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Abstract A large-scale crankshaft of internal-combustion en-
gine is easy to bend and twist when clamped onto the grinding
machine. The deviation of workpiece axis from its optimal
machining axis has a significant influence on machining ac-
curacy of angle, eccentric throw, and diameter and contour of
the heavy crankshaft in non-circular grinding. To reduce the
consumption of manual labor and setting-up time, an automat-
ic alignment approach and apparatus is proposed and integrat-
ed into the non-circular grinder. The on-machine gauge senses
X and Y components of deviation of crank journal axis and
feed them back to the computerized numerical control system.
The motor-driving steady rests based on slider-crank mecha-
nism are controlled to compensate for the deviation. The al-
gorithm with self-correcting ability for compensation value is
employed to make up for the finite contact stiffness of work-
piece and steady rest. The results of three alignment tests are
compared, which demonstrates the better effect on alignment
precision and efficiency of the self-correcting compensation.

Keywords Automatic alignment . Elastic deformation .

On-machinemeasuring . Servo steady rest . Self-correcting
compensation

1 Introduction

Non-circular grinding controls the rotation of workpiece and
the transverse feed of grinding carriage to make grinding
wheel always tangent with crankpin, which allows the preci-
sion processing of crank journals and crankpins in one
clamping [1–3].

However, the low stiffness of crankshaft leads to bending
and twist deformation when clamped onto the grinder, which
deflects the workpiece axis from the optimal machining axis.
The deformations have to be taken into account to reduce
geometric error resulting from the difference between the ac-
tual and the optimal axis.

The crankshaft of automotive engine is required to meet
high-precision tolerances and high-quality surface finish and
topography. Several investigations on out-of-roundness of
crankpin arising from the various rotating stiffness of crank-
shaft are conducted. Methods of calculating the deformations
of crankpin due to grinding force at each rotating angle are
proposed and thus roundness error can be pre-compensated
through correcting the movement of grinding carriage [4, 5].
The position information of grinding wheel related to work-
piece directly collected from CNC system of non-circular
grinding machine with no additional sensors is used to evalu-
ate the dynamic contour error [6].

Sensors are integrated into non-circular grinding machine,
which offers many advantages for quality assurance and re-
duction of setting-up and machining time. Roundness error
signal is extracted in frequency domain using a small-signal
model of the V-block roundness measurement method and the
fast Fourier transformation, with which the in situ roundness
correction data was generated and implanted to the numerical
programme [7]. Contour errors and out-of-tolerance can be
detected by measuring the angle, diameter, and contour of
workpiece in grinder and then grinding process can be
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improved by optimizing rotating speed and feed rate [8]. An
in-line inspection system usingmachine vision is developed to
differentiate sub-micron level roughness change of the crank-
shaft surface to eliminate manual inspection in a mass produc-
tion process [9].

The influence of system stiffness on out-of-roundness of
crankpin grinding with an eccentric chuck is studied experi-
mentally [10]. The experimental results indicate that the work
supports are beneficial to enhancing system stiffness and thus
decreasing the roundness errors of crankpins. A positioning
system consisting of an optical measurement system and an
active tailstock is presented. Based on this system, a pre-
control strategy considering grinding force, system stiffness,
control deviations, etc. is proposed to achieve the higher ma-
chining accuracy and less time consuming [3, 11]. The dy-
namic performance and the cutting stability of the crankshaft
grinding machine are evaluated based on a 7 DOF lumped-
mass model and then the design variables of the substructures
in crankshaft grinder are optimized [12].

As the key part of the internal-combustion engine used in
ship [13, 14], locomotive, and electric power equipment, the
large-scale crankshafts are generally several meters in length
and several tones in weight, which deform much greater than
the crankshafts of automobile engines in non-circular grind-
ing. Steady rests are always required for the alignment of
workpiece and the increase of system stiffness [15].

