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This paper designs a portable instrument for automobile wheel measurement, and details the
measurement method and the hardware and software structures. Taking LPC2294 as its
microcontroller, the instrument runs on the operating system uC/OS-Il, adopts the graphical
interface system MiniGUI, and uses multiple sensors. The main functions of the instrument
include the measurement of the runout and press-fit depth and the harmonic analysis. The
modular structure makes the instrument easy to move and carry. The instrument can be applied
to measure various types of automobile wheels and enjoys a broad application potential.

1. INTRODUCTION

The dynamic balance of automobiles has attracted a
growing attention from the academia [1-2]. For example, Ji et
al. [3] measured the flange thickness and rim width of wheel
sets online. The existing automobile wheel measuring
instruments are mostly produced for specific automated wheel
production lines. In 2001, the Multi Measuring Instruments
Co., Ltd. designed the measuring instruments for ARC-6142W
wheels. In 2003, the German company SAMAG Group
launched EXA1224EA wheel measuring equipment. Similarly,
Hubei University of Automotive Technology developed a
wheel testing line exclusively for the wheels produced by
Dongfeng Automotive Wheel Co., Ltd. These measuring
devices, targeted at the wheels of midsize trucks or cars, are
too bulky to be applied widely in product development, not to
mention the production or maintenance of various automobiles
in small batches. For automotive service providers, it is
impossible to install large wheel measuring devices, which are
costly and space-consuming. Currently, professional wheel
manufacturers in China, namely, Dongfeng Automotive
Wheel Co., Ltd., mostly adopt the coordinate measuring
machine (CMM) for wheel measurement in product
development. The CMM is complex to operate, technically
demanding on operators and extremely time-consuming. To
make matters worse, the CMM does not support harmonic
analysis [4-6]. The harmonic analysis is an important means to
analyze the signals of wheel detection. These signals can be
processed by various methods [7-8].

The measurement of wheel runout is another research
hotspot. For instance, Borecki et al. [9] set up a group of
sensors for wireless measurement of the automotive rim and
wheel parameters in lab conditions. Yu et al. [10] developed a
parameter detection system for hub axial and radial runout,
laying the basis for dynamic balance detection of automobiles.
Yang et al. [11] designed an online detection system for hub
runout of automobile wheels. Wang et al. [12] researched and
applied an online measurement system of tire tread profile in
automobile tire production. The above measuring devices are
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controlled by an industrial computer or a programmable logic
controller (PLC), with motors, cylinders and screw rods as
transmission devices. These immovable devices only apply to
wheel detection of automobile wheel production lines, and
target only one type of wheels. Some scholars have put
forward automobile wheel measurement instruments based on
digital signal processor (DSP) or microcontroller unit (MCU).
For example, Feng et al. [13] proposed a wheel dynamic
detection system based on STM32. Xiong and Zhuang [14]
developed a detection system of wheel hub runout based on
DSP. Yao et al. [15] invented a detection system of radial and
axial hub runouts. However, these instruments are targeted at
fixed types of wheels, and unable to make modular adjustment
for different wheels. In addition, it is difficult to move or carry
these instruments from place to place.

For the research and design (R&D) department, fully-
automatic measurement instruments are not suitable, because
the product is not yet finalized. In their eyes, a desirable wheel
measurement instrument should be easy to operate, place and
assemble, and capable of measuring multiple types of wheels.
The quality control department also needs a portable, high-
precision and universal wheel measuring instrument. However,
there is not any wheel runout measurement instrument on the
market that is suitable for multiple types of wheel and easy to
carry around. This calls for the development of a novel
portable wheel measurement instrument for the R&D, quality
control, production and maintenance of various automobiles in
small batches.

This paper designs a portable instrument for automobile
wheel runout measurement. The technical parameters and
runout measurement principles were detailed. The installation
positions of displacement sensor and incremental encoder
were specified. The author also introduced the modular
measurement structure, storage of test data, the design of
human-machine interface (HMI), the operation system and the
graphical interface. In addition, the author described how to
filter the data, measure runout and press-fit depth, and conduct
harmonic analysis.



