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 

Abstract—Multi-turn resolvers are employed in the 

applications that high reliability; high accuracy and 

absolute position measurement are required, 

simultaneously. They are basically consisted of two 

individual resolvers in a common frame. In this paper a 

novel sinusoidal air-gap length multi-turn resolver is 

proposed. The rotor shape and the winding configuration 

are designed to achieve single-speed and multi-speed 

operations using a single rotor and a single stator core. 

Furthermore, some constraints are laid down and 

discussed in such a way that the performance of two 

resolvers has no interference with each other. All the 

mathematical calculations are validated using time 

stepping finite element analysis. Finally, a prototype of the 

sensor is built and tested. Experimental measurements are 

used to verify the analytical and finite element discussions. 

 

Index Terms— Multi-turn resolver, Multi-speed 

resolver, Variable reluctance (VR) resolver, Design, Time 

Stepping Finite Element Analysis (TSFEA). 

 

NOMENCLATURE 

𝑎/ 𝑎𝑘/ 𝑏/ 𝛿𝑘  Different parameter related to the shape of rotor contour 

𝑑𝜌𝑖/ 𝜌𝑖 
Permeance element/ permeance between one stator tooth 
and the rotor 

𝑖 Index of stator teeth number 

𝑘, 𝑗 Harmonic order 

𝑛, 𝑚 Arbitrary integer number 

𝑔(𝜑,𝜃𝑟) Air gap length 

𝑔𝑚𝑎𝑥 Maximum air gap length 

𝑟𝑠ℎ𝑎𝑓𝑡/ 𝑟𝑠𝑖 Radius of rotor shaft/ stator bore 

𝑥1 stator tooth width 

𝐿 Stack length of resolver 

𝑁𝑐.𝑖/ 𝑁𝑠.𝑖 
Number of Cosine/ Sine winding's coil turn around the 
ith tooth 

𝑁𝑚𝑎𝑥 Maximum Number of coil turn 

𝑃, 𝑃𝑘, 𝑃𝑗 Number of pole pairs 

𝑃𝑤 Signal windings’ pole number 

𝑉𝑒𝑥𝑐/ 𝑉𝑐 The induced voltage in the Excitation/ cosine winding 

𝑉𝑖 
the envelope of the induced voltage on one turn of the 

coil around the ith tooth 
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𝑉𝑐0/𝑉𝑐𝑘/ 𝑉𝑐𝑗 dc component/ kth/ jth order harmonic of 𝑉𝑖 

𝑍 Number of stator teeth 

𝜃𝑟/ 𝑥𝑟 Rotor position in polar/ cartesian coordinate system 

𝜇0 Permeability of vacuum 

𝜑 Angular coordinate 

I. INTRODUCTION 

Multi-turn and multi-speed concepts are sometimes used 

instead. To explain the difference, it should be mentioned that 

“speed” refers to the number of pole pairs. It means a single 

speed sensor, so-called 1-X sensor, has one pole pair and a 

five speed one, 5-X sensor, has 10-pole. While, “turn” refers 

to the number of individual resolvers in one frame. Usually, a 

multi-turn resolver is consisted of two individual resolvers in 

one frame [1]. There are two types of multi-turn resolvers: 

gearless and geared ones. Gearless multi-turn resolvers that 

are briefly called multi-turn resolvers are consisted of two 

single-speed and multi-speed resolver. Using two resolvers not 

only improve the reliability of the multi-turn sensors, but also 

leads to provide the benefits of higher accuracy and absolute 

measurement, simultaneously [2]- [3]. On the other hand, 

geared resolver is also included two individual resolvers that 

are coupled to each other through a gear train. One of the 

resolvers, called fine resolver, is directly coupled to the 

machine shaft and rotates with the equal speed of the machine. 

While, the other resolver, called coarse resolver, is geared 

down by the used gear ratio [4]. The most common gear ratios 

are 1:8, 1:16, 1:32, and 1:36 but other ratios can be found, too 

[5]. 

Although single-speed and multi-speed resolvers have 

increasingly got researchers’ attention in recent years, multi-

turn resolvers are less involved in the literature. Most of the 

single-speed resolvers in literature have wound rotor (WR) or 

variable reluctance sinusoidal area (VR-SA) configurations. 