Conventionally, the alignment process is manually operat-
ed and the efficiency heavily relies on operator’s experience.
This paper presents a closed-loop solution for automatic pre-
cise alignment in non-circular grinding of the large and heavy
crankshaft. An automatic alignment system consisted of mea-
suring instrument integrated in grinder and servo steady rests
driven by motor is proposed. Due to the elastic deformation of
support pads and the various stiffness of crankshaft, the rela-
tionship between the correction to displacements of support
pads and the change in deviation of crank journal axis appears
nonlinear. Here, a self-correcting method is employed to de-
termine the compensation for deviation.

2 Automatic alignment system

The automatic alignment system integrated into non-circular
grinding machine consists of measuring instrument and servo
steady rests (see Fig. 1a). The measuring instrument shown in
Fig. 1b is used to gauge the deviation of crank journal axis,
which is composed of v-shaped height caliper, pen type dis-
placement sensor, grating ruler, pneumatic cylinder, etc. The
set of measuring instrument is installed at the front end of
cantilever support fixed on grinding carriage so that it can
move along X- and Z-axes direction to gauge each crank jour-
nal of crankshafts with the different crank radius. Height cal-
iper is laid down slowly along Y-axis direction by pneumatic

cylinder until the V-block holds the crank journal for
measurement.

Composed of housing, the upper and lower support arms
with support pads, rods, ball screws, servo motors, etc., the
servo steady rest works as actuator to compensate for the
deviation (see Fig. 1c) [16]. The ball screw translates rotation-
al motion of servo motor to linear motion of rod which rotates
the support arm around pivot OS to change the position of
support pads for compensating deviation.

Figure 2 shows the alignment process of crankshaft based
on servo steady rests including two main steps. The first step
toward compensation is to ensure the touch between crank
journals and support pads by the option function “Travel to
fixed stop with torque control” of SIEMENS 840D SL CNC
system [17]. Using this function, the support arms will keep
approaching to workpiece until the output torque of servo
motors reaches the specified percentage of themaximum drive
torque.

The following alignment process is conducted auto-
matically through the software embedded in PCU (HMI)
of CNC system [18]. The Y-component deviation is ob-
tained by the feedback sj of grating ruler from PLC of
numerical control system. If the X-component deviation
exists, it will rotate the height caliper around pivot OH.
Utilizing the readout lj at the head of height caliper read
by the pen type displacement sensor, the X-component
deviation can be calculated by the ratio of distances
from pivot OH to each end of height caliper. And then
deviation (exj,eyj) of crank journal which is calculated
on the basis of measured data lj and sj form PLC is
used to determine its correction (dxj,dyj) in the next
round of compensation. The displacements of rods for
the upper and lower support arms are computed and
transmitted to NCU of SIEMENS 840D SL for the cor-
rection of support arms’ rotating angles. This process
will be repeated to reduce the deviation gradually until
the alignment result of workpiece is satisfied.

2.1 Calculation of the deviation of crank journal

The measuring principle of the deviation of crank jour-
nal is shown in Fig. 3 where O and Oj

′ denote the
optimal and actual centers of crank journal, respectively,
so that the distance |OOj

′ | between O and Oj
′ is the

deviation of crank journal No. j; OH denotes the pivot
of height caliper and the pen type displacement sensor
locates at position A of height caliper. When the V-
block of height caliper holds the crank journal No. j,
the distance sj height caliper drops is read by grating
ruler and the length lj of arc intercepted by the rotating
angle of height caliper at position A is gauged by pen
type displacement sensor. When height caliper rotates
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(b) Measuring instrument for gauging the deviation

(c) Servo steady rest for compensating the deviation

(a) Automatic alignment system integrated into non-circular grinding machine

Fig. 1 Hardware of automatic
alignment system in non-circular
grinding. a Automatic alignment
system integrated into non-
circular grinding machine. b
Measuring instrument for
gauging the deviation. c Servo
steady rest for compensating the
deviation

Fig. 2 Alignment process of
crankshaft based on servo steady
rests
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clockwise around pivot OH, the length lj is a positive
number; otherwise, it is negative.

