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 Abstract: Multi-Speed resolvers are desirable position sensors for high performance 

closed-loop control of inverter driven machines due to their high accuracy. However, 

developing a winding with high number of poles with limited number of slots is a 

main challenge in achieving multi-speed function. Therefore, in this paper different 

winding configuration are proposed to achieve 5-X performance of a disk type 

wound-rotor resolver. Then, the best winding is chosen for experimental verification. 

In addition to the accuracy of the sensor, the optimal winding selection index is 

defined considering copper usage, number of winding layers (overlapping or non-

overlapping configurations), the number of turns for each coil of the winding 

(variable or constant turn configurations), and the amplitude of the fundamental 

harmonic. An objective function is defined involving all the mentioned indices with 

different weights determined based on the importance of each index. Finally, a 

prototype of the sensor with the best winding is built and tested. The experimental 

measurements verify the results of the simulations that are obtained using 3-D time 

setting finite element analysis. 

 

 Keywords: Disk type wound rotor resolver, Resolver, Multi-speed sensor, 3-D 

time stepping finite element analysis, Winding configurations. 
 

1   Introduction 

OSITION sensors are widely used in closed-

loop control of inverter driven machines [1]. 

There are different position sensors that among them 

Hall Effect sensors, optical encoders and resolvers 

are more commercial. The lowest cost is devoted to 

the Hall Effect sensors in the price of the worst 

accuracy [2]. In many industrial applications the 

required accuracy is higher than that of Hall sensors. 

In high performance control loops, the main 

competitors are optical encoders and resolvers [3].  
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Among them resolvers are more reliable for 

harsh environments, where wide temperature 

variations, high vibration level, and high pollution 

are existed [4]. 

There are two kinds of resolvers: Wound Rotor 

(WR) and Variable Reluctance (VR) ones. The 

excitation winding of the first is located on the rotor 

and fed using a high frequency sinusoidal voltage. 

The resulted flux is coupled with two-phase signal 

windings that are located on the stator side. The 

signal windings are connected to a high input 

impedance Resolver to Digital Converter (RDC) [5]. 

Therefore, the WR resolver can be assumed the same 

as an open circuit, two-phase synchronous generator 

with AC excitation. The induced voltages in signal 

windings are amplitude modulated signals whose 

envelopes are proportional to the sine and cosine of 

the rotor position. Therefore, the position can be 

determined using the inverse tangent of the voltages’ 

ratio. Decoupling the carrier and calculating the 
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position is done using the RDC. Despite WR 

resolvers, in VR resolver the excitation winding is 

transferred to the stator side. It means all the signal 

and excitation windings are wound around the stator 

teeth [6]. The rotor is a winding less ferromagnetic 

core with a special shape to guarantee the sinusoidal 

variation of mutual inductance between the signals 

and the excitation windings. The commercial VR 

resolvers works based on the variation of air-gap 

length [7]. Therefore, their accuracy is strongly 

influenced by mechanical faults [8]. Although WR 

resolvers have less performance deterioration under 

mechanical faults with respect to VR ones, their 

accuracy is decreased under eccentricities. Disk-type 

resolvers are proposed to overcome this defect [9].  

The literature on disk type resolvers can be 

divided into three groups: 

 1.1    Analytical Models for Disk Type Resolvers 

Since disk type resolvers need 3-D time stepping 

finite element analysis for their performance 

evaluation and such analysis is very time consuming, 

there are lots of researches on proposing analytical 

models for their performance evaluation. Winding 

function model for disk type WR and sinusoidal area 

VR resolvers are proposed in [10] and [11], 

respectively. 3-D Magnetic Equivalent Circuit 

(MEC) model for WR resolvers is proposed in [12] 

and a hybrid model based on MEC and Conformal 

mapping method is proposed in [13] for disk type 

variable air-gap length VR resolver. 

1.2   Performance Evaluation or Enhancement 

under Fault Condition 

The performance of disk type sinusoidal area VR 

resolver under mechanical and electrical faults is 

discussed in [14]. The similar evaluations are done 

on sinusoidal air-gap length VR and WR resolvers in 

[15] and [13], respectively. 

