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Abstract—High precision position detection of joint and status 

monitoring of speed reduction gearbox (SRG) are two key 

technologies in the research and development of selective 

compliant assembly robot arm (SCARA). The existing schemes 

have some problems, such as the large occupation of space, high 

cost, complex implementation, lack of status monitoring, etc. 

Therefore, firstly, in order to get the accurate position 

information of joint when the SCARA is powered up at the first 

time, a new combined incremental encoder with unevenly 

distributed multiple indexing signals and initial position detection 

method is proposed. Secondly, in order to get the accurate 

position information and monitor the operation status of the SRG 

during the positioning operation, a real-time position detection 

and status monitoring method based on the transmission error 

using dual incremental encoder is proposed. The general design 

principle has been given, and various experimental results have 

confirmed the effectiveness of the proposed solution. The 

proposed new combined incremental encoder has the advantage 

of small occupied space, easy realization and low cost. The 

proposed position detection and status monitoring method not 

only realizes the high precision detection of the joint position but 

also provides the key data for the monitoring of the running state 

of the SRG. 

 
Index Terms—Selective compliance assembly robot arm, 

unevenly distributed multiple indexing signals, combined 

incremental encoder, dual incremental encoder, status 

monitoring.  

 

I. INTRODUCTION  

ITH the continuing developments of industrial 

automation, the selective compliance assembly robot  
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arm (SCARA), due to its simple structure, high positioning 

accuracy, fast dynamic response features, has found many 

applications in the automatic assembly line, cargo 

transportation, PCB soldering, etc. [1-3].  

The existing SCARA manipulator joint has two different 

design structures, depending on how the drive and control unit 

is placed concerning the servo motor and its drive train. In the 

first design structure, the motor (with an encoder), driver, 

encoder and SRG are designed independently and assembled as 

a whole to form a mechanical arm joint. Multiple joints need to 

be designed with multiple independent drives and main 

controllers to form an independent control cabinet, which is 

designed and installed separately from the manipulator body, as 

illustrated in Fig. 1[4]. This kind of design requires a large 

space typically for placing the SCARA, and the cost is also high. 

It is suitable for applications requiring high-performance 

trajectory control and typical products of this kind of SCARA 

are from YAMAHA, KUKA, etc. The other design architecture 

is to integrate the drive and encoder into the drive shaft of the 

servo motor, as illustrated in Fig. 2[5]. Often, a hollow shaft is 

used for this mechanically integrated design. And the main 

controller is placed in the base of the mechanical body without 

an independent control cabinet. This is a relatively low-cost 

solution, and typical products are from EPSON. It is suitable 

for applications with point control, such as moving and 

palletising. Among them, joint position detection with 

high-precision and high-response has become one of the critical 

technologies in the development of manipulators [6-7]. The 

SRG is an essential component in the drive trains of SCARA. 

SRG failures have caused significant downtime of SCARA and 

significant financial losses [8]. Thus, the fault monitoring of 

SRG is of great importance in the condition monitoring systems 

for SCARA.  

For the detection of the position information, many methods 

have been proposed. In [9-10], the sensorless control 

technology is used to estimate the position information of the 

motor, which has been widely used in some speed regulation 

drive occasions. However, the accuracy of the position 

estimation depends on the motor parameters, and the dynamic 

response and reliability of the closed-loop system are weaker 

than that of the encoder system in the transient process. The 

current technical level can not meet the requirements of 

high-precision positioning of manipulator's joints.  
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Fig. 1. Schematic diagram of the four-axis SCARA scheme with independent 
motor and drive control system. 

 
Fig. 2. Schematic diagram of the four-axis SCARA scheme with highly 

integrated motor and drive control system. 
 

In [11-13], absolute photoelectric encoder and rotary 

transformer were used to provide the position information of 

the servo motor connected to the robotic arm. It can memorise 

the position of the joint during the initial power-on and the 

whole operation process, and can effectively obtain the initial 

position and real-time operation position information of the 

joint at any time. The position detection accuracy of the joint is 

closely related to the design accuracy of the absolute encoder. 

Higher the design accuracy of an absolute encoder is, better the 

precision of the position detection will be. But the design of 

disc for the absolute photoelectric encoder is complex, and the 

processing is difficult. The rotary transformer requires complex 

decoding circuits which require excessive hardware and signal 

processing efforts. It will increase the size and cost of the 

absolute encoder when compared to the incremental encoder 

for achieving the same position measurement accuracy. It is 

more suitable for a manipulator with large size, heavyweight 

and high cost, as shown in Fig. 1.  