Optimal design [6]- [8], performance analysis [9]- [10], 

performance prediction under fault conditions [11]- [16] are 

the main subjects of the works on 2-pole resolvers. The 

preferred configurations of multi-speed resolvers are variable 

reluctance sinusoidal air-gap length (VR-SAGL) and WR with 

fractional slot winding. Geometrical optimizations [17]- [18], 

winding proposal [19]- [25], performance improvement [26]- 

[27] are the main research topics of multi-speed resolvers. 

The literature referred to multi-turn resolvers are divided into 

two groups. The first group involves the researches that 

introduce different configurations of multi-turn resolvers or a 

short description of their different types, without any technical 

discussions [3]- [5], [28]- [31]. The next group is consisted of 
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deep scientific researches on optimal design, and performance 

evaluation of multi-turn resolvers [1]- [2]. In [1] a VR multi-

turn resolver is designed and optimized to achieve higher 

accuracy, lower size, and higher stability under mechanical 

faults. The optimized resolver of [1] is consisted of a disk type 

5-X sinusoidal air-gap length resolver and a 1-X disk type 

sinusoidal area one. The performance characteristics of the 

resolver are discussed and optimized under different 

mechanical faults and finally a prototype of the sensor is built 

and tested. In [2] a multi-turn WR resolver is proposed. 

Different slot-pole combinations and winding configurations 

are examined to be able to use identical cores for both 1-X and 

5-X resolvers. In both multi-turn resolvers of [1]- [2] two 

stator cores and two rotor cores are employed and different 

optimizations are done to reduce the size and the cost of the 

sensors. In this paper design considerations of a novel multi-

turn VR resolver with only one stator core and one rotor core 

for both 1-X and 5-X resolvers are discussed. The possibility 

of such design and its constraints are mathematically 

formulated. Afterwards, the presented analytical model is 

approved using 3-D time stepping finite element analysis. 

Finally, a prototype of the proposed resolver is built and 

tested. Experimental measurements verify the success of the 

proposed resolver. 

II. PROPOSED MULTI-TURN RESOLVER 

To describe the performance of the proposed multi-turn 

resolver it is required to review the operating principle of the 

conventional VR resolvers. A commercial VR resolver has a 

solid rotor whose air-gap length varies as [22]: 

 

𝑔(𝜑,𝜃𝑟) =  
𝑏

1 + 𝑎 𝑐𝑜𝑠 𝑃(𝜑 − 𝜃𝑟)
 

(1)  

 

where  𝜑 denotes the angular coordinate, 𝜃𝑟 rotor position, P 

rotor saliencies, b, and a length and shape factors, 

respectively. Considering the air-gap length as (1) causes 

sinusoidal variation of air-gap permeance that leads to pass a 

flux from the stator teeth. That flux in the ideal form has a DC 

component plus a sinusoidal component corresponds to the 

resolver pole number and a function of rotor position. 

Furthermore, the relation between the stator teeth, Z, and rotor 

poles, P, can be presented as [25]: 

 

𝑃 ± 𝑃𝑤 =
𝐾𝑍

2
 

(2)  

 

where Pw is the signal windings’ pole number, and K is an odd 

integer. Then, the signal windings’ turn number, Ns,i and Nc,i, 

can be calculated as [25]: 

 

𝑁𝑠.𝑖 = 𝑁𝑚𝑎𝑥 × 𝑠𝑖𝑛 𝑃𝑤 [
2𝜋

𝑍
(𝑖 − 1)] 

(3)  

𝑁𝑐.𝑖 = 𝑁𝑚𝑎𝑥 × 𝑐𝑜𝑠 𝑃𝑤 [
2𝜋

𝑍
(𝑖 − 1)] 

(4)  

 

where Nmax is the maximum number of coil turns, and i is the 

teeth number. The sinusoidal change of signal windings’ turn 

number with Pw that is calculated by (2), leads to omit the DC 

component of the flux. Hence, the signal windings’ flux 

linkage will be a sinusoidal function of the rotor position. 

The main idea of the proposed multi-turn resolver originates 

from here that the rotor contour can be designed in such a way 

that the flux passing through the stator teeth has two or more 

desired sinusoidal components (pole numbers) instead of one. 

However, the main constraint is the stator windings must be 

designed in such a way that two speeds of resolver have no 

interference with each other.  