1.3   Accuracy improvement 

Accuracy improvement for disk type resolvers is 

done based on different optimization variables. In 

[11] and [13] injecting harmonics to the rotor 

contour and using multi-speed configuration are 

discussed. In [16] disk type VR sensor is adjusted for 

limited angle position estimation. Winding proposal 

for multi-speed WR resolvers is considered in [17] 

based on Fractional Slot (FS) winding method. 

However, FS winding suffers from high level of sub-

harmonics. To suppress those subharmonics, a new 

configuration, multi-stage slots, based on using 

multi-layer FS winding with specific shifting 

between layers is proposed for disk-type resolvers in 

[18].  However, in the proposed multi-stage resolver 

the shifting angle between different layers of the 

winding was limited by the slot opening width of the 

slot’s lower layer. Therefore, to overcome that 

dilemma a slot-less disk type resolver is proposed in 

[19]. However, the objective function of presenting 

all the mentioned windings is achieving the 

minimum position error with no attention to winding 

facility, and phase separation. 

 In this paper, the accuracy improvement of disk 

type WR resolver is discussed based on defining 

optimal winding. Three different windings are 

proposed for the studied multi-speed resolver and the 

best winding considering higher accuracy, higher 

practical facility of winding, lower copper usage, 

and higher reliability/phase separation is 

determined. Finally, the optimal resolver is built and 

experimentally tested. Close agreement between the 

test and simulation results approved the presented 

results. 

2   Structure of the Studied WR Resolver 

The studied sensor is a disk type WR resolver. It 

has a single stator, single rotor configuration, as 

shown in Fig. 1. Both the stator and the rotor has 10-

pole windings, therefore the sensor is a multi-speed 

(5-X) resolver. The stator has 28 slots and the rotor 

has 20 slots. Considering allowable slot-pole 

combinations the distributed winding is not possible 

for this resolver. Therefore, on-tooth winding is 

applied for both the stator and the rotor windings. 

The number of turns for the kth tooth of the excitation 

winding is determined as: 

𝑁𝑒𝑘 = 𝑁𝑒cos⁡[(𝑘 − 1)
2𝑝𝑤𝜋

𝑍𝑟
] (1) 

where Ne is the maximum number of excitation 

coils, pw is number of pole pairs, and Zr is number of 

rotor teeth.  

The number of turns for the signal windings 

considering over-lapping variable turn configuration 

for the kth tooth of the stator can be determined as: 

𝑁𝑠𝑘 = 𝑁𝑠sin⁡[(𝑘 − 1)
2𝑝𝑤𝜋

𝑍𝑠
] (2) 

𝑁𝑐𝑘 = 𝑁𝑠cos⁡[(𝑘 − 1)
2𝑝𝑤𝜋

𝑍𝑠
] (3) 
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where 𝑁𝑠 and Zs denote the maximum number of 

the signal coils and number of stator teeth, 

respectively. 

Geometrical dimensions of the studied resolver 

are given in Table 1.  

 
(a) 

 
(b) 

 
(c) 

Fig. 1 The studied resolver, (a) the stator core, (b) the 

rotor core, and (c) the assembled resolver. 
 

Table 1 Geometrical Dimension of the studied sensor. 

Parameter Unit Value 

Pole pairs  - 5 

Air gap length mm 0.5 
Core outer/inner diameter mm 50/32 

Stator/rotor axial length mm 5 

Number of stator/rotor slots, Zs/Zr - 28/20 
Stator/rotor slots’ radius mm 1 

Stator/rotor slots’ slot opening width mm 1 

Stator/rotor slots’ slot opening height mm 1 
Maximum number of excitation coils, Ne - 70 