The formulas for X and Y components of deviation are
derived from the geometrical relations described in Fig. 3:

ex j ¼ sign −1� l j
� �

⋅sin∠OHOO
0
j⋅ OO

0
j

��� ���
ey j ¼ cos∠OHOO

0
j⋅ OO

0
j

��� ���
8<
: ð1Þ

In the last equation, the angle ∠OHOOj
′ and the length of

the side OOj
′ of triangle ΔOOHOj

′ are presented by Eqs. (2)
and (3) using the law of cosines.
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where the angle ∠OOHOj
′ in radians approximately

equals to the ratio of the lengths of lj and AOH as
Eq. (4) for the reason that the length of lj is much less
than that of AOH; the height of pivot OH at the current
position equals to the difference of its initial height H0

and sj as Eq. (5); the length of side OHOj
′ is the

distance between the crank journal’s center Oj
′ and the

current position of pivot OH expressed by Eq. (6).

∠OOHO
0
j≈

l j
�� ��
AOHj j ð4Þ

OHOj j ¼ H0−s j ð5Þ

OHO
0
j

��� ��� ¼ OHBj j þ BO
0
j

��� ��� ¼ OHBj j þ R

cos σ=2ð Þ ð6Þ

Where the lengths of OHA and OHB, the radius of crank
journal R and the included angle of V-block are known by
calibrating the height caliper.

Thus, X and Y components of deviation are solved by
substituting Eqs. (2) and (3) for ∠OHOOj

′ and |OOj
′ | in

Eq. (1), respectively.

2.2 Calculation of the displacements of rods of support
arm

The slider-crank mechanism used in the design of support arm
is shown in Fig. 4. The parameters used to define the angles
and the link lengths of the upper support arm are given: the
angles EOSS, GOSB, BOSM and the lengths of links OSE,
OSG, OSA, OSB, OSM are equal to ψ1, θ1, γ1 and l11, l12, l13,
l14, l15. Similarly, the angles FOST, HOSC, and COSP of the
lower support arm are defend as ψ2, θ2, and γ2; the lengths of
linksOSF,OSH,OSC,OSD, andOSP as l21, l22, l23, l24, and l25.
The upper and lower support arms share the pivot OS. Taking
the lower support arm for example, link OSF is fixed so that
the mechanism converts the reciprocating motion of link FH
(namely rod) into the oscillating motion of link OSH (namely
support arm).

Based on the mechanism geometry shown in Fig. 4, kine-
matic analysis of the lower support arm is investigated with the
known deviation of crank journal. LinkOSP is perpendicular to
the bottom side CD of support pad and intersects the extended
line of top side C′D′ at point Q. Without any consideration for
the elastic deformation of support padw2 wide and h2 high, the
crank journal contacts with the top side C′D′ at point K. In
UOSV coordinates, the angle of link OSH is determined by
finding the angle σ2 contained between the top side C′D′ of
support pad and the positive direction of U axis. Moving the
origin O to point OS, the coordinates XOY translates to UOSV.
And coordinates values of center O of headstock is (UO,VO)
which defines its position on coordinate plane UOSV.

Let the equation of line KQ be v=k2⋅u+b2. Thus, simulta-
neous Eq. (7) can be found because line KQ is the common
tangents of circle O′ and circle OS.

k2⋅uO0−b2−vO0
�� �� ¼ R⋅

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k22

q
b2j j ¼ l25 þ h2ð Þ⋅

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k22

q
8<
: ð7Þ

Fig. 3 Measuring principle of the deviation
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Where uO0 ; vO0
� �

denotes the coordinates values of the ac-

tual crank journal’s center O′ on coordinate plane UOSV.
Four sets of values for k2 and b2 representing two external

tangents and two internal tangents could be found by solving
the simultaneous equations. None but the set of values
representing the internal tangent shown in Fig. 5 is the feasible
solution. Additionally, find the contact point K by solving the

simultaneous equations of tangent KQ and circle O′ and then
verify whether it locates between points C′ and D′ on the top
side of support pad. If contact point K lies at the extended line
of side C′D′, it indicates that the width or height of the support
pad in usage does not match to the radius of crank journal.

