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Summary: Engine speed measurements, commonly based on period measurements of signals generated by toothed wheel, mounted on the crankshaft, are prone to errors due to a mounting issues or wheel's geometrical imperfections. Although this fact is widely accepted as a usual problem in a large series engine production it is uncommon fact that similar errors can be produced by using much more sophisticated measuring devices like high resolution angular encoders which are exclusively used in lab measurements. This paper presents hidden potentials of a front end mounted encoder to generate relatively large angular speed and acceleration errors due to a minor mounting errors or geometrical incompatibility. 
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1. INTRODUCTION 

Engine crankshaft speed is a parameter which is often unavoidable to be used in numerous internal combustion engine applications. In applications which involve a monitoring of engine speed, this parameter is usually time averaged, but in more demanding applications the measurements of engine speed are often averaged on per cycle or per revolution period. When used as an input parameter for the control of internal combustion engines it is measured in angular domain, thus becoming a signal which gathers information on instantaneous engine crankshaft speed.

Demands for a high quality and accuracy of the measured engine speed become stricter in more sophisticated research applications both in terms of signal amplitude and resolution. This is particularly true in research which is related to the identification of the dynamic parameters of crankshaft mechanism. It is well known fact that the combined action of gas and inertial forces, within an internal combustion engine, generate highly varying torque, which, coupled with the torsionally elastic behaviour of the engine crankshaft, produce rapidly changing instantaneous engine speed. This complex picture of instantaneous engine speed contains valuable information about engine processes and it is therefore widely used in a vast variety of engine applications - from engine control to engine diagnostics.

Problems are the common part of the instantaneous angular sped measurement process, in general. It is a general belief that the usage of more sophisticated and expensive devices, like optical encoders, can solve almost all of these problems. This research shows that above mentioned assumption can be misleading and that serious measurement errors can be made even by using optical encoders – despite their high geometrical tolerances and design quality. 

2. MECHANICALLY INTRODUCED ANGULAR SPEED MEASUREMENT ERRORS
Measurement errors originates either from quantisation process, when using digital counters for pulse period measurement, or they have an origin in geometrical irregularities of measurement wheels or in the undesirable kinematics of the sensor elements. When the speed measurement is based on the usage of toothed wheel, error which is often introduced is a consequence of the radial run-out of the wheel.   
When using a toothed wheel mounted on the crankshaft with statically mounted Hall or variable reluctance sensor for the angular speed measurement, a compensation of the error due to above mentioned mechanical problems is almost unavoidable. There is a variety of approaches and methods for compensation of these errors [1-7].

 Optical incremental encoders are typically mounted on the engine crankshaft in two manners – as directly or indirectly attached. In one of them the encoder is statically mounted in front of the crankshaft and indirectly connected to by means of a torsionally stiff coupling. Problems encountered in this configuration are usually related to the fact that the coupling, which stiffness is not infinite, dynamically modifies and distorts the crankshaft motion [8]. Optical encoder, used in this research, was radially and axially fixed to the crankshaft front end (direct connection), while the encoder’s stator motion was disabled by means of the anti-twist safeguard toward the crankcase. This configuration is often believed to be the superior in terms of measurement precision and accuracy and is widely used in research applications on engine test benches. 
2.1 CRANK ANGLE ENCODER MOUNTING ERRORS - CONSEQUENCES 
Figure (2 -left) shows an example of the measured angular speed on one of engine working points which belongs to a midrange engine speed at relatively high load. It is common to expect, due to a higher gas to inertia forces ratio,  a picture with four similar engine speed peeks within a complete engine cycle. As evident, the recorded picture looks quite different and this can originate either from the engine itself, if the cylinders differs in overall energy contribution to the crankshaft, or from faulty engine speed measurement. Each of four main oscillation shapes corresponds to a single cylinder activity and there should be noticed slight differences between them as a natural consequence of interference of crankshaft’s dynamical behaviour. It can be noted that engine speed fluctuation on cylinders no. 1 and 4 (firing order 1-3-4-2) are much higher than those on cylinder 2 and 3. Since no other parameters measured on the engine did not indicate any issue with uneven cylinder processes, the suspicion led to a measuring deviation which is periodic over a single crankshaft revolution. Moreover, the spotted problem looked very similar to an error which is typically produced by a run-out of the measuring toothed wheel. 
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Fig. 2 left - Measured and corrected angular speed – an example
 (DMB 1.4, n=1800 min-1, pe=6 bar); right - Crank angle encoder mounted on the crankshaft’s free end
         Figure (2-right) shows the crank angle encoder, used for measurement, mounted on the free end of the crankshaft. The connection between the encoder and the crankshaft is realised according to the common practice. The encoder’s stator motion is disabled by fixing a secure arm to the adjustable linkage, which is placed between the arm and engine crankcase. The fixing linkage consists of two spherical joints and adjustable length screw rod, thus enabling the wide possibilities in fixing the encoder’s secure arm to the most suitable point on the crankcase. 
 As it will be shown, even small radial misalignment between the encoder and crankshaft axis can lead to a circular motion of the complete encoder assembly. This motion, constrained by secure arm and fixing linkage kinematic chain causes a relative motion between the optical disk and encoder’s stator which consequences as false crankshaft position reading what further influences angular speed measurement.