Maximum number of signal coils, Ns - 35 

3   Principle of Operation 

As mentioned earlier, the resolver can be 

assumed as a two-phase synchronous generator with 

AC excitation. The armature, signal, windings must 

be wound in such a way that their mutual inductance 

with the excitation winding varies sinusoidal, when 

rotor rotates. In addition, they must have 90-degree 

phase separation with each other. It means the 

mutual inductance between the excitation winding 

and the signal windings (sine and cosine windings), 

in ideal condition, can be written as: 

𝐿𝑠𝑒 = 𝑀sin⁡(𝜃𝑟) (4) 

𝐿𝑐𝑒 = 𝑀cos⁡(𝜃𝑟) (5) 

where 𝐿𝑠𝑒 / 𝐿𝑐𝑒 ⁡is the mutual inductance between 

the sine/cosine and the excitation windings, M is the 

maximum value of the stator and rotor mutual 

inductance, and 𝜃𝑟 is the rotor position.  

Furthermore, it is required to keep constant the 

self-inductance of the excitation winding to avoid 

including disturbing harmonics in the output 

voltages. Therefore, by suppling the excitation 

winding with a high frequency sinusoidal voltage, 

the excitation current in the steady state would have 

a constant amplitude with the same frequency as the 

excitation voltage. Hence, the linkage flux of the 

signal windings can be determined as: 

𝜆𝑠𝑖𝑛 = ⁡(𝑀sin𝜃𝑟)(𝐼𝑚𝑠𝑖𝑛𝜔𝑒𝑡) (6) 

𝜆𝑐𝑜𝑠 = ⁡(𝑀cos𝜃𝑟)(𝐼𝑚𝑠𝑖𝑛𝜔𝑒𝑡) (7) 

where 𝐼𝑚 is the maximum value of the excitation 

current and 𝜔𝑒 is the angular frequency of the 

excitation voltage. Then, the induced voltages in the 

signal windings can be calculated as: 

𝑉𝑠𝑖𝑛 = ⁡𝜔𝑒𝑀𝐼𝑚(
𝜃�̇�
𝜔𝑒

cos𝜃𝑟𝑠𝑖𝑛𝜔𝑒𝑡

+ 𝑠𝑖𝑛𝜃𝑟𝑐𝑜𝑠𝜔𝑒𝑡) 

(8) 

𝑉𝑐𝑜𝑠 = ⁡𝜔𝑒𝑀𝐼𝑚(−
𝜃�̇�
𝜔𝑒

sin𝜃𝑟𝑠𝑖𝑛𝜔𝑒𝑡

+ 𝑐𝑜𝑠𝜃𝑟𝑐𝑜𝑠𝜔𝑒𝑡) 

(9) 

where 𝜃�̇� denotes the rotational speed of the 

rotor. Since for resolvers 𝜃�̇� ≪ 𝜔𝑒, the speed 

voltages can be ignored: 

𝑉𝑠𝑖𝑛 = ⁡𝜔𝑒𝑀𝐼𝑚𝑠𝑖𝑛𝜃𝑟𝑐𝑜𝑠𝜔𝑒𝑡 (10) 

𝑉𝑐𝑜𝑠 = ⁡𝜔𝑒𝑀𝐼𝑚𝑐𝑜𝑠𝜃𝑟𝑐𝑜𝑠𝜔𝑒𝑡 (11) 

Therfore, the induced voltages are ampitude 

modulated signals that their carrier is the excitation 

signal of the resolver. The envelope of (10)-(11) can 

be determined as: 

𝐸𝑠𝑖𝑛 = ⁡𝜔𝑒𝑀𝐼𝑚𝑠𝑖𝑛𝜃𝑟 (12) 

𝐸𝑐𝑜𝑠 = ⁡𝜔𝑒𝑀𝐼𝑚𝑐𝑜𝑠𝜃𝑟 (13) 

And then, the rotor position is calculated as: 

1 2 3
28

cosine

winding

sine

winding

1 2
3

20
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And then, the rotor position is calculated as: 

𝜃𝑟 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝐸𝑠𝑖𝑛
𝐸𝑐𝑜𝑠

 (14) 

In practice the mutual inductances between the 

signal and the excitation windings are not equal to 

the ideal forms of (4) to (5). Also, calculating the 

envelope of the voltages and the rotor position in 

RDC are accompanied by different errors. 