Angle ∠FOSH is solved by substituting the slope k2 of
tangent KQ into Eq. (8):

∠FOSH ¼ α2 ¼ 2π−
π
2
−σ2

� �
−ψ2−θ2−γ2

¼ 3π
2

þ tan−1k2−ψ2−θ2−γ2 ð8Þ

The length of link FH (namely rod) is obtained in triangle
ΔFOSH by using the law of cosines:

FHj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
OS Fj j2 þ OSHj j2 þ 2 OS Fj j⋅ OSHj j⋅cos∠FOSH

q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l21

2 þ l22
2 þ 2⋅l21⋅l22⋅sin tan−1k2−ψ2−θ2−γ2ð Þ

q
ð9Þ

(a) The upper support arm 

(b) The lower support arm 

Fig. 4 Slider-crank mechanism of support arm. a The upper support arm.
b The lower support arm

Fig. 5 Flowchart of the algorithm for determining compensation value

Int J Adv Manuf Technol (2015) 80:921–930 925



On the basis of the similar analysis conducted for the upper
support arm, angle EOSG and the length of link EG are
expressed by Eqs. (10) and (11), respectively.

∠EOSG ¼ sign k1ð Þ⋅ π
2
−tan−1k1 þ ψ1−θ1−γ1 ð10Þ

EGj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l21

2 þ l22
2 þ 2⋅l21⋅l22⋅cos∠EOSG

q
ð11Þ

For the alignment of crankshaft, the steady rest should ad-
just the centerO′ of crank journal to the centerO of headstock
as close as possible and thus the displacements of rods EG and
FH are given by:

L1 j ¼ EGj j UO;VOð Þ− EGj j UO−Fx j ⋅dx j;VO−Fy j ⋅dy jð Þ
L2 j ¼ FHj j UO;VOð Þ− FHj j UO−Fx j ⋅dx j;VO−Fy j ⋅dy jð Þ

(
ð12Þ

Where dyj and dxj are the compensation values of crank
journal No. j; Fyj and Fxj denote the direction in which the
corresponding compensation will be applied. If exj is a posi-
tive number, namely the center of crank journal inclining to
the grinding wheel, let Fxj be −1 to pull the rod EG back.
Otherwise, let Fxj be 1 to push the rod EG forward. If eyj is
a negative number, namely the center of crank journal leaning
down to the grinding machine table, let Fyj be 1 to push the
rod FH forward. Otherwise, let Fyj be −1 to pull the rod FH
back.

3 Analysis on the behavior of deviation
and the preconditions of automatic alignment

Due to the asymmetric and thus rotating compliance of crank-
shaft, the support force applied by the steady rest along Y-axis
direction changes both X and Y components of deviation and
vice versa. According to the results of both simulation and
experiment [19], any component of deviation is impacted
more greatly by the support force along the direction of com-
ponent than the support force along its orthogonal direction.
Especially, in comparison with the original Y-component de-
viation, the support force along X-axis generates the change in
Y-component deviation just inmicrons. Considering the align-
ment precision of large-scale crankshaft and the feasibility of
determining compensation values, the interaction of changes
in X and Y components of deviation is ignored.

The support force of each steady rest affects the deviations
of not only the crank journal to which the force is applied but
also the rest of crank journals. The closer the crank journal to
the steady rest, the greater the effect appears. It is found by
simulation that as for the large-scale crankshaft the support
force has a negligible effect on the deviations of the crank
journal distant from where the force is exerted [19]. When
compensating for the deviation of one crank journal, only
the support forces applied to it and to its adjacent ones should
be taken into account. In this paper, the steady rests are set up
for every other crank journal. And thus, the compensation
action can be simplified by considering that the change in
deviation of one crank journal supported by steady rest is just
caused by the support force directly applied to it.