2.2 DIRECTLY MOUNTED SINGLE BODY ENCODER KINEMATICS
The kinematics of the crank angle encoder which is exposed to the radial run-out motion is explained on figure (3-left) on which “C” marks the crankshaft axis, “B” marks the attachment point (spherical joint) of the encoder linkage to the crankcase and “A” marks the position of the other spherical joint between the encoder’s arm and linkage rod. In order to make analysis easier, the schematic is built around coordinate system xCy. Some arbitrary initial position of the encoder can be chosen but, it is convenient to choose the position in which axis centre “C”, encoder centre “E1”, and linkage endpoint “A” are collinear. The chosen initial position of the encoder body is highlighted with circle “ko” which is intentionally positioned eccentrically from crankshaft axis i.e. the centre of circle “ko” is positioned in the eccentricity circle “ke”. The fixed distance between crankshaft axis and anchoring point on the crankcase “BC” is marked with letter “d”. When the eccentricity is present, the movement of the encoder’s stator can be explained as a complex virtual combination of two simpler motions:

· The primary one, during which encoder body follows and rotates together with its rotor (optical disk) and crankshaft. During that angular movement, described with angle φ* whole encoder rotates to a new position where its centre takes position at point E2. Both E1 and E2 points belong to circle “ke” i.e. they are equidistant from the crankshaft centre point „C“ by eccentricity radius e (CE1=CE2=e). 
· Secondary motion through which the encoder’s stator revolves back, with fixed rotor, around point “E2” for angle φr in order to “connect” point A  of the secure arm with the end of the linkage rod BA. It is assumed that the linkage rod length ρ and secure arm length R are constant and not deformable. The consequence of the radial run-out of the complete encoder body is the reposition of the spherical joint from point “A” to point “A*” which forces a rotation of the linkage rod BA around point B. 