Therefore, the calculated position differs from the 

real position. The difference between the real 

position and the calculated one, is defined as the 

position error.  

4   Performance Evaluation of the Initial Design 

The most accurate method for performance 

evaluation of disk type resolvers is time transient, 3-

dimentional finite element analysis. It considers the 

real geometry of the senor with no simplification, the 

real material used for building the sensor. However, 

it is required to consider the appropriate time step 

and mesh quality to ensure the reliable results. In 

addition, simulation must be done in a whole 

mechanical period of the sensor and the voltage 

source must be chosen for the excitation type. 

The schematic of the mesh on the cores’ body is 

shown in Fig. 2-a. The total number of mesh 

elements is 200402. It is worth mentioning that the 

mesh of Fig. 2-a, is generated in Magnetostatic 

solver and then imported to the transient solver. 

Considering the excitation frequency of 4 kHz, the 

time step is set equal to 15.625 μs. Since the 

rotational speed of the rotor is 600 rpm, the stop time 

of the simulation is set equal to 120 ms to ensure of 

having signals for more than one mechanical period 

of the sensor. In addition, the distribution of the 

magnetic flux density in the middle of the air-gap 

length at 120 ms is given in Fig. 2-b. As it can be 

seen the maximum amplitude of the magnetic flux 

density is 8.59 mT that is less than saturation level 

of the employed ferromagnetic core. 

The induced voltages and their envelope are 

given in Fig. 3-a. Peak detection method is used for 

calculating the envelopes. Then, the harmonic 

content of the envelopes is shown in Fig. 3-b. The 

amplitude of the fundamental harmonic is 1.97 V, 

total harmonic distortion (THD) of the envelops is 

0.87%. Since overlapping variable turn winding 

configuration is used for the signal windings, those 

grate results were predictable. Position error of the 

sensor with respect to the real position is given in 

Fig. 3-c.  

 
(a) 

 
(b) 

Fig. 2  (a) The schematic of the mesh on the cores’ 

body, and (b) the distribution of the magnetic flux density 

in the middle of the air-gap length at t=120 ms. 

 
(a) 

 
(b) 

 
(c) 

Fig. 3 The results of 3-D FEM for the studied resolver 

with variable turn, overlapping configuration for the 

signal windings: (a) the induced voltages and their 

envelope, (b) the harmonic content of voltages’ envelope, 

and (c) the position error. 
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The Average of Absolut Position Error (AAPE), 

as the best index of resolver’s accuracy is calculated 

equal to 0.239  ̊and the Peak to Peak Position Error 

(PPPE) is equal to 0.659 .̊ The value of position 

errors shows the initial design sensor is an accurate 

resolver. However, due to overlapping winding 

configuration, the probability of a short circuit fault 

is high. On the other hand, using variable turns for 

different coils of each winding, as well as high 

number of coils in the stator lead to hard practical 

implementation of the sensor and high copper 

consumption. Therefore, in the following, two other 

configurations are proposed for the stator windings 

to improve practical implementation of the studied 

resolver. 

5   Performance Improvement 

In order to improve the performance of the 

studied resolver, an objective function,  , is defined 

as: 

𝜉 =
(𝐴𝐴𝑃𝐸)𝑘1 × (𝑁𝑆𝐶)𝑘2

(𝑃𝐹𝐹)𝑘3 × (𝐴𝐹𝐻)𝑘4
 (15) 

where NSC is the Number of Stator Coils, AFH 

is the Amplitude of the Fundamental Harmonic, and 

PFF is Practical Facility Factor that can be defined 

as: 

𝑃𝐹𝐹 = 1 + 𝑘5 × 𝛼 + 𝑘6 × 𝛽 (16) 

where for non-overlapping winding, α=1 and 

overlapping one α=0. Also, for variable turn coils 

β=0 and for constant turn ones, β=1. The coefficients 

of 𝑘1, 𝑘2,…,⁡𝑘6 are the constant values that are 

selected by designer’s will. Giving the highest 

important to the accuracy of the sensor, 𝑘1=2. The 

lower NSCs leads to lower copper usage. So,⁡𝑘2⁡is 

selected equal to 1.2. Other coefficients are 

determined as: k3=1.5, 𝑘4=1, 𝑘5=1, and 𝑘6=2. 