Finally, the excitation winding is wound on all stator teeth 

with alternatively changed direction and a constant turn 

number. That configuration of excitation winding helps to 

omit the excitation flux harmonics and keeping its DC 

component. It means the self-inductance of the excitation 

winding will be constant. 

To sum up if the air-gap length is designed to has desirable 

harmonics corresponds to desirable pole numbers, the required 

signal windings pole number can be determined from (2) and 

their turn number can be calculated using (3) -(4). 

 

III. MATHEMATICAL FORMULATION 

In this section the rotor contour is designed to have desirable 

harmonic components in the teeth flux. In this regards, the 

desirable harmonics are determined and their interference with 

the operating performance of the resolver is discussed.  

Assuming the envelope of the induced voltage on the i
th

 tooth 

as: 

 

𝑉𝑖 = {𝑉𝑐0 + ∑ 𝑉𝑐𝑘 sin  𝑃𝑘 (𝜃𝑟 −
2𝜋

𝑍
(𝑖 − 1))

∞

𝑘=1

}

× cos(𝜋(𝑖 − 1)) 

(5)  

 

where Pk is an integer indicating the desirable pole number 

(harmonic order). Considering the turn number of the cosine 

winding as (4), the induced voltage in the cosine winding can 

be calculated as: 

𝑉𝑐 = ∑ 𝑉𝑐0 cos  (
𝑃𝑤2𝜋

𝑍
(𝑖 − 1))𝑍

𝑖=1
𝑖 𝑖𝑠 𝑜𝑑𝑑

−

∑ 𝑉𝑐0 cos  (
𝑃𝑤2𝜋

𝑍
(𝑖 − 1))𝑍

𝑖=1
𝑖 𝑖𝑠 𝑒𝑣𝑒𝑛

+

∑ ∑ 𝑉𝑐𝑘 cos  (
𝑃𝑤2𝜋

𝑍
(𝑖 − 1)) ×∞

𝑘=1
𝑍

𝑖=1
𝑖 𝑖𝑠 𝑜𝑑𝑑

sin  𝑃𝑘 (𝜃𝑟 −
2𝜋

𝑍
(𝑖 − 1)) −

∑ ∑ 𝑉𝑐𝑘 cos  (
𝑃𝑤2𝜋

𝑍
(𝑖 − 1)) ×∞

𝑘=1
𝑍

𝑖=1
𝑖 𝑖𝑠 𝑒𝑣𝑒𝑛

sin  𝑃𝑘 (𝜃𝑟 −
2𝜋

𝑍
(𝑖 − 1))  

(6)  

 

However, the constraints of determining the desirable 

harmonics, windings arrangement and the resolver’s 

parameters should be determined in continue. 
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A. Influence of Harmonics on Self-Inductance of Excitation 

Inductance 

As mentioned earlier, for the acceptable performance of the 

resolver the self-inductance of the excitation winding should 

be constant value. Hence, the constraint to keep it constant 

should be determined. In this regards, considering Pw=Z/2, the 

excitation voltage is calculated as: 

 

𝑉𝑒𝑥𝑐 = ∑ 𝑉𝑐0

𝑍

𝑖=1

+ ∑ 𝑉𝑐𝑘 ∑ sin  𝑃𝑘 (𝜃𝑟 −
2𝜋

𝑍
(𝑖 − 1))

𝑍

𝑖=1

∞

𝑘=1

 

(7)  

 

The first term is 𝑉𝑐0Z, while the second term is calculated 

based on different values for 
𝑃𝑘

𝑍
 as: 

 

∑ sin 𝑃𝑘 (𝜃𝑟 −
2𝜋

𝑍
(𝑖 − 1))

𝑍

𝑖=1

= {
𝑍 sin 𝑃𝑘𝜃𝑟 ;

𝑃𝑘

𝑍
= 𝑛

0                ;
𝑃𝑘

𝑍
=

𝑛

𝑚

 

(8)  

 

Where n, and m are integers and 
𝑛

𝑚
 is not integer. Finally, it 

can be concluded if 𝑃𝑘 is not integral multiple of Z, the 

envelope of excitation voltage will be constant (  
𝑽𝒆𝒙𝒄 = 𝑽𝒄𝟎𝐙). Therefore, the self-inductance of the excitation 

inductance will be constant. 