In [14-15], to reduce the cost, the absolute magnetic encoder 

is used to detect the position information. It can also obtain the 

real-time position information of the joint directly during the 

initial power-on and the whole operation process. Compared 

with the scheme designed by the absolute photoelectric encoder 

or rotary transformer, it has the advantage of simple structure 

and low cost on the design of the encoder body. However, the 

absolute magnetic encoder has high requirements for the design 

and assembly of hardware and software and support 

mechanism, and it is easy to introduce interference in the 

operation process, which will reduce the detection accuracy of 

the encoder. Moreover, as the main disadvantage for the 

absolute encoders (absolute photoelectric encoder, rotary 

transformer, absolute magnetic encoder, etc.), when these 

absolute encoders are used, special decoding circuits and 

batteries are needed which will also be limited by the joint 

space of the manipulator. It is not suitable for four-axis SCARA 

manipulator with small size and lightweight, as shown in Fig. 2. 

In [16-18], an incremental encoder combined with Hall 

sensors separately mounted by 120 degrees were used to detect 

the position information. In the whole operation process, the 

real-time running position of the joint is detected and fed back 

by the incremental encoder. And the accuracy of real-time joint 

position detection is related to the number of incremental 

encoder lines designed. The higher the number of lines is, the 

higher the accuracy and cost of position detection will be. But 

compare to absolute encoders, the design of disc for the 

incremental encoder is simple, and the processing is easy, it 

does not need special decoding circuits and batteries. Thus, the 

size and cost of the incremental encoder are smaller when 

compared to the absolute encoder for achieving the same 

position measurement accuracy. However, the incremental 

encoder cannot memorise and provide the initial position of the 

joint when the power is on at the first time. In [16-18], the Hall 

sensors with an electric angle of 120 degrees apart are used to 

provide the initial position information. After the initial 

position is judged, the Hall sensor immediately stops working 

and switches to the incremental encoder. The hall sensor is a 

very low-cost solution, but its position detection error is large, 

which could reach 30 degrees. It is not suitable to start directly 

on the joint of the manipulator with a large inertia load. 

Moreover, the Hall sensor is also fragile, which limits the 

application areas of the SCARA. 

For the status monitoring of the SRG, many methods [19-21] 

have also been proposed. Reference [19] proposes a novel 

dual-ELM network for fault diagnosis with an application to a 

multistage gearbox. Experimental results verify the 

effectiveness of the proposed method. Reference [20] proposes 

a multiscale filtering reconstruction method for the fault 

diagnosis of wind turbine gearbox under varying-speed and 

noisy conditions. The experimental results verify the 

effectiveness and superiority of the method, which has a good 

application prospect in the online fault diagnosis of the gearbox 

of the wind turbine in the environment of variable speed and 

noise. However, the above methods need to be equipped with 

auxiliary sensors and corresponding software and hardware to 

collect relevant information (such as vibration) in real-time, 

which will be limited by the cost and space in the practical 

application of manipulator. 
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The SCARA studied in this paper is mainly used for point 

position control, which is more suitable for the high integrated 

scheme shown in Fig. 2. However, in order to obtain the initial 

position of the mechanical arm joint when first powering on, 

the existing SCARA uses an absolute encoder. According to the 

previous analysis, the absolute encoder has the problems of 

large space occupation and high cost. Besides, the existing 

SCARA has no function of monitoring the running state of the 

reducer, and the method of installing auxiliary sensors and 

hardware circuits will also be limited by the space and cost of 

the manipulator under investigation. 

Therefore, in order to further reduce the space and cost of the 

mechanical arm, and monitor the operation state of the reducer, 

considering that the initial position of the mechanical arm only 

needs to be obtained when it is powered on for the first time, a 

new combined incremental encoder with unevenly distributed 

multiple indexing signals and initial position detection method 

is proposed in this paper. Secondly, in order to get the accurate 

position information and monitor the operation status of the 

SRG during the positioning operation of SCARA, a real-time 

position detection and status monitoring method based on the 

transmission error using dual incremental encoder is proposed. 

In this paper, the design principle is described, the prototype of 

the manipulator is developed, and the algorithm is tested. 

II. THE PROPOSED NEW POSITION DETECTION AND STATUS 

MONITORING SYSTEM OF SCARA JOINT 

The principle and structure diagram of the x-axis 

manipulator joint of SCARA designed based on the proposed 

new position detection and status monitoring system is shown 

in Fig.3. It consists of an input encoder, a driver, an output 

encoder, a brake, a permanent magnet synchronous motor 

(PMSM), a speed reduction gearbox (SRG) and main controller, 

etc. A common incremental encoder is installed at the input end 

of the SRG as an input encoder and used for detecting the 

position information of the input end of the SRG. The driver 

controls the PMSM. An SRG is connected to the shaft of the 

PMSM, to meet the low-speed motion requirement of the 

robotic arm. In order to get the accurate position information of 

joint when the SCARA is powered up at the first time, a new 

combined incremental encoder with unevenly distributed 

multiple indexing signals is proposed as the output encoder, 

which is also installed at the input end of the SRG but used for 

detecting the position information of the output end of the SRG. 

