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Abstract -- At present, in connection with the development of 

processing technologies, carbon fiber has become widespread 

and used in electromechanical technologies. However, when 

modeling carbon fiber, difficulties arise – often, the mechanical 

parameters of separately carbon fiber and epoxy resin are 

known, and only for a specific layer thickness. Also, carbon fiber 

is used as a composite material and, therefore, there is a need to 

determine the optimal sequence of sheet orientation for use in 

electrical machines. With the help of the COMSOL Multiphysics 

software package, the possibility of determining the 

homogenized properties of carbon fiber bonded with epoxy resin 

was investigated, and the issue of determining the optimal 

sequence of sheets from the point of view of minimizing 

mechanical stresses was also considered. The application of a 

carbon fiber sleeve for a high-speed synchronous reluctance 

electrical machine has been considered. The mechanical analysis 

results indicate this technology's applicability in the field of 

high-speed electromechanics. 

 
Index Terms--Axial-laminated rotor, Carbon fiber, Elasticity 

matrix, Homogenization, Mechanical strength, Synchronous 

reluctance machine.  

I.   INTRODUCTION 

In connection with the development of hydrogen energy 

and renewable sources in modern electromechanics, there is 

an increasing interest in high-speed electric machines. A 

special place in this direction is occupied by electric machines 

with permanent magnets, since they have sveral advantages 

over other machines in this area, but they turn out to be much 

more expensive due to the cost of permanent magnets. Today, 

synchronous reluctance electrical machines are gaining 

particular popularity. Such a machine doesn’t need permanent 

magnets or rotor windings and as a result, has a lower cost. 

Figure 1 shows the main types of these electrical machines’ 

rotors [9]. 

During the study, it was found that the axially laminated 

rotor has a higher density of electromagnetic torque than other 

types. The complexity of the assembly and operation of an 

electric machine with an axially laminated rotor lies in the 

connection of the laminated steel of the rotor itself; there are 

two options - bolted connection or carbon fiber sleeve. 

 

 
Fig. 1. A) Salient pole rotor, B) Axially laminated rotor, C) Transversely 

laminated rotor [9] 
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 A bolted connection at high speeds (above 20,000 rpm) 

shows its complete inoperability, as it creates excessive 

mechanical stresses at the point of contact. A carbon fiber 

sleeve would better solve the rotor assembly problem, but 

modelling carbon fib research object is an electric machine 

with an axially laminated rotor, a rotation speed of 31500 

rpm, and dimensions indicated in [1] and er as a composite 

material can be tricky. In particular, on the websites of carbon 

fiber manufacturers, you can find the values of Young's 

modulus and tensile strength only for a unidirectional sheet of 

carbon filaments of a certain thickness. However, a carbon 

fiber sleeve is a composite of multiple layers of carbon fiber 

and epoxy rubber that can be oriented differently, in which 

case the manufacturer's specifications cannot be used. In the 

COMSOL Multiphysics environment, it is possible to model 

a layered material and obtain equivalent values of the required 

parameters by homogenization. 

The research object is an electric machine with an axially 

laminated rotor, a rotation speed of 31500 rpm, and 

dimensions indicated in [1] and Table 1. 
TABLE I 

MACHINE SPECIFICATION 

Parameter Value 

Power 130 kW 

Nominal voltage 400 v (delta-connection) 

Speed 31500 rpm 

Number of poles 4 

Outer stator diameter 250 mm 

Inner stator diameter 115 mm 

Airgap (suggestion) 4 mm 

Number of stator slots 36 

Number of conductors per 

slot 

18 

Number of parallel 

branches 

2 

Filling factor 0.38 

Length 135 mm 

Area of conductor 4.36 mm2 

 

Thus, this article aims to study the application of a carbon 

fiber sleeve as an assembly element of an axially laminated 

rotor of a synchronous reluctance machine. 

The objectives of this study are: determination of the 

homogenized parameters of one layer of a given thickness, 

calculation of mechanical stresses for various stacking 

sequences of composite material, determination of the 

optimal stacking sequences, calculation of mechanical 

stresses in an axially laminated rotor fastened with a carbon 
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fiber sleeve. 

II.   CARBON FIBER AS A SLEEVE FOR AN ELECTRICAL 

MACHINE 

A.   Choosing the sleeve material 

As a sleeve for assembling an axially laminated rotor, it is 

possible to use both titanium and carbon fiber. Metals such as 

titanium have about the same mechanical tensile strength as 

carbon fiber, but at the same time, it is a much heavier 

material. When working at high speeds, it is necessary to 

minimize additional possible areas that make the structure 

heavier and, at the same time, do not participate in the 

production of electromagnetic torque. In [13, 14], the authors 

considered using carbon fiber, copper-iron alloys, and 

titanium alloys as a sleeve. Both articles emphasize that the 

indisputable advantage of carbon fiber is its low electrical 

conductivity, which makes it possible not to create additional 

electrical losses in the sleeve, unlike