 

B. Influence of Harmonics on Mutual-Inductances  

To ensure the signal windings magnify the harmonic referred 

to P pole number, (2) must be satisfied. For P=Pj, and K=1, let 

assume winding pole pairs as: 

 

(𝑃𝑗 −
𝑍

2
) = 𝑃𝑤 

(9)  

 

Substituting (9) into (6) and doing some simplifications, leads 

to: 

 

𝑉𝑐 = 𝑉𝑐0 ∑ cos  (
𝑃𝑗

𝑍
2𝜋(𝑖 − 1))

𝑍

𝑖=1

+ ∑ 𝑉𝑐𝑘 ∑ cos 𝑃𝑗  (
2𝜋

𝑍
(𝑖 − 1))

𝑍

𝑖=1

∞

𝑘=1

× sin  𝑃𝑘 (𝜃𝑟 −
2𝜋

𝑍
(𝑖 − 1)) 

(10)  

 

Ideally the first term must be zero and only the main harmonic 

(the second term) must be existed in the output voltage. As 

described for excitation voltage, (8), to omit the first term Pj is 

not allowed to be an integral multiple of Z. Then, the second 

term considering Pk not to be an integral multiple of Z can be 

simplified as:  

𝑉𝑐 =
𝑍𝑉𝑐𝑗

2
sin  𝑃𝑗𝜃𝑟

+
𝑉𝑐𝑗

2
∑ sin  𝑃𝑗 (𝜃𝑟 −

4𝜋

𝑍
(𝑖 − 1))

𝑍

𝑖=1

+ ∑
𝑉𝑐𝑘

2
∑ {sin  𝑃𝑘 (𝜃𝑟 + (

𝑃𝑗

𝑃𝑘

− 1)
2𝜋

𝑍
(𝑖 − 1))

𝑍

𝑖=1

∞

𝑘=1
𝑘≠𝑗

+ sin  𝑃𝑘 (𝜃𝑟 − (
𝑃𝑗

𝑃𝑘

+ 1)
2𝜋

𝑍
(𝑖 − 1))} 

(11)  

 

To omit the second term of (11), 
2𝑃𝑗

𝑍
 must not to be an integral 

integer of Z. Finally, considering Pk, Pj, and 2Pj not to be 

integral integer of Z, the induced voltage can be written as: 

 

𝑉𝑐 =
𝑍𝑉𝑐𝑗

2
sin  𝑃𝑗𝜃𝑟

+ ∑
𝑉𝑐𝑘

2
∑ {sin  𝑃𝑘 (𝜃𝑟 + (

𝑃𝑗

𝑃𝑘

− 1)
2𝜋

𝑍
(𝑖 − 1))

𝑍

𝑖=1

∞

𝑘=1
𝑘≠𝑗

+ sin  𝑃𝑘 (𝜃𝑟 − (
𝑃𝑗

𝑃𝑘

+ 1)
2𝜋

𝑍
(𝑖 − 1))} 

(12)  

 

In single turn resolvers there is only one Pk for the sensor. 

Therefore, the induced voltage of (12) can be written for 

single turn resolvers as: 

 

𝑉𝑐 =
𝑍𝑉𝑐𝑗

2
sin  𝑃𝑗𝜃𝑟  

(13)  

 

While for multi-turn resolvers it is supposed to have two or 

more values for Pk. Hence, it is required to find the constraints 

that must be considered to have no interference with different 

speeds operation. In this regards the second term of (12), 

considering 𝑃𝑘 ≠ 𝑃𝑗  is re-written as: 

 

∑ sin  𝑃𝑘 (𝜃𝑟 + (
𝑃𝑗

𝑃𝑘

− 1)
2𝜋

𝑍
(𝑖 − 1))

𝑍

𝑖=1

+ ∑ sin  𝑃𝑘 (𝜃𝑟 − (
𝑃𝑗

𝑃𝑘

+ 1)
2𝜋

𝑍
(𝑖 − 1))

𝑍

𝑖=1

 

(14)  

 

The first and the second terms of (14) are calculated as: 

 

∑ sin  𝑃𝑘 (𝜃𝑟 + (
𝑃𝑗

𝑃𝑘

− 1)
2𝜋

𝑍
(𝑖 − 1))

