∣
N−1∑
n=0

xl(n)w(n)e
−j2πnk/N

∣∣∣∣∣
2

, fk =
k

N
Fs (3)

where k = 0, ..., N/2, L is the number of periodograms, N is the length of the periodogram, l is
related to the overlapping increment (usually 0 − 50% of the periodogram length), Fs the sampling
frequency, w(n) is a suitable window and

UPS =
1

N
(
N−1∑
n=0

w(n))2 (4)

is the window-dependent magnitude normalisation factor.
Further, a one-sided PS contains the total power of the periodic components of a signal in the fre-

quency interval from direct current (DC) to half of the Nyquist rate whereas a two-sided PS contains
the total power of the periodic components in the frequency interval from -Nyquist rate to the Nyquist
rate.

3. Result and Analysis

The results of the research are presented below in terms of a Order Power Spectrum estimates
and a Order Modulation Power Spectrum estimates of the measured vibration signal of the rear and
front axles of the L180H Wheel Loader.The orders 9 and its harmonics corresponds to the order of
the pinion of the axle.

Figure 4: Order Power Spectrum of the rear axle vibration from the accelerometer mounted on the
x-direction.
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Figure 5: Order Modulation Spectrum of the rear axle vibration from the accelerometer mounted on
the x-direction.

The Order Power Spectrum of the rear axle vibration from the accelerometer mounted on the
x-direction as in Figure 4 shows that the order of the pinion may be observed around 9, and its
harmonics around 27, 45, 54, 81, 108. However, high peaks appear around order 86, 114, 143, 169
and 254. It is not clear whether these high vibration peaks at order 86, 114, 143, 169.8 and 254.5
corresponds to the pinion order at 90, 117, 144, 171 and 252. This needs to be further investigated.
The Order Modulation Power Spectrum of the rear axle vibration from the accelerometer mounted

Figure 6: Order Power Spectrum of the front axle vibration from the accelerometer mounted on the
z-direction.

on the x-direction as shown in Figure 5 indicates that that the order of the pinion may be observed
around order 9 and 18. Also, high vibration peaks are also noticed on order 28.75, 47.75, 83.75 and
168.5 which may correspond to the actual order of the pinion at 27, 45, 81, and 171. The Order
Power Spectrum of the front axle vibration from the accelerometer mounted on the z-direction as
in Figure 6 indicates a high vibration peaks around 84.75, 114.5 and 169.8 which may correspond
with the pinion order at 81, 117 and 171. Thus, this needs to be further investigated. Furthermore,
the Order Modulation Power Spectrum of the front axle vibration from the accelerometer mounted
on the z-direction as shown in Figure 7 shows orders around 9. Noticeable peaks are also seen on
29.75, 84.75, 169.8 which may correspond to the pinion order around 27, 81 and 171 of the pinion
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Figure 7: Order Modulation Spectrum of the front axle vibration from the accelerometer mounted on
the z-direction.

harmonics.
To summarize, both the Order Power Spectrum and the Order Modulation Spectrum provides

information concerning the vibration orders e.g. originating from the pinion of the rear and front
axles - likely to provide indications concerning potentially abnormal vibrations and a need to take
proactive measures in order to avoid severe failures.

4. Discussions

The paper has presented two methods for analyzing the vibration properties of the rear and front
axles of the L180H Wheel Loader. Order Power Spectrum and Order Modulation Power Spectrum
estimates of the vibration measured around the pinion of the rear and front axles provide information
on the health status of the axle’s internal components. In addition, orders related to the pinion of the
axle may be identified using the Order Power Spectrum and the Order Modulation Power Spectrum
estimates. Monitoring these vibration features on-board may enable to prevent failures of the axle.
Thus, in this way, uptime can be improved, costly downtime, replacements and repairs minimized.

Monitoring the axle vibration in future machines via on-board vibration sensors may enable early
fault prediction of the axle. In addition, the oil around the axle carries information about the health
of the axle. Thus, adequately monitoring the oil via on-board oil quality sensors may also provide
information about the health of the axle. Consequently, gradual degradation may be spotted early
before a major failure occurs if also monitoring the oil quality in combination with the health of the
axle.

Finally, money and time can be saved for the customer and the providers of heavy duty construc-
tion equipment increasing customer satisfaction. Further, the ability to monitor critical components
(and the oil) on-board provides an enabler for utilizing availability-based business models such as
Industrial Product-Service Systems or Functional Products [16, 17].
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