This new encoder is connected with the output end through the 

hollow part of the SRG. When the motor is running, the 

position information of the output end is read at the input end of 

the SRG. And it is a low-cost and compact solution compared 

to traditional absolute encoders; it can detect the initial position 

by unevenly distributed index signals combined with simple 

control routines. Based on the proposed new encoder, a 

corresponding initial position detection method is proposed for 

the driver, and during the positioning operation of SCARA, to 

get the accurate position information and monitor the operation 

status of the SRG, a real-time position detection and status 

monitoring method based on the transmission error using the 

dual incremental encoder (common incremental and combined  

 
(a) 

 
(b) 

Fig.3. Principle and structure diagram of the x-axis manipulator joint. (a) 

structure diagram, and (b) principle diagram. 

 
Fig. 4. Layout for code disk of the proposed combined encoder. 

 

incremental encoder) is proposed for the main controller. The 

following is the elaboration of its content. 

 

A. The proposed new combined incremental encoder 

The proposed new combined incremental encoder is shown 

in Fig. 4. It may be observed that in addition to the traditional 

opaque and transparent sectors coded into the disk for 

providing incremental position change signals, 16 indexing 

signals (labelled from index1 to index 16) are added. Index 

signal is also often used in traditional incremental encoders. It 

normally generates a single pulse per revolution only, which is 

used for precise determination of a reference position. To use 

this index signal for absolute position detection or correction, it 

may require rotating the arm for 360 mechanical degrees to 

reach the index position. Using only one index signal for 

absolute position detection is also less fault-tolerant. Simply 

increasing the number of index signals cannot solve this 

problem, since different index signals generate the same pulse 

that cannot be distinguished by the controller. 

In this new encoder design, as shown in Fig. 4, these 16 

index signals are unevenly distributed on the disk, dividing the 

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on October 01,2020 at 13:02:48 UTC from IEEE Xplore.  Restrictions apply. 

http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=3516


1083-4435 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TMECH.2020.3025902, IEEE/ASME
Transactions on Mechatronics

IEEE/ASME TRANSACTIONS ON MECHATRONICS 

360 degrees region into 16 different index sectors (labelled 

from I to XVI as indicated in Fig. 4). The absolute positions that 

different index signals corresponding to are listed in Table I. 

The design principle of these index sectors/signals is discussed 

below. 

Supposing, the encoder generates 2000 pulses per 360 

degrees (e.g. 2000 opaque and transparent sectors in the outer 

ring of the encoder, as shown in Fig. 4.). Dividing 360 degrees 

into 16 index sectors will naturally give 125 pulses per sector. 

To enable an uneven distribution, two neighbouring sectors are 

grouped, giving eight groups in total. The number of pulses of 

the first sector in the first group is increased by 1 (giving 126 

pulses) and the number of pulses of the second sector in this 

first group is reduced by 1 (giving 124 pulses). Repeat this 

procedure for the second group but by increasing/decreasing 

the number of pulses for the first and second sectors by 2, 

respectively. Following this pattern, each index sector will then 

have its unique number of pulses, as listed in Table I. Each 

sector is bounded by two index signals. Their corresponding 

positions are given in Table II as well, assuming an 

anti-clockwise rotational direction travelling from the 

‘FirstIndex’ boundary position to the ‘SecondIndex’ boundary 

position (Table II). 

Following the design routine mentioned above, it may be 

generalized that the number of pulses ( L  ) contained in the ith 

sector ( iL  ) may be expressed as: 

      1 2i lsL L M i− = +                                                              (1) 

      2i lsL L M i = −                                                                (2) 

where, lsL  is the number of pulses (lines) per revolution for this 

combined encoder located at the low-speed side of the gearbox; 

M is the total number of sectors separated by the index signals 

and 2,4,6,...i M= = . In the case study mentioned above, 

2000lsL =  and 16M = . 