𝑍

𝑖=1

= {
𝑍 sin  𝑃𝑘𝜃𝑟      

𝑃𝑗 − 𝑃𝑘

𝑍
= 𝑛

0             
𝑃𝑗 − 𝑃𝑘

𝑍
=

𝑛

𝑚
 

  

(15)  
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∑ sin  𝑃𝑘 (𝜃𝑟 − (
𝑃𝑗

𝑃𝑘

+ 1)
2𝜋

𝑍
(𝑖 − 1))

𝑍

𝑖=1

= {
𝑍 sin  𝑃𝑘𝜃𝑟     

𝑃𝑗 + 𝑃𝑘

𝑍
= 𝑛 

0         
𝑃𝑗 + 𝑃𝑘

𝑍
=

𝑛

𝑚
   

  

(16) 

 

where n, and m are integers and n/m is not integer. 

Finally, the following conditions must be included to ensure 

the additional harmonics to the flux of teeth have no 

interference with each other: 

 
𝑃𝑘

𝑍
≠ 𝑛 ; 𝑛 𝑖𝑠 𝑖𝑛𝑡𝑒𝑔𝑒𝑟 𝑛𝑢𝑚𝑏𝑒𝑟 

2𝑃𝑘

𝑍
≠ 𝑛 ; 𝑛 𝑖𝑠 𝑖𝑛𝑡𝑒𝑔𝑒𝑟 𝑛𝑢𝑚𝑏𝑒𝑟 

𝑃𝑗 − 𝑃𝑘

𝑍
≠ 𝑛 ; 𝑛 𝑖𝑠 𝑖𝑛𝑡𝑒𝑔𝑒𝑟 𝑛𝑢𝑚𝑏𝑒𝑟 

𝑃𝑗 + 𝑃𝑘

𝑍
≠ 𝑛 ; 𝑛 𝑖𝑠 𝑖𝑛𝑡𝑒𝑔𝑒𝑟 𝑛𝑢𝑚𝑏𝑒𝑟 

(17)  

 

Then, if the proposed multi-turn resolver is supposed to have 

Pk=1, and Pk=5, simultaneously, the undesirable number of 

stator teeth will be:  

 
𝑃𝑘

𝑍
≠ 𝑛 → 𝑍 ≠ {𝜑} 

2𝑃𝑘

𝑍
≠ 𝑛 → 𝑍 ≠ 2,10 

𝑃𝑗 − 𝑃𝑘

𝑍
≠ 𝑛 → 𝑍 ≠ 2,4 

𝑃𝑗 + 𝑃𝑘

𝑍
≠ 𝑛 → 𝑍 ≠ 2,6 

(18)  

 

Therefore, Z=14 is a proper choice for such resolver. The 

other interesting application of (17) is determining the 

harmonics that may interfere the main harmonic. For example, 

for a 5-X resolver with Z=14, some of the undesirable values 

for Pk are 7, 9, 14, 19, 21, 23, 28, 33, …. 

Finally, the rotor shape must be designed in such a way that 

desirable harmonics with acceptable amplitude are involved in 

the teeth flux. Then, using such rotor and multiple signal 

windings on the stator, the proposed multi-turn resolver can be 

accessible.  

 

C. Rotor Shape 

 The air-gap length is expressed by the Fourier series as 

follows: 

 

𝑔(𝜑,𝜃𝑟) =  
𝑏

1 + ∑ 𝑎𝑘 𝑐𝑜𝑠 𝑃𝑘(𝜑 − 𝜃𝑟 − 𝛿𝑘)∞
𝑘=1

 
(19)  

 

Assigning different values for frequencies, Pk, coefficients, ak, 

and the phases, δk, different rotor shapes are achieved. 