From one side, connecting point “A” is able to rotate along arc “p” with radius ρ (circumscribed from the point “B”). On the other side, belonging to encoder’s secure arm, the point “A” has to be a part of the circle circumscribed from the centre of encoder – point “E” with radius R. Thus the position of the encoder stator is defined by the intersection of this circle and the arc p. The direct effect of the run-out of encoder body is the inequality of above described angles φ* and φr with a difference which oscillates between minimum and maximum value over each crankshaft revolution. The angle difference is converted into the relative motion between the encoder’s stator (which contains the optical sensors) and its rotor (optical disk) and this angle difference time derivative is an angular speed component which interferes with the measured speed and appears as an error (figure 2). 
  If the point C is an origin of the polar coordinate system in which the polar distance can be designated as r and position angle as φ (measured from half-line Cx) than the arc p can be described with the following equation (fig. 3 -right):
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The equation of the encoder body circle, rotated for the angle φ* in the “new” E2 position states:  
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With an assumption that the run-out value e is already known, it is possible, by eliminating the variable r from the system of equations (1) and (2), to solve the system by variable φ and to identify the exact angular position φx of point A*. Angular difference, defined as Δφerr=φr-φ*, corresponds to the relative angular movement of encoder’s stator due to encoder run-out. Evaluation of its first order time derivative gives a value which should be used for measured angular speed correction through simple addition. Geometrical relations, which can be spotted on figure (3-right) give the following equation:
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By using eq. (3) it is possible to evaluate the “error” in measured crankshaft angular position for each value of crankshaft position φ* on complete revolution period, i.e. for φ*∈[0⋯2π]. The run-out value e, as well as the angular position φref of the polar coordinate system used during equation derivation cannot be determined in advance – it should be identified. For an illustration the angle φref used in figure (3-left) have a value of zero, but in practice it can take a numerous values from an angular interval which is specific for each particular encoder mounting disposition.
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Fig. 3  left - Kinematics of angle crank encoder exposed to run-out motion; right - Relation between the angular movements of encoder’s stator and rotor
[image: image9.png]=
=

—12F —as mounted, R=89mm (long), R-p angle ~ 90°
= —simulation, R=40mm (short), R-p angle ~ 90°
g 10+ —simulation, R=40mm (short), R-p angle < 90°
°
2
58
2
F
o
»
5 4
3
o
c
< 2
_@-
0 Il Il Il Il Il Il Il Il
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Encoder mounting error - eccentricity [mm]




Fig. 4  Relative angular speed measurement error analysis – the influence of mounting eccentricity, encoder’s arm length (R) and its relative position to the crankcase linkage bar (ρ)
Kinematic model of the crankshaft mounted encoder, mainly described by equations (1)-(3), can be used for identification of encoder’s (due to mounting error) eccentricity , or can be used as tool for estimation of individual kinematic chain influences on the encoder’s behaviour for the purpose of evaluation overall relative angular speed measurement error. Figure (4) present results of such analysis. It is evident that increased eccentricity reflects on a larger relative error in angular speed measurement. It is interesting to note that, due to a fact that angular speed error depends on relative angular speed of encoder’s rotor and stator, even a small mounting eccentricity can produce relatively large errors in measured crankshaft angular speed. Analysis also shows that the length of encoder’s arm and is relative position to the crankcase linkage bar, largely influences accuracy of speed measurement. Since the described motion of encoder actually reminds on the crankshaft mechanism motion, it is quite obvious that the e/R ratio is a key parameter which influences the angular amplitude of the encoder’s relative motion and thus the angular speed measurement error. That’s why encoder’s arm should not be shorter below specific length (recommended at least 100 mm). Analysis also shows that an angle of cca. 90° between the arm and linkage bar is the most appropriate one from the perspective of speed measurement error minimisation.     
3. CONCLUSION
The crank angle encoder, used in this research had an identified run-out value of e*=0.07 mm. Despite the fact that all possible precautionary measures were applied during encoder installation it was very difficult to accomplish near zero run-out condition, mostly due to a specific configuration of the crankshaft free-end shape and its front pulley design. Although the run-out was minimised and through monitored vibration of the encoder, almost unnoticeable, the produced error substantially distorted the information about instantaneous crankshaft angular speed. It is also interesting to note that detected run-out value was below mounting tolerance limits stated in some mounting manuals of the very similar equipment [9]. 

Kinematic analysis of the crank angle encoder assembly showed that it is possible to derive expressions for the evaluation of the angle encoder measurement errors. It is shown that even a small eccentricity value, as a mounting error, can lead to significant errors in the measurement of the instantaneous angular speed. This is particularly true not only when less sophisticated singular speed measurement devices are used but also in the case of application of single body optical encoders. Special attention should be paid to the mounting and the evaluation of data gathered from the directly mounted encoders by means of secure arm and linkage rod towards the crankcase since the potential error depends not only on mounting eccentricity error but also from other parameters defining the kinematics of crank angle encoder.
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