The support sequence of each steady rest can also influence
the change in deviations of crank journals [20]. Besides, the
unreasonable support sequence results in the uneven distribu-
tion of support forces applied by steady rests. The synchro-
nous control function of CNC system is used here to let all the
support pads reach their destinations at the same time.

4 Self-correcting method of compensation

Instead of treating the measured value of deviation as its com-
pensation at first hand, an iterative algorithm is utilized to
design the position profile of steady rests with a compromise
between accuracy, efficiency, and workpiece surface quality in
the traverse grinding [21–23]. A compensation strategy [24]
which has good stability and dynamic property in nonlinear
system introduced by Tian et al. is employed here to determine
the compensation values for the deviation of workpiece axis.

The algorithm for determining compensation value is pre-
sented in Fig. 5 where only the equations for Y component are
given. All the equations can be adapted for X component by
substituting notation ‘x’ for ‘y’ during the process of compen-
sation. It is necessary to estimate whether the alignment

Table 1 Rules of evaluating
compensation result Δeyj

k Compensation result Change in deviation

<0 No effect No change

=0 Adverse effect Increase in deviation

>1 Over compensation Significant change caused by a relatively small compensation value

=1 Desired effect Change equal to the compensation value

<1 Under compensation Little change caused by a relatively large compensation value

Table 2 Radius of crankshaft crank journals in the test experiments

Radius of crank journal Rj (mm)

j=2 j=4 j=6 j=8

249.400 249.400 249.400 249.160
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precision of crankshaft is achieved or not. If the alignment
precision satisfies the conditions that both the maximum de-
viation |ej

k|max and the range of deviation eublb
k are less than or

equal to their expectations, the automatic alignment process
ends. This condition constrains not only the peak value but
also the difference among the deviations of all the crank
journals. The validity of this constraint has been verified by
comparing with the conventional one used in the manual
alignment process. The algorithm adopts the rules listed in
Table 1 to evaluate the compensation result by the value of
compensation rate Δeyj

k which is the ratio of the difference
between twice deviations before and after compensation and
the compensation value used.

When compensation rate Δeyj
k is greater than 1, the com-

pensation value dyj
k + 1 should be turned down to avoid

resulting in the oscillation of deviation. Otherwise, the com-
pensation value dyj

k + 1 should be turned up to prevent the
accumulation of deviation. When compensation rate Δeyj

k is
less than zero, let it be zero. Due to the nonlinear performance
of the servo steady rest and the measurement noise, the

weighted average of the compensation rates Δeykj in the last

t rounds of compensation are substituted for the compensation
rate Δeyj

k to determine the compensation regulator qj
k+1 for

the self-correction of compensation value. The weights Pi of
the deviations in the last t rounds are normalized and form a
geometric sequence with the common ratio c greater than 1.

Hence, the compensation value for deviation in the next
round of compensation can be obtained by the deviation, the

average compensation rate, and the compensation regulator of
the last round.

5 Case study

To verify the automatic alignment method of the large-scale
crankshaft during non-circular grinding, the integrated mea-
suring instrument and four servo steady rests are installed on
the grinding machine MK8280SD-H of SMTW. As shown in
Fig. 6, four steady rests support the crankshaft of eight throws
at its second, fourth, sixth, and eighth crank journals of which
the radii are listed in Table 2.

The values of parameters of height caliper needed in the
calculation of deviation are listed in Table 3. And the values of
parameters used to define the angles and the link lengths of the
upper and lower support arms are shown in Table 4. And
coordinates (UO,VO) of center O of headstock is (249.987,
150.006).