Consequently, different harmonics pass through the stator 

teeth. But the question that arises is “how these values should 

be determined to make desirable harmonics?” to answer this 

question, the permeance between one stator tooth and the rotor 

is calculated as:   

 

𝑑𝜌𝑖 =
𝜇0𝑑𝐴

𝑑𝑔
 

(20)  

 

For sake simplicity, Cartesian coordinate system is employed 

and the mentioned permeance is determined by assuming 

parallel flux lines in the air-gap as:  

 

𝜌𝑖 = ∫ ∫ (
1

∫
𝑑𝑔

𝜇0𝑑𝐴𝑦

)
𝑧𝑥

= ∫ ∫ (
𝜇0𝑑𝑥𝑑𝑧

𝑔
)

𝑧𝑥

= ∫
𝜇0𝐿𝑑𝑥

𝑏
1 + ∑ 𝑎𝑘 𝑐𝑜𝑠 𝑃𝑘(𝑥 − 𝑥𝑟 − 𝛿𝑘)∞

𝑘=1

𝑥

=
𝜇0𝐿

𝑏
{𝑥1 + ∑

2𝑎𝑘

𝑃𝑘

(𝑠𝑖𝑛 (𝑃𝑘

𝑥1

2
− 𝛿𝑘)

∞

𝑘=1

× 𝑐𝑜𝑠(𝑃𝑘𝑥𝑟)))} = 𝜌0 + ∑ 𝜌𝑘 𝑐𝑜𝑠(𝑃𝑘𝑥𝑟)
∞

𝑘=1
 

(21)  

 

where L is the stack length of the resolver and x1 is the stator 

tooth width. It can be concluded from (21) that in order to 

achieve desirable harmonics in the teeth flux, those harmonics 

must be injected to the rotor contour. In Figs. 1 (a) through (d) 

the rotor contour for 1
st
, 5

th
, 1

st
 and 4

th
, and for 1

st
 and 5

th
 

harmonics are shown. For a multi-turn resolver consisting of 

both 1-speed and 5-speed sensors, the air-gap length can be 

determined as:  

 

𝑔(𝜑,𝜃𝑟)

=  
𝑏

1 + 𝑎1 𝑐𝑜𝑠(𝜑 − 𝜃𝑟) + 𝑎5 𝑐𝑜𝑠 5(𝜑 − 𝜃𝑟)
 

(22)  

 

There are two main constraints to determine the value of b, a1, 

and a5: 

1)  The rotor shape's geometry must be feasible. It means the 

denominator of g must be positive for different values of 

the cosine function: 

 

𝑎1 + 𝑎5 < 1 (23)  

 

Furthermore, the rotor contour should not intersect with 

the rotor shaft. Therefore, the maximum air-gap length 

(gmax) must be less than 𝑟𝑠𝑖 − 𝑟𝑠ℎ𝑎𝑓𝑡: 

 

 
𝑏

1 − (𝑎1 + 𝑎5)
< 𝑟𝑠𝑖 − 𝑟𝑠ℎ𝑎𝑓𝑡 

(24)  

 

where 𝑟𝑠𝑖  and 𝑟𝑠ℎ𝑎𝑓𝑡 are the inner radius of stator and rotor 

shaft radius, respectively. The undesirable contours of C1 

and C2, that are shown in Figs. 2 (a) and (b) respectively, 

present 𝑔𝑚𝑎𝑥 = 𝑟𝑠𝑖 − 𝑟𝑠ℎ𝑎𝑓𝑡 .  
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2) The maximum of air gap permeance for the desirable pole 

numbers must be significantly higher than that of the dc 

component. It means: 

 

𝜌𝑘 ≫ 𝜌0 , 𝑎𝑘 𝑠𝑖𝑛 (𝑃𝑘
𝑥1

2
− 𝛿𝑘) ≫ 𝑃𝑘

𝑥1

2
 (25)  

Therefore, a1 and a5 must have large values. In Figs. 2 (a) 

and (b), C1 and C2 show the rotor contours for the low 

value of a1 and a5, respectively.  

To choose b it should be noted that the large value of b 

causes infeasibility in the geometrical shape. While, the 

low value of b, leads to a uniform air-gap length that is 

undesirable, too (contour C3 in Fig.2 (c)).  

Considering the mentioned constraints, the contour of C4 with 

b = 0.8 mm, a1 = 0.36, and a5 = 0.48, as shown in Fig. 2 (d), 

is used for the proposed multi-turn resolver. 

In the next section, the performance of the proposed resolver 

is evaluated using time stepping finite element analysis.   

 

IV. FINITE ELEMENT ANALYSIS 

Time variant finite element analysis is employed to evaluate 

the performance of the proposed multi-turn resolver. The 

considerations of finite element analysis of resolvers include 

mesh operation, time step and stop time setting, boundary 

conditions, excitation method, and material assigning are 

taken into account [32].  