By adding the number of pulses per individual sector starting 

from sector I, it is not difficult to find the absolute position of 

each index signal that corresponds to, as 

( ) ( ),

360 360
1 1 ,     1,3,5,...  ls

idx j

ls

L
j j j

M L M


 
= −  = − =              (3) 

and 

( )

( )

,

360
1

2

360 180
1 ,     2, 4,6,...

ls

idx j

ls

ls

L j
j

M L

j j j
M L


 

= − +  
 

 
= − + =

                         (4)    

 

B. The proposed Initial position detection by using the 

proposed combined incremental encoder 

Based on the proposed new combined incremental encoder, a 

corresponding initial position detection method is proposed, as 

shown in Fig. 5. Suppose initially, and the robotic arm is parked 

at a position indicated by iniP , which is located in sector III, as 

shown in Fig. 5(b). To detect this initial position, the arm is first 

driven to rotate in a clockwise direction until it reaches the first 

index position  (‘Index4’ for this case).  The number of pulses  

TABLE I 
THE ANGLE VALUE OF THE CODE DISK AT DIFFERENT INDICES  

Symbol 
Encoder angle 

(degrees) 
Index 

Encoder angle 

(degrees) 

Index1 0 Index9 180 

Index2 22.68 Index10 203.4 
Index3 45 Index11 225 

Index4 67.86 Index12 248.58 

Index5 90 Index13 270 
Index6 113.04 Index14 293.76 

Index7 135 Index15 315 

Index8 158.22 Index16 338.94 
 

TABLE II 

THE ANGLE VALUE OF THE CODE DISK AT THE LOCATION OF THE TWO INDEXES 

WITH DIFFERENT PULSE DIFFERENCE 

Pulse 
difference of 

combined 

encoder 

( L ) 

Pulse 
difference of 

absolute 

encoder 

( L ) 

The encoder 
angle at 

FirstIndex 

( FirstIndex
) 

(degrees) 

The encoder angle 

at SecondIndex 

( SecondIndex
) 

(degrees) 

126 11340 22.68 0 

124 11160 45 22.68 

127 11430 67.86 45 
123 11070 90 67.86 

128 11520 113.04 90 

122 10980 135 113.04 
129 11610 158.22 135 

121 10890 180 158.22 

130 11700 203.4 180 
120 10800 225 203.4 

131 11790 248.58 225 

119 10710 270 248.58 
132 11880 293.76 270 

118 10620 315 293.76 

133 11970 338.94 315 
117 10530 0 338.94 

 

generated by this rotation will be recorded, and the angle 

between the initial parking position and the position marked by 

‘Index4’ can be known (denoted as IF  ). Then, starting from 

the ‘Index4’ position, the arm is driven to rotate in an 

anti-clockwise direction until it reaches the second index 

position – this will be ‘Index3’ position in this case study. The 

generated number of pulses (denoted as L ) rotated from 

‘Index4’ to ‘Index3’ will be 127, and this number is unique. By 

using Table II, the sector number can be identified, the relative 

position corresponding to the second index position aligned 

with ‘Index3’ (denoted as current position SecondIndex ) and the 

relative position corresponding to the first index position 

aligned with ‘Index4’ (denoted as FirstIndex ) are then identified. 

The initial position can be calculated from FirstIndex and IF . The 

angle (denoted as cur ) between this current position and the 

desired mechanical zero position is also found. The arm may 

then be rotated back to the mechanical zero position indicated 

as MzeroP  in Fig. 5, is ready for the following required 

operations. Based on the previous analysis, because of the 

existence of the speed reducer (with a gear ratio of 80), when 

the encoder on the low-speed side generates a pulse, the 

encoder on the high-speed side will generate 80 pulses if there 

is no transmission error. The initial position and current 

position of the manipulator's joint can be calculated according 

to (5) and (6). 
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(a) 

 
(b) 

Fig. 5. Schematic diagram of the initial position detection method. (a) detection 

principle, and (b) an example of the working principle demonstration. 

 

 
(a) 

 
(b) 

Fig. 6. Schematic diagram of the enhanced initial detection method. (a) 

detection principle, and (b) an example of the working principle demonstration. 

 

    360 ( )ini FirstIndex hs gear hsL k L = −                               （5） 

Secondcur Index =                                                         （6） 

where, hsL  is the number of pulses fed back by the high-speed 

encoder, during the rotation from the original parking position 

to the first index position, geark  is the reduction ratio, hsL  is the 

number of pulses (lines) per revolution for common encoder 

located at the high-speed side of the gearbox.  

In addition, considering the distortion of code disk, incorrect 

installation of components, or the introduction of interference 

may cause the loss of the pulse difference between the two 

indexes, in order to further improve the robustness and 

reliability of the initial position detection method, two solution 

methods are proposed as follows: firstly, improve the 

processing technology, installation specifications and 

anti-interference measures, so as to ensure the detection 

accuracy on the hardware side; secondly, according to the 

allowable swing range of the mechanical arm during power on, 

on the basis of the obtained two indexes for each forward 

rotation and reversed rotation as shown in Fig. 5, an enhanced 

detection method is proposed for the initial position detection 

by introducing one more reversed rotation, and the 

corresponding index and pulse error calculation method is 

shown in Fig. 6, which is integrated into the developed 

mechanical arm products, as a redundant scheme. 