2. TECHNICAL
PARAMETERS

REQUIREMENTS AND

The modular structure should be adopted for the measuring
part to tolerate various changes and combinations, such that
the instrument can measure wheels positioned both on bolt
holes and center holes. The control part should use the
instrument chassis structure. The measuring instrument should
feature high portability.

The system should be able to measure the axial and radial
runouts and press-fit depth of each wheel on the upper and
lower sides and support harmonic analysis on the wheel.

The measuring range should cover wheels with the diameter
of 300~650mm and the width of 90~360 mm, and reach the
precision of 0.001 mm.

3. HARDWARE DESIGN
3.1 Overall design of hardware

As shown in Figure 1, the instrument hardware consists of
an ARM controller, a power supply module, a measurement
module, a storage module, a real-time clock module, a
keyboard, a liquid-crystal display (LCD) module and an
audible and an audiovisual alarm module.

The main controller is Philips LPC2294, a 32-bit
microcontroller with the ARM7TDMI core that requires ultra-
low power consumption. Inside the controller, there are a
256kB high-speed flash memory, a 16kB static RAM, a 144-
pin package, two 32-bit timers, eight 10-bit alternate delivery
channels (ADCs), 4 advanced controller area network (CAN)
and pulse-width modulation (PWM) channels, and up to nine
external interrupts, including 112 general-purpose input
output (GPIO) ports. The rich on-chip resources and ultra-low
power consumption satisfy the requirements for a portable
automobile wheel measuring instrument (hereinafter referred
to as the instrument).

The LPC2294 series ARM7 microcontroller uses two power
supplies. The power supply at the input/output (I/O) port is
3.3V, and that for the core and its on-chip peripherals is 1.8V.
ASM1117-3.3 and ASM11117-1.8 chips were adopted to
output power at a stable voltage of 3.3 V and 1.8 V,
respectively. The ASM1117 chips can output a current of up
to 800mA and control the output voltage accuracy is within
+1%. The current limit and thermal protection ensure the
stability of the power supply [16-19].

The measurement module is mainly composed of four
displacement sensors and several incremental encoders. Inside
the main controller, four of the eight 10-bit ADC channels
were connected with the four displacement sensors, for the
measurement of wheel runout; meanwhile, the 32-bit counter
channel was connected to the encoder to measure the wheel
rotation angle and steering.

External expansions like synchronous dynamic random-
access memory (SDRAM) and Flash ROM were added to store
the large amount of wheel measurement data. The external
real-time clock chip DS1302 was installed to record the
measuring time of each wheel. A 4x4 keyboard was added for
parameter setting. In addition, a 5.6-inch 256-color thin-film-
transistor (TFT) LCD was employed to display the runout
value and harmonic map of the measured wheel. Moreover, an
audiovisual alarm was used to indicate whether a wheel is
qualified or not, which is controlled by the GPIO port of

LPC2294.
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Figure 1. Hardware diagram
3.2 Instrument structure and measurement process

As shown in Figure 2, the instrument, designed to measure
the axial and radial runout and press-fit depth of each wheel,
contains such four parts as a probe mechanism, a support
mechanism, a wheel positioning and locking mechanism and
a rotary mechanism. Among them, the wheel positioning and
locking mechanism can fix and position different types of
wheels after replacing a few parts. With a modular structure,
this mechanism is easy to disassemble/assemble and carry.

7///////////////////////////////////////////////////

Note: 1. The target wheel; 2. Wheel positioning part; 3. Cone thrust bearing;
4. Bottom plate; 5. Probe support plate; 6. Probe holder; 7. Sensor rods (one
on the upper side and one on the lower side); 8. Fixing bolts; 9. Magnetic
probe holder base; 10. Center positioning table; 11. Probe mechanism; 12.
Rotary mechanism

Figure 2. Structure of the measuring instrument

During measurement, the target wheel should be fixed onto
the wheel positioning part according to the wheel positioning
method. Then, the fixing bolts should be installed and the
magnetic probe holder base should be adjusted manually, such
that the sensor rods cling to the hub measurement position. In
this way, the radial and axial turnouts of the upper and lower
parts of the wheel are measured by the sensor rods on the upper
and lower sides, respectively. Finally, the wheel should be
rotated manually to drive the rotation of the rotary mechanism
and the wheel positioning part. In this case, the wheel runout
is measured by the displacement sensors in the probe holder
on the probe support plate and recorded for processing and
analysis, while the encoder which rotates with the rotary
mechanism performs the angular measurement for the
harmonic analysis.