Fig. 3 shows the designed resolver. It can be seen the rotor 

shape is determined based on (21), stator teeth number and the 

pole number of the consisted resolvers are determined based 

on (17). Two groups of signal windings are located on each 

stator tooth. The turn number of each signal winding is 

calculated using (3)– (4) after calculating the proper winding 

pole pairs using (2). Considering (2), Pw for 2-pole resolver is 

calculated equal to 6 and for 10-pole resolver, Pw=2. As 

mentioned earlier, the winding pole pair (Pw) for excitation 

winding is equal to Z/2. Therefore, the turn number of 

excitation coils can be calculate using (4). By considering the 

maximum turn number of the excitation and the signal coils 

 
(a) 

 
(b) 

Fig. 4. The excitation of the proposed resolver: (a) the excitation 

voltage, and (b) the excitation current 

  
(a) (b) 

  
(c) (d) 

 

Fig. 1. Rotor Contour for different harmonic content, (a) 1st harmonic 

(b) 5th harmonic (c) 1st and 4th harmonic, and (d) for 1st and 5th 

harmonic 

 

 
 

(a) (b) 

 
 

(c) (d) 

 Fig. 2. Rotor Contour for different value of b, a1, and a5 (a) C1: b 

= 0.8 mm, a1 = 0.10, and a5 = 0.80 (b) C2: b = 0.8 mm, a1 = 0.80, and 

a5 = 0.10 (c) C3: b = 0.1 mm, a1 = 0.36, and a5 = 0.48 (d) C4: b = 0.8 

mm, a1 = 0.36, and a5 = 0.48  

 

 
Fig. 3. The proposed multi-turn resolver 
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(Nmax)  equal to 30 and 70, respectively, the turn number of the 

excitation and signals' winding are obtained as shown in Fig. 

9.  

As mentioned earlier, the favorable performance of the 

resolver is achieved when the self-inductance of the excitation 

winding is constant. So, by feeding the excitation winding 

using a sinusoidal voltage with constant frequency and 

amplitude, a sinusoidal current with the same frequency will 

flow in the excitation winding. Fig. 4-a, and 4-b shows the 

excitation voltage and the excitation current of the proposed 

resolver. As it can be seen the amplitude of the excitation 

current is constant and it has the same frequency of the 

excitation voltage.   

Furthermore, the rotor shape is determined in such a way that 

desirable harmonics be involved in the harmonic content of 

the induced voltages’ envelope. The induced voltage in one 

stator’s coil and its envelope’s harmonic content are presented 

in Figs. 5-a, and 5-b. it can be seen in Fig. 5-b, that in addition 

to 40 Hz dominant harmonic which referred to 10-pole 

application, there is also an 8 Hz dominant harmonic that 

referred to 2-pole resolver.  

Finally, the induced voltages in 2- and 10-pole resolver’s 

signal windings are presented in Figs. 6-a, and 6-b, 

respectively. The position error of the 2-pole and 10-pole 

resolvers are shown in Figs. 7-a, and 7-b, respectively. It can 

be seen that the maximum position error (MPE) of the 1-X and 

5-X resolvers is 0.72 ̊ and 0.15 ,̊ respectively. The average of 

absolute position error (AAPE) for the single- and multi-speed 

resolvers is 0.24 ̊, and 0.07 ̊, respectively.   
 

V. EXPERIMENTAL TESTS 

In order to validate the mathematical calculations and finite 

element analysis, a prototype of the proposed resolver is built. 

The geometrical characteristics of the prototype are presented 

in Table. I. Both the stator and the rotor cores are built using 

wire-cut method. The rotor and the unwound stator are shown 

 
(a) 

 
(b) 

Fig. 6. The induced voltages of multi-turn resolver: (a) 10-pole resolver, 

and (b) 2-pole resolver 

 

 
(a) 

 
(b) 

Fig.7. the position error of the multi-turn resolver: (a) 10-pole resolver 

and (b) 2-pole resolver  
 

 
(a) 

 
(b) 

Fig. 5. The induced voltage in a coil of stator and its envelope’s 

harmonic content: (a) the induced voltage, and (b) harmonic content of 

the voltage’s envelope 

8 Hz

40 Hz
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in Figs. 8-a, and 8-b. The schematic of stator windings is 

given in Fig. 9. As it can be seen from Fig. 9, the maximum 

number of coils on each stator tooth is five coils. The diameter 

of the employed copper wire is 100 µm. Fig. 10-a, shows the 

stator after finishing the winding process. The assembled 

resolver in its frame is presented in Fig. 10-b. Then, the test 

circuit of the prototype is given in Fig. 11.  It can be seen that 

the prototype is coupled to a DC motor to be rotated with a 

constant speed. The employed motor is also coupled to an 

optical encoder that is used as a reference position sensor. A 

digitally synthesized function generator is used for feeding the 

excitation winding. The amplitude of the excitation voltage is 

adjusted to 5 V using an automatic gain control circuit and its 

frequency is set to 5 kHz with the resolution of 0.1 Hz. Then, 

the induced voltages are sampled and captured using a two-

channel digital oscilloscope, as shown in Figs. 12-a, and 12-b. 

the sampled voltages are exported to the MATLAB software 

and Hilbert transform is used for decoupling the high 

frequency excitation voltage and calculating the envelope of 

the signals.  Afterwards, the angular position is determined by 

the inverse tangent of the envelopes’ ratio. Comparing the 

calculated position with the reference position of encoder 

gives the position error of the single- and multi-speed sensors. 

The MPE and AAPE of the 1-X, and 5-X resolvers are 

compared with the predictions of the finite element analysis in 

Fig. 12-c. 

The measured value of the MPE for the 1-X resolver is 0.78 ̊ 

while it has been predicted using TSFEM equal to 0.72 ̊. 

Considering the 5-X resolver the measured MPE is 0.16 ̊ while 

it has been calculated equal to 0.15 ̊ using the TSFEA. 

Comparing the measured value of AAPE of the 1-X resolver 

(0.26 ̊) with the calculated values of TSFEM (0.24 ̊) shows the 

error of 8.8% between the simulation and experimental results. 

That compassion for the 5-X resolver (0.076 ̊ from measured 
 

Table I. Geometrical dimensions of prototype 

Parameter Unit Value 

Outer/inner diameter of stator  mm 40/24 

Shaft diameter  mm 16 

Maximum/ minimum air gap length mm 5.00/0.43 

Rotor contour parameters:                                
b                                            mm 

 
0.80 

a1 0.36 

a5 0.48 

Stack length  mm 10 

Stator slot opening height/width  mm 0.60/2.00 

Maximum Number of signal coil turn - 70 

Maximum Number of excitation coil 

turn 

- 30 

Number of stator teeth - 14 

 

  
(a) (b) 

Fig. 8. The prototype: (a) rotor, and (b) unwound stator 

 

 
Fig. 9. The schematic of stator windings 

 

 
 

(a) (b) 

Fig. 10. The prototype multi-turn resolver: (a) the wound stator, and (b) 

the assembled resolver in its frame  

 
Fig. 11. The test circuit of the prototype multi-turn resolver 
 

  
(a) (b) 

 
(c) 

Fig. 12. the measured results: (a) the induced voltages of 1-X resolver 
(Time div. =25 ms, and volt div.=500mV), (b) the induced voltages of 5-X 

resolver (Time div. =10 ms and volt div.=1V), and (c) the position errors 

Function

Generator

Digital Oscilloscope

Voltages of 1-X Resolver

DC 

power supplyDC Motor

Prototype

Resolver

Optical

Encoder

Voltages of 5-X Resolver
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signals, and 0.07 ̊ from TSFEM) shows 8.6% error between 

the measured and simulated results. Finally, it can be 

concluded the experimental measurements successfully 

validate the proposed mathematical analysis and finite element 

simulations.  

 

VI. CONCLUSION 

In this paper, a multi-turn sinusoidal air-gap length resolver 

was proposed. The proposed resolver had only one stator core 

and one rotor core and its multi-turn function was achieved by 

special shape of rotor contour and two-set of signal windings 

on the stator. Two, single speed and multi-speed, resolvers 

were designed in such a way that their operation have no 

interference with each other. Using only one core for two 

resolvers of presented multi-turn resolver had the advantages 

of saving ferromagnetic material, smaller size and lower price 

in comparison with conventional multi-turn resolver. The 

mathematical analysis of the proposed resolver has been 

verified by time stepping finite element analysis and 

experimental measurements on the prototype of the sensor.  
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