 

C. The proposed real-time position detection of positioning and 

status monitoring method based on the transmission error 

It is known from the reference [22-24] that there are 

machining errors and unstable errors in the actual operation of 

the SRG. The machining errors mainly include manufacturing 

errors and assembly errors, which are often caused by human or 

environmental factors. The unstable error mainly comes from 

three aspects: during the actual operation of the transmission 

chain, due to the direct effect of the load and the dynamic 

meshing force generated at high speed, the components are 

elastically deformed; Under the continuous high-speed 

operation, the temperature of the contact position of the 

component rises, which leads to its thermal deformation; after a 

long time of operation, components wear, resulting in system 

instability. These errors are generated in the actual operation of 

the component and change with the operation state. Therefore, 

there must be a minimum transmission error (called allowable 

error in this paper) in the normal operation of the SRG itself 

without fault. Considering the backlash of reducer, the 

minimum transmission error is closely related to the backlash 

and the reduction ratio. The greater the backlash is, the greater 

the minimum transmission error will be. But when the reducer 

is running normally, its maximum clearance will not exceed the 

product specifications. When the SRG fails, it is also known 

from [22-24] that the transmission error of the SRG will 

increase with the occurrence of the gearbox fault (mainly gear 

fault and rolling bearing fault), thus exceeding the allowable 

error. In this paper, the two encoders are installed on both ends 

of the SRG, and the transmission error can be easily obtained 

by using the data of the two encoders as (7), which provides a 

simple and effective method for online detecting the potential 

fault of the gearbox. Therefore, a real-time position detection 

and status monitoring method is proposed based on the 
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transmission error using the dual incremental encoder. 

Compared with the traditional method [24-25], this method 

does not need additional sensors and supporting hardware and 

software systems.                                         

/ (3600 360)out hs gear ls in backlash hs gearP P L k L P P L k = − +          (7) 

where, backlashP  is the backlash of reducer, which is 10arcsec 

according to the appendix, inP  is the number of pulses obtained 

by the encoder at the high-speed side of the gearbox, outP  is the 

number of pulses obtained by the encoder at the low-speed side 

of the gearbox, P  is the transmission error. 

III. EXPERIMENTAL VALIDATIONS 

A.  Experiment platform design  

The key components and whole machine of the four-axis 

SCARA based on the proposed methods are designed, as shown 

in Fig. 7. It consists of four drive unit, as principally described 

in Fig. 2. The proposed combined incremental encoder is 

shown in Fig.7(a), where the 16 unevenly distributed indexing 

markers can be observed when comparing to the standard 

incremental encoder, as shown in Fig. 7(b). The encoder reader, 

harmonic reducer and its drive unit are shown in Fig. 7(c), Fig. 

7(e) and Fig. 7(d), respectively. As mentioned before, a hollow 

shaft is adopted for the integrated design of this SCARA. 

In order to verify the correctness of the proposed combined 

encoder and the proposed initial position detection method, a 

test platform is designed, as shown in Fig. 8 (a) and (b), which 

consists of an absolute encoder (resolution ratio is 180000), the 

proposed combined encoder, a permanent magnet synchronous 

motor, a servo driver, a data acquisition card, and a 

microcomputer, etc. The motor is driven by a servo driver. The 

                          
                        (a)                                                        (b)                

                       
(c)                                                       (d) 

 
(e) 

Fig. 7. The key components of the SCARA. (a) code disk of the proposed 

combined encoder, (b) code disk of a common incremental encoder, (c) read 
head for the code disk, (d) driver integrated with a read-head, and (e) harmonic 

reducer. 

absolute encoder and the proposed combined encoder are 

installed on the output shaft of the same motor. The pulse 

number of the two encoders is fed back to the computer through 

the data acquisition card for calculation and comparison. 

Because the absolute encoder can detect the initial position 

directly when it is powered on, the combined encoder first 

performs zero calibration with the absolute encoder when it is 

installed, and then the performance comparison test is carried 

out according to the initial position detection method as shown 

in Fig. 5. For verifying the effectiveness of the combined 

encoder, this paper has designed a real prototype of the robotic 

arm (as shown in Fig. 8(c)). The robotic arm has an integrated 

joint module shown in Fig. 3, as discussed before. 