3.3 Sensor layout and measurement method

The sensor module has four displacement sensors and an



incremental encoder. The displacement sensors are installed at
the end of the two sensor rods, which are fixed to the edges of
the upper and lower end faces, to measure the radial and axial
runouts of the upper and lower parts of the wheel, including
upper and lower end runouts, as well as upper and lower radial
runouts. The layout of these sensors is presented in Figure 3
below.
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Note: 1. Probe; 2. Sensor rod; 3. Spring; 4. Cross-slide table; 5. Radial
displacement sensor; 6. Axial displacement sensor.

Figure 3. Layout of the sensors

During the measurement, the sensor rod should be mounted
on the horizontal and vertical cross-slide table so that it can
move horizontally and vertically. Then, horizontal
displacement caused by the radial runout of the rotating wheel
could be measured by radial displacement sensor and the
vertical displacement caused by the axial runout could be
measured by axial displacement sensor. The contact force in
the measurement is provided by the spring. The initial position
of the sensor rod could be adjusted to accommodate wheels in
different sizes or types. The two sensors should be fitted with
protective covers and only the effective travel sections of the
sensor rod are allowed to extend beyond the covers.

On this basis, the press-fit depth of the wheel can be
calculated from the values measured by the axial displacement
sensors in the sensor rods on the upper and lower sides.

Before the harmonic analysis on the wheel, it is necessary
to capture the runout of the wheel at different angles in one
revolution, that is, the measure the rotation angles. Here, a
Fagor S series incremental encoder is adopted for angle
measurement, which produces three pulse signals, denoted as
A, B and Z, respectively. The A and B pulses have a difference
of 90°. The incremental encoder, mounted coaxially with the
center of the wheel, outputs 512 pulse signals per turn, creating
512 displacement samples in one revolution of the wheel, i.e.
a wheel runout signal every 0.703°.

The encoder could output a Z pulse per revolution at the
starting/ending point of rotation, i.e. the null point. If the
encoder rotates forward, the A phase of the encoder is half a
cycle ahead of the B phase; if it rotates backward, A phase is
half a cycle behind the B phase. Thus, the rotation direction
can be determined based on the measured positions of the two
phases. Likewise, the rotation angle and steering can be
measured after the number of A and B pulses was counted by
the LPC2294 counting channel. During the collection process,
the wheel must rotate in the same direction; otherwise, the data
should be recollected from the beginning.
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3.4 Sensor signal conversion circuit

Four inductive displacement sensors with a range of 0~5mm
were selected to measure the wheel runout. The output current
of each sensor falls between 4 and 20mA. Compared with
voltage output sensors, current output sensors boast strong
resistance to interference, long transmission distance and
stable performance. Before analog-to-digital (AD) conversion,
the signals are converted into voltage signals by the circuit in
Figure 4. The conversion circuit has a 120 Q sampling resistor
R13 and a voltage follower SGM8522. The current signals
between 4 and 20 mA are firstly converted into voltage signals
between 0.48 and 2.4V by the sampling resistor, then enter the
voltage follower built by the SGM8522 operational amplifier,
and finally converted in the ADC channel of LPC2294. The
pulse signals outputted by the incremental encoder are
imported to the counting channel of LPC2294, which counts
the rotation angle and steering of the wheel.
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Figure 4. Sensor signal conversion circuit
3.5 Data storage module

The man-machine interface and data storage of the
instrument take up a lot of storage space. Considering the
limited memory in LPC2294, external storages like SDRAM
and FLASH ROM were added to the instrument. The former
relies on 256Kx16 IS61LV25616AL chips for algorithm
processing and graphical user interface (GUI) applications of
the wheel measuring instrument, while the latter uses 1IMx16
SST39VF160 chips to store the instrument parameters and the
measured data of each wheel. These parameters include the
calibration coefficients of the four displacement sensors, the
set height for the press-fit depth of the wheel, and the
allowable ranges for the axial and radial runouts of the wheel
on the upper and lower sides. In total, the instrument needs to
store the measured data of nearly 100 wheels, ranging from the
measurement time, runout value, press-fit depth and harmonic
data. The IS61LV25616AL and SST39VF160 chips are
connected to the LPC2294 microprocessor via a parallel bus.