At the start of all the following three alignment tests, the
support pads are driven to touch crank journals with the output
torque of their servo motors reaching 10 percentages of the
maximum value. And the deviations exj

0 and eyj
0 gauged at this

moment are used as the initial compensation values in the first
round of compensation.

5.1 Test 1: the direct compensation for deviation

The direct alignment test, in which the measured X and Y
components of deviation are directly applied to computed
the displacements of rods of support arm, is carried out. The
measured deviations of four crank journals supported by
steady rests after each round of direct compensation are
displayed in Fig. 7.

With the progression of direct compensation test, both X
and Y components of deviation are approaching to zero at the
decreasing rates which nearly reduce to about zero after four
rounds of compensation. To some extent, the compensation

Fig. 6 Grinding machine integrated with the measuring instrument and
servo steady rests

Table 3 Parameters of height caliper

Parameters Values

Length of |OHA| (mm) 337.500

Length of |OHB| (mm) 435.004

Intersection angle of V-block σ (°) 89.950

Initial height H0 (mm) 994.060

Table 4 Parameters of steady rest

Parameters Values

Upper support arm i=1 Lower support arm i=2

li1 (mm) 512.957 546.718

li2 (mm) 382.786 439.659

li5 (mm) 39.990 154.254

ψi (°) 43.025 50.194

θi (°) 16.033 146.079

γi (°) 83.990 66.120

wi (mm) 100.010 100.012

hi (mm) 64.508 50.005
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values of several millimeters for Y-component deviations in
the first round of compensation enlarge the X-component de-
viations as shown in Fig. 8a. However, this effect fades to
negligibility as Y-component deviations decrease. After five
rounds of compensation, the X-component deviations of all
the crank journals drop to 15 μm or so.

For Y component, the compensation rates of the crank
journals near the ends of workpiece are lower than the ones
in the middle of workpiece. There still exit near 50 μm devi-
ations of the second crank journal while the deviations of
middle crank journals reduce to 10 μm after five rounds of
compensation. Hence, when the deviations of the fourth and
sixth crank journals fall to minute amounts, the overcompen-
sation happens to them easily on account of the still relatively
large compensation values for the second and eighth crank
journals. In addition, once the direction of the deviations of
the fourth and sixth crank journals is opposite to that of the
second and eighth ones, the adverse effect of compensation
may occur to the two middle crank journals. Thereby, the
deviations of the fourth and sixth crank journals are easy to
oscillate around 0 while the deviations of the second and
eighth crank journals are hard to decrease. This problem can
be solved by the self-correction of compensation value
discussed in this paper.

5.2 Tests 2 and 3: the self-correcting compensation
for deviation

Let the expectation of alignment precision of crankshaft |e|max
*

and eublb
* equal to 0.025 and 0.03 mm. And let the initial value

of compensation regulator q0, number of compensation round
t, and common ratio c be 1, 2, and 3, respectively.

In test 2, 0 is specified for the increment of compensation
regulatorΔq for both X and Y components. The deviations of
the crank journals where the steady rests support after each
round of compensation are shown in Fig. 8. Compared with
the results of the direct alignment test, not only the maximum
X-component deviation is reduced by 16 percentages but also
the maximum Y component by 33 percentages after four
rounds of compensation. However, the alignment precision
of crankshaft listed in Table 5 does not reach its expectation
and the rate of compensation drops to near 0 so that the auto-
matic alignment process is manually stopped.

The reasoning of compensation values in each round is
revealed in Tables 6 and 7. It can be found that all the com-
pensation rates of X component in the first round are negative
as a result of the effect of the large Y-component compensa-
tion values up to several millimeters which are over 20 times
as large as X-component values. Owing to the negligibility of
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Fig. 7 Themeasured deviation as
the result of direct compensation
test 1. a X-component deviation.
b Y-component deviation
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Fig. 8 Themeasured deviation as
the result of self-correcting
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this effect which results from the decrease of Y-component
compensation values, the compensation regulator qj

1 are set
to be 1 for determining X-component compensation values
of the next round. Compared with Y component, the X-
component deviations are compensated more easily by the
enhancement action of compensation regulator, which is due
to the small initial values and difference of compensation rates
among all the crank journals.