 

 
(a) 

 
(b) 

     
(c) 

Fig. 8. The encoder comparison test platform and the whole machine of 

SCARA. (a) schematic diagram of encoder comparison test platform, (b) the 
encoder performance comparison test platform, and (c) whole machine. 
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TABLE III 
THE COMPARISON BETWEEN THE ABSOLUTE ENCODER AND COMBINED 

ENCODER 

 Absolute encoder Combined encoder 

Cost (dollar) About 72 About 29 

Code disc diameter 
(inside/outside)(mm) 

83/115 45/67 

Weight (kg) 0.4 0.1 

 

B. Performance test of the combined encoder  

In order to verify the correctness of the proposed combined 

encoder and the proposed initial position detection method, a 

performance comparison test is taken based on the test platform, 

as shown in Fig. 8(a) and Fig. 8(b). And the cost, size and 

weight of the encoder are compared, as shown in Table III. It 

can be seen from the data that the cost, size and weight of the 

proposed combined encoder are better than that of the absolute 

encoder. 

Firstly, the motor is manually adjusted to the mechanical 

zero position. Based on this, the initial position detection test is 

performed. The experimental waveform is obtained, as shown 

in Fig. 9. It can be seen from the waveform that the initial 

position of the motor can be obtained as soon as the power is 

turned on from the absolute encoder, but it cannot be obtained 

with the combined encoder proposed in this paper. The initial 

position detection performance test of the motor is carried out 

by the method shown in Fig. 5, and the waveform of Fig. 9 is 

observed. In the first step, the motor runs in the positive 

rotational direction. When the first index is obtained, the 

number of pulses fed back by the absolute encoder and 

combined encoder is 11348 and 126, respectively. In the second 

step, the motor runs in the reversed direction. When the second 

index is obtained, the number of pulses fed back by the absolute 

encoder and combined encoder is 5 and 0, respectively. Using 

the data in Tables I and II in the paper, we can see that the initial 

position obtained by the absolute encoder is 0.000 degrees 

while the current position is 0.010 degrees. The initial position 

obtained by the combined encoder is 0.00 degrees, while the 

current position is 0.00 degrees. The position accuracy of the 

two encoders is different, the error of absolute value encoder is 

smaller, which is 0.000 degrees, while the error of the 

combined encoder is relatively larger, which is 0.010 degrees. 

This error is related to the number of scale lines of the code disk. 

The feasibility of the proposed initial position detection method 

is validated. If higher accuracy is needed, more scale lines 

should be used.  For the current application, the position error 

of 0.010 degrees is acceptable. 

Secondly, the motor is manually adjusted to an arbitrary 

position, and the initial position detection test is performed. The 

experimental waveform is shown in Fig. 10. It can be seen from 

the waveform that the initial position of the motor can be 

obtained as soon as the power is turned on with absolute 

encoder, which is 80.484 degrees but cannot be obtained with 

the combined encoder. The initial position detection 

performance test of the motor is carried out by the method 

shown in Fig. 5, and the waveform of Fig. 10 is observed. In the 

first step, the motor runs in the positive rotational direction. 

When the first index is obtained, the number of pulses fed back 

by the absolute encoder and combined encoder is 45018 and 53, 

respectively.  In the second step,  the motor runs in a reversed  

 
(a) 

 
(b) 

Fig. 9 Test of the initial position detection with two encoders at zero position. (a) 
absolute encoder, and (b) combined encoder. 

 

 
(a) 

 
(b) 

Fig.10 Test of the initial position detection with two encoders at an arbitrary 

position. (a) absolute encoder, and (b) combined encoder. 

 

direction. When the second index is obtained, the number of 

pulses fed back by the absolute encoder and combined encoder 

is 333936 and -70, respectively. Using the data in Tables I and 

II in the paper, we can see that the initial position obtained by 

the absolute encoder is 80.484 degrees while the current 

position is 67.872 degrees. The initial position obtained by the 

combined encoder is 80.46 degrees, while the current position 

is 67.86 degrees. The error of absolute value encoder is smaller, 

which is 0.000 degrees. In comparison, the error of the 

combined encoder is larger, which is 0.024 degrees.  For the 

current application, the position error below 0.1 degrees is 

already good enough. 

Therefore, according to the above test waveforms, the 

combined encoder and the initial position detection method 

proposed in this paper can accurately and reliably obtain the 

initial position and current position information of the motor. 
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Based on the obtained current position information, the 

mechanical zeroing or positioning operation can be then carried 

out. 

 

C. Transmission error analysis of SRG 

According to formula (7), the transmission error curve of the 

SRG used in this paper can be obtained when it operates in the 

normal working range, as shown in Fig. 11. According to the 

observation waveform, although the SRG has entered a stable 

operation state, its transmission error still changes periodically 

in a small range, and the maximum transmission error 

(allowable error) is ±82 pulses. In the actual working process, 

when the transmission error exceeds the allowable error, the 

fault is considered to occur. 