Finally, it is worth mentioning that the value of 

AAPE, NSC, and AFH are normalized versus their 

best value for different windings to ensure the 

calculated objective function has no dimension. 

Other possible configurations are non-

overlapping winding that is presented in Fig. 4-a, 

and fractional slot winding of Fig. 4-b. As it can be 

seen in Fig. 4-a, the proposed winding has on-tooth, 

non-overlapping, variable turn configuration. The 

number of each coil’s turn is determined based on 

(2)-(3). In fact, the number of turns for sine winding 

is determined using (2) for even teeth (𝑘 =2, 4, 6, …, 

28). Also, the number of turns for cosine coils is 

calculated by (3) for odd teeth (𝑘 =1, 3, 5, …, 27).  

 

 
(a) 

 
(b) 

Fig. 4 The proposed windings for the stator: (a) the non-

overlapping winding (b) The fractional slot winding. 

The induced voltages in the signals windings, 

using the non-overlapping configuration, are shown 

in Fig. 5-a, along with the envelope of the voltages. 

The harmonic content of the envelopes are given in 

Fig. 5-b, and the position error of the sensor is shown 

in Fig. 5-c. As it can be seen from Fig. 5-b, the 

amplitude of the fundamental harmonic is 0.98 V 

which is less than that of the initial winding.  

 
(b) 

 
(c) 

Fig. 5 The results of 3-D FEM for the studied resolver 

with variable turn, non-overlapping configuration for the 

signal windings: (a) the induced voltages and their 

envelope, (b) the harmonic content of voltages’ envelope, 

and (c) the position error. 

1 2 3
28

cosine

winding

sine

winding

1 2 328

cosine

winding
sine

winding



 
 
 

 
6 

 
 

F. Tootoonchian, and M. Amiri Performance Enhancement of Disk-Type Multi…  

 

Iranian Journal of Electrical and Electronic Engineering, Vol. 19, No. 1, 2023 

Of course, due to reducing the number of coils 

per each signal winding decreasing the amplitude of 

the fundamental harmonic was predictable. THD of 

envelopes, THD=1.12%, is also deteriorated with 

respect to the initial winding. AAPE and the PPPE 

for the non-overlapping winding are 0.199 ̊, and 

0.682 ̊, respectively. These value shows that the 

number of coils decreases and the winding facility 

increases with respect to the initial design in the 

price of accuracy deterioration. 

The induced voltages in the fractional slot 

windings and the envelopes’ harmonic content are 

given in Figs. 6-a, and 6-b, respectively. THD of 

envelopes is 1.18% and the amplitude of the 

fundamental harmonic is 0.95 V. Both values are 

worse than those of overlapping winding. However, 

the position error, Fig. 6-c, shows AAPE and PPPE 

is equal to 0.075 ̊ and 0.514 ̊, respectively.  

 
(a) 

 
(b) 

 
(c) 

Fig. 6 The results of 3-D FEM for the studied resolver 

with fractional slot windings: (a) the induced voltages 

and their envelope, (b) the harmonic content of voltages’ 

envelope, and (c) the position error. 

 

It can be seen, using fractional slot winding leads 

to the most accurate resolver in comparison with two 

previous designs. It is worth mentioning that the 

number of turns for each coil is equal to 40. It means 

all coils have constant turns. Also, 8 teeth have been 

equipped with two-layer coils and the other teeth 

have non-overlapping coils. 

The characteristics of different windings are 

summarized in Table 2. As given in Table 2, the best 

value of the proposed objective function is 0.540 that 

is referred to the fractional slot winding. Therefore, 

fractional slot winding is considered for practical 

verification. 