As seen in Table 7, the compensation values for the second
and eighth crank journals are heightened by the cooperative
action of compensation regulator and average compensation
rate. Compared with the result of direction compensation test
1, the self-correcting ability for compensation value of this
algorithm reduces the deviation of each main journal into the
expectation in the same rounds of compensation, which helps
to enhance the efficiency of the automatic alignment process
and distribute the support force evenly among all the four
steady rests as well.

6 Conclusions

A closed-loop solution with the high efficiency is introduced
for precise alignment in non-circular grinding of the large and
heavy crankshaft. The discussed approaches and apparatuses

can be automated and integrated into the CNC crankshaft
grinder and also applied to the practical processing easily.

To achieve the deviation of crank journal axis from the
optimum machining axis, an on-machine gauge is proposed.
This gauge can measure X and Y components of deviation of
crank journal simultaneously. To compensate for the devia-
tion, a servo steady rest driven bymotor is introduced to apply
support force on the workpieces. The movement of planar
linkage in the servo steady rest is analyzed to establish the
positional relationship between the pivotable support arm
(driven link) and the rod (driving link).

The alignment result is unsatisfied by controlling the posi-
tions of support arms according to the measured deviation
directly. Therefore, the rules and algorithms for intelligent
reasoning of compensation valve are discussed.

A case study of the automatic alignment process is consid-
ered to demonstrate this method of determining compensation
values. It is seen that a reduction in deviation and an even
distribution of support force among the steady rest are
achieved in the less rounds of compensation.

The automatic alignment method proposed in this paper
shortens the setting-up time and ensures the machining accu-
racy of large and heavy crankshaft in non-circular grinding.

Table 5 Alignment precision after each round of two self-correcting
compensation tests

Test number Compensation round k |ek|max (mm) eublb
k (mm)

2 1 0.4287 0.1870

2 0.0979 0.0707

3 0.0412 0.0501

4 0.0335 0.0401

3 1 0.4391 0.1964

2 0.1033 0.0655

3 0.0214 0.0284

Table 6 Reasoning of the
compensation value of X-
component deviations

Compensation round k Crank journal No. j X axis

Δexj
k Δexkj qj

k+1 Fxj
k+1 dxj

k+1 (mm)

1 2 0 (−0.0167) 0 1 1 0.1768

4 0 (−0.0580) 0 1 1 0.2300

6 0 (−0.1335) 0 1 1 0.2156

8 0 (−0.3130) 0 1 1 0.1141

2 2 0.5578 0.4184 1.3 1 0.2429

4 0.5513 0.4135 1.3 1 0.3245

6 0.5547 0.4160 1.3 1 0.3000

8 0.6512 0.4884 1.3 1 0.1059

Table 7 Reasoning of the compensation value for Y-component
deviations

Compensation
round k

Crank
journal
No. j

Yaxis

Δeyj
k Δeykj qj

k+1 Fyj
k+1 dyj

k+1 (mm)

1 2 0.8940 0.8940 1.3 1 0.4781

4 0.9200 0.9200 1 1 0.4066

6 0.9270 0.9270 1 1 0.3573

8 0.9200 0.9200 1 1 0.2343

2 2 0.6160 0.6855 1.6 1 0.0800

4 0.9320 0.9290 1 −1 0.0053

6 0.9675 0.9574 1 −1 0.0151

8 0.8700 0.8825 1.3 1 0.0173
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Since the compensation regulator Δq has a significant im-
pact on the alignment efficiency, further researches will focus
on how to settle the appropriate values of Δq for the different
sorts of workpiece. In addition, the interaction of each steady
rest has to be considered and studied when all the crank
journals are supported by steady rests during the grinding of
a larger and heavier crankshaft.
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