 

D. Performance test of the initial position detection  

The validation of the initial position detection of the robotic 

arm by using the proposed combined incremental encoder is 

demonstrated by two case studies given below. 

First, the robotic arm is pre-set to 36 degrees. According to 

Fig. 4, this position is bounded by Index2 and Index3, as 

described in section II. To detect the initial position, the arm is 

first rotated along the clockwise direction; 50 pulses are 

detected before detecting an index signal as indicated in Fig. 

12(a). Then the arm is controlled to rotate along the 

anti-clockwise direction, 124 pulses are detected before another 

index signal is detected. Then according to Table II and Fig. 4, 

the initial parking position of the arm is located in zone II; when 

arriving at the first index position (Index3), the corresponding 

absolute position is FirstIndex = 45 degrees and when arriving at 

the second index position (Index2), SecondIndex = 22.68 degrees. 

During the rotation from the original parking position to the 

first index position, the low-speed side combined encoder 

generates 50 pulses while the high-speed side encoder indicates 

two complete revolutions (i.e. 4000hsL = pulses). Knowing 

the gear ratio is 80geark = , the initial parking position can be 

determined to be 36 degrees according to (5). 

As another case study, the initial position is pre-set at 45 

degrees. A similar procedure is repeated, and the obtained 

results are shown in Fig. 13. It may be observed that during the 

first clockwise rotation, 127 pulses are detected before reaching 

the first index position; the number of pulses generated is 127 

during the anti-clockwise rotation from the first index position 

to the second index position. According to Table II and Fig. 4, 

the initial parking position is found to be located in sector III, 

and the corresponding boundary index signal positions are 

FirstIndex = 67.86 degrees and SecondIndex = 45 degrees, 

respectively. During the rotation from the initial parking 

position to the first index position, the high-speed side encoder 

generates a total of 10160 pulses. Then similar according to (5), 

the initial position can be found to be 45 degrees. 

Therefore, the above experimental results prove that the 

initial position detection method proposed in this paper is 

effective. Limited to the space of this paper, the experiment of  

 
Fig. 11. Transmission error of the SRG itself (pulses number difference at the 

high-speed end). 

 

 
(a) 

 
(b) 

Fig. 12. Initial position detection test when setting the initial position at 36 
degrees. (a) pulse number of the proposed combined encoder feedback, and (b) 

pulse number of the high-speed side incremental encoder feedback. 

 
(a) 

 
(b) 

Fig. 13. Initial position detection test when setting the initial position at 45 

degrees. (a) pulse number of the proposed combined encoder feedback, and (b) 
pulse number of the high-speed side incremental encoder feedback. 

 

enhanced initial position detection method is not given. But 

according to the above experimental results, the proposed 

enhanced initial position detection method proposed in this 

paper is already very effective. 
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(a) 

 
(b) 

 
(c) 

Fig. 14. Real-time position detection test when the positioning operation angle 

is 22.55 degrees. (a) pulse number of the proposed combined encoder feedback, 
(b) pulse number of the high-speed side incremental encoder feedback, and (c) 

pulse number difference at the high-speed end. 

 

E. Position detection and status monitoring based on the 

transmission error during the positioning operation 

In this experiment, firstly, the SRG is let work normally. The 

robotic arm is parked at 45 degrees (measured at the gearbox 

low-speed end), and the operation command is set to rotate the 

arm along the positive direction by 22.55 degrees. Under this 

condition, the generated pulses of the low-speed side combined 

encoder are shown in Fig. 14(a) and the pulses generated by the 

high-speed side encoder is given in Fig. 14(b). The difference 

between the number of pulses generated by the two encoders 

when counted at the high-speed side is shown in Fig. 14(c).  

It may be observed from Fig. 14(a) that for a rotational angle 

of 22.55 degrees, the combined encoder can produce 125 pulses 

only, which corresponds to a position change of  

125/2000 360 22.5 = degrees. If the combined encoder is used 

for providing the position information, the position detection 

error is 0.05 degrees. In the same operation, we can see from 

Fig. 14(b), the incremental pulses of the high-speed side 

encoder are counted to be 5 cycles plus 25 pulses. Considering 

that the gear ratio is 80, this corresponds to a position change 

of 5 2000 25 /2000 360/80 22.556 +  =（ ） degrees at the 

low-speed (combined encoder) side. The position detection 

error is reduced to 0.006 degrees, which gives a smaller angular 

position detection error (improved by 88%) as expected. 

During this rotation, the maximum difference is 30 pulses, as 

indicated in Fig. 14(c), which is within the range of ±82 pulses. 