6   Experimental Validation 

The prototype of the resolver with fractional slot 

winding is built. The stator core is given in Fig. 7-a, 

and the rotor core is presented in Fig. 7-b.  

 

(a) 

 

(b) 

Fig. 7 The prototype resolver: (a) the stator, and (b) the 

rotor. 

The built sensor is experimentally tested to verify 

its accuracy. The employed test circuit is given in 

Fig. 8. As it can be seen, a DC motor is used for 

rotating the rotor of the sensor. The excitation 

winding is fed using a function generator with a 4 

kHz sinusoidal voltage.  

 



 
 
 

 
7 

 
 

F. Tootoonchian, and M. Amiri Performance Enhancement of Disk-Type Multi…  

 

Iranian Journal of Electrical and Electronic Engineering, Vol. 19, No. 1, 2023 

Table 2 Comparing different windings, the best values are made Bold  

Winding configuration THD (%) AAPE (Deg.) PPPE (Deg.) AFH (V) NSC α β 𝜉 

Overlapping (initial design) 0.871 0.239 0.659 1.97 52 0 0 21.345 

Non-overlapping 1.12 0.199 0.682 0.98 28 1 0 5.004 

Fractional slot 1.18 0.075 0.514 0.95 36 0 1 0.540 

The amplitude of this voltage can be adjusted 

using the automatic gain control circuit of the 

employed function generator. It is worth mention 

that feeding the rotating winding of the rotor is done 

brushless using a rotary transformer. The employed 

rotary transformer is shown in Fig. 8.   

Its primary coil is fed using the function 

generator and the induced voltage in its secondary 

coil is used as the excitation voltage. Then, the 

induced voltages in the signal windings of the 

resolver, as shown in Fig. 9-a, are measured and 

captured using a digital oscilloscope. Those voltages 

are transferred to the Matlab software to decouple 

the carrier and calculate the envelopes. The position 

of the rotating shaft is calculated based on invers 

tangent of the envelope’s ratio. In order to calculate 

the position error a reference position sensor is 

required. The employed position sensor is an optical 

encoder that is coupled to the DC motor. 

 
Fig. 8 The employed test circuit for experimental 

measurements. 

Finally, the position error can be determined by 

comparing the estimated position by prototype 

resolver and that of reference sensor. Calculating the 

position error, shown in Fig. 9-b, shows the 

measured PPPE is 0.534 ˚ and the AAPE is 0.08 ˚. It 

means the deviation of the predicted values using 

finite element analysis with respect to the measured 

ones is less than 7%. Therefore, the experimental 

results verify the simulation ones. 

 
(a) 

 
(b) 

Fig. 9 The results of the experimental test: (a) the 

measured induced voltages, (b) position error. 

To ensure the appropriate performance of the 

prototype, the experimental tests are repeated for 

different speeds. The analogue voltages for 100, 

1000, and 1500 rpm are presented in Figs. 10-a, 

through 10-c. The PPPE and the AAPE for different 

speeds are given in Fig. 11 indicating no significant 

change.  

7   Conclusion 

In this paper, different winding configuration for 

multi-speed, disk type, wound rotor resolver was 

examined. An objective function considering 

accuracy of the sensor, number of stator coils 

(copper usage), amplitude of the fundamental 

harmonics, and facility of the winding process were 

proposed as preference index of the optimal 

winding. To determine the facility of winding, the 

winding type from overlapping or non-overlapping 

configuration point of view, as well as having 

variable- or constant-turn coils was considered. 
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Finally, fractional slot winding was chosen as the 

optimal winding with the lowest value of the 

objective function. The optimal resolver was 

practically built and tested. Close agreement 

between the results of 3-D time stepping finite 

element analysis and experimental measurements 

verify the performed analysis. 

 
(a) 

 
(b) 

 
(c) 

Fig. 10 The measured induced voltages for different 

speeds: (a) 100 rpm, (b) 1000 rpm, and (c) 1500 rpm. 

 
Fig. 11 The results of the experimental test for different 

speeds. 
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