3.6 Man-machine interface module

The man-machine interface of the instrument is made up of
an LCD display, a keyboard and an audiovisual alarm.

The instrument uses a TFT320234-5.6 256 color LCD
screen produced by Wuhan Zhongxian Technology Co., Ltd.
With a resolution of 320%234, the 5.6-inch 256 color TFT
screen is connected to the single chip microcomputer via 8-bit
parallel buses. The data bus is D [7: 0] and the address bus A
[1: 0], chip select/CS, read/RD and write /WR. During the
measurement, the LCD screen displays the set parameters,



measurement status, measured values, statistical charts and
harmonic map of the target wheel.

A 4x4 keyboard was included to input parameters, which is
achieved by the ZLG7290 chip. The parameters include the
standard height for the press-fit depth of the wheel, the
acceptable range for the axial and radial runouts of the wheel
on the upper and lower sides and the statistical range. The chip
is connected to a 3.3V power supply via an [12C serial bus. The
reset pin is connected to the LPC2294 reset signal. When the
power and ZLG7290 are reset simultaneously, the keyboard
interrupt output signal INT is connected to the interrupt pin
P0.30 of LPC2294. If the button is pressed, ZLG7290 will
output an interrupt signal, causing the interrupt of LPC2294.
Through the 12C serial interface, LPC2294 will obtain the
corresponding key code.

A light-emitting diode (LED) buzzer was used to indicate
whether the wheel is qualified or not and whether the direction
of rotation is incorrect. The indication is directly controlled by
the GPIO portal of LPC2294.

4. SOFTWARE DESIGN

The instrument software was arranged in the hierarchical
structure (Figure 5). From down to top, the structure consists
of a driver layer, an operating system layer (uC/OS-II), a

graphical interface system (MiniGUI) and an application layer.

The driver layer includes a TFT LCD driver, an ADC driver,
an encoder driver, a keyboard driver, a flash memory driver
and a real-time clock driver, while the application layer
contains functional modules like signal analysis, man-machine
interface and data storage [20-23].

Application layer
Signal analysis
HMI, data storage

Graphical interface system
MiniGUI

{}

Operating system layer
ucC/os-Il

{}

Driver
LCD, ADC, Encoder
Keyboard, Memory, Clock

Figure 5. Software design of the measuring instrument
4.1 Operating system and graphic interface system

The instrument runs on the uC/OS-II, an open-source
embedded real-time operating system. During the operation,
the operating system first completes the initialization task and
configures the hardware and software for the instrument, and
then dispatches multiple tasks by priority. These tasks include

acquisition, signal processing, data storage and MiniGUI tasks.
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For the lack of a graphic interface, the uC/OS-II is realized
by the expansion MiniGUI, which can output desirable user
interfaces involving text, button, menu and other controls. In
the instrument, MiniGUI mainly completes man-machine
interaction such as data and waveform display.

4.2 Signal analysis and processing

The signal analysis and processing mainly deal with digital
filtering, calculation of runout and press-fit depth and
harmonic analysis.

4.2.1 Digital filtering

Interference signals may present in the digital signals
converted from the runout signals of the wheel, owing to
noises like unsmooth wheel surface and electromagnetic
waves on site. This calls for digital filtering before computing
the wheel runout. Here, the average filter algorithm is
introduced because the interference signals are random and
slowly changing due to the manual rotation of the target wheel.
Sixteen rounds of AD sampling are triggered at the pulse
generation of the encoder. After adding up the samples, the
average should be taken as the valid value by shifting right 4
places. This method is fast and effective.

4.2.2 Calculation of runout and press-fit depth

Whenever the encoder rotates for one revolution, it will
generate a Z signal. In one revolution, the encoder generates
512 pulse signals and triggers LPC2294 for AD sampling.
After digital filtering, 512 valid samples will be acquired from
the circumference of the wheel. Then, the maximum and
minimum values of the samples should be computed, and the
wheel runout be determined by the maximum-minimum
difference and the calibration coefficients of the sensors.

As mentioned before, two sets of sensor rods are fixed onto
the edges of the upper and lower end faces. Before the
measurement, the vertical distance between the two sets of
sensor rods is known. Thus, the changes in the upper and lower
end faces of different wheels can be measured by the axial
displacement sensors in the two sets of sensor rods, before
calculating the wheel press-fit depth.

4.2.3 Harmonic analysis

The runout errors of the target wheel are obviously periodic,
for the actual contour of the wheel cross section is a complex
closed curve. The radial runout of the points on the contour
differs from the runout of the end face, and the error changes
on a 27w cycle per one circle. Hence, the runout error of the
target wheel can be expressed as a Fourier series.

During the measurement, the incremental encoder starts to
measure the runout whenever the wheel is rotated by 0.703°.
After one circle of measurement, the periodic sequence X
(512) can be obtained. On this basis, the harmonic waves of
wheel runout errors by fast Fourier transform. In fact,
harmonic data are only used for 0 to 4 times in actual
measurement.

The first harmonic reflects the wheel center deviation, and
the second, the third and higher harmonics demonstrate the
form errors of the outer contour shape of the target wheel. The
harmonic analysis helps to identify the causes for wheel runout
errors, making it possible to adopt proper countermeasures in
the production process. In this way, the wheel performance
will be more reliable.



4.3 Main interface of detection program

Figure 6 presents the interface of wheel runout detection
program. Four parameters are displayed in real time, namely,
the upper end runout, upper radial runout, lower end runout
and lower radial runout. The parameter values were compared
with the preset values to see if the wheel is qualified.

Parameter Display X

Measured parameters: Upper end runout Upper radial runout Lower end runout Lower radial runout

Set tolerance: 1.00 1.00 1.00 1.00
Measured results: 0.25 0.36 0.23 0.89
Qualification judgment:  Qualified Qualified Qualified Qualified
Overall quality: Qualiﬁed Exit

Figure 6. Runout detection interface

5. MEASURING RESULTS

To verify the its performance, the proposed instrument was
adopted to measure a 3101R1-015 wheel at the ambient
temperature of 20°C. For comparison, a GLOBAL775 CMM
(precision: 0.001m) was also applied to measure that wheel.
The wheel was measured ten times by our instrument and ten
times by the CMM. The mean value of the ten measured
results was taken as the final result. The measured results of
our instrument are compared with those of the CMM in Table
1 below.

As shown in Table 1, the largest measurement error of our
instrument, relative to the CMM, is the upper radial runout
(0.009mm). In the ten measurements, the difference between
the maximum and minimum results of our instrument was
0.01lmm, i.e. the measurement error of our instrument was
controlled within 0.0lmm. The error satisfies the technical
requirements of wheel manufacturers for detection
instruments.

Table 1. Comparison of measured results between our instrument and the CMM (mm)

Upper end Upper radial Lower radial Lower end
Item
runout runout runout runout
CMM 0.605 0.501 0.452 0.775
Our instrument 0.600 0.510 0.460 0.780
Measurement error 0.005 0.009 0.008 0.005

6. CONCLUSIONS

This paper designs a portable instrument for automobile
wheel measurement, and details the measurement method and
the hardware and software structures. Taking LPC2294 as its
microcontroller, the instrument runs on the operating system
uC/OS-II and adopts the graphical interface system MiniGUI.
It can measure the runout and press-fit depth of various wheels
and support harmonic analysis. The modular structure makes
the instrument easy to disassemble and assemble. In addition,
the instrument is light in weight and convenient to move and
carry. This instrument has been used in the design and quality
control departments of Dongfeng Automotive Wheel Co., Ltd.
for half a year, during which it demonstrated reliable
performance and achieved accurate measurement. In future
research, the instrument will be connected to the upper
computer so that the measured data can be uploaded for further
analysis and shared among design, manufacturing and other
departments of the wheel manufacturer.
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