 
(a) 

 
(b) 

 
(c) 

Fig. 15. Real-time position detection test when the positioning operation angle 

is 45.05 degrees. (a) pulse number of the proposed combined encoder feedback, 
(b) pulse number of the high-speed side incremental encoder feedback, and (c) 

pulse number difference at the high-speed end. 

Another experiment is carried out when the operation 

command is set to rotate the arm in a negative direction by 

45.05 degrees. Similar encoder pulses are recorded and shown 

in Fig. 15. It may be observed from Fig. 15(a) that the 

low-speed end encoder produces 250 pulses, indicating 45 

degrees position change; while the high-speed side encoder 

produces in total 20030 pulses giving 45.0675 degrees. At the 

end of the positioning period, the position error is 0.05 degrees 

provided by the combined encoder alone; but the position error 

is reduced to 0.0175 degrees when the high-speed side encoder 

is used for position detection, which gives a smaller angular 

position detection error (improved by 65%) as expected. The 

difference of the number of pulses counted at the high-speed 

end of those two encoders shows a maximum of 35 pulses 

difference, which is within the range of ±82 pulses similar to 

the positive rotation situation. Therefore, it can be seen from 

the test results that when the SRG operates normally, the double 

encoder can accurately detect the joint position information and 

transmission error of the mechanical arm during the positioning 

process, and the transmission error of the SRG is within the 

allowable error. 

Secondly, in case of failure of the SRG, in order to verify the 

effectiveness of the operation condition monitoring method, the 

SRG was disassembled, one of the gears was wear and tear, and 

the mechanical arm joint was reassembled. And the experiment 

is carried out when the operation command is set to rotate the 

arm in a positive direction by 22.50 degrees. Similar encoder 

pulses are recorded and shown in Fig. 16. During the forward 

operation, it may be observed from Fig.16(a) that the low-speed 
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(a) 

 
(b) 

 
(c) 

Fig. 16. Real-time position detection test when the positioning operation angle 
is 22.50 degrees. (a) pulse number of the proposed combined encoder feedback, 

(b) pulse number of the high-speed side incremental encoder feedback, and (c) 

pulse number difference at the high-speed end. 

 

end encoder produces 118 pulses, indicating 21.24 degrees 

position change, while converting the 118 pulses to the 

high-speed end, it gives 118 80 9440 = pulses; while the 

high-speed side encoder produces in total 10004 pulses giving 

22.509 degrees, as shown in Fig. 16(b). The transmission error 

is -564 pulses, as indicated in Fig. 16(c), which exceeds the 

allowable error of the SRG at this time.  

Therefore, in case of gearbox failure, the proposed method 

can realise fault detection and provide a method for online 

real-time detection of SRG operation state, which not only 

improves the safety factor of the manipulator but also provides 

key data and method for gearbox service life prediction 

[24-25]. 
 

IV. CONCLUSION 

In order to obtain the initial position information of the joint 

accurately when the SCARA is powered on at the first time, a 

new combined incremental encoder with unevenly distributed 

multiple indexing signals and an associated initial position 

detection method are proposed, which has advantages of small 

space occupation, easy implementation and low cost, when 

compared with the existing encoder solutions. In order to obtain 

the real-time position information of the joint accurately and 

monitor the running state of the SRG in real-time in the process 

of SCARA positioning, a real-time position detection and status 

monitoring method based on the transmission error using dual 

incremental encoder is proposed. In order to verify the 

correctness of the proposed combined encoder and the 

proposed initial position detection method, an encoder 

comparison test platform using an absolute encoder is designed, 

and the performance of the proposed combined encoder 

solution is validated. Taking a four-axis SCARA manipulator 

as the application object, the motor, dual encoders, actuators 

and other key components of the four joints were designed and 

tested. The results show that the initial position and the current 

position of the joint can be accurately detected using the 

proposed new combined incremental encoder and the 

associated initial position detection method. And the proposed 

encoder has advantages of simple structure, easy realization 

and low cost. The real-time position detection of the 

manipulator joint and monitor of the running state of the SRG 

can be achieved by the proposed method with high precision. 

The real-time monitoring of transmission error not only 

improves the safety factor of the manipulator but also provides 

the key data and methods for the service life prediction of the 

SRG. The SCARA designed based on the drive system not only 

has the advantages of small size, lightweight and high 

positioning accuracy but also has the function of SRG condition 

monitoring, which has already used in industrial application. 

 

APPENDIX 

Main parameters of joint of manipulator 

The line number of common Encoder 2000 
The line number of combined Encoder 2000 

Backlash of SRG 10arcsec 
The gear ratio of SRG 1:80 

Bodyweight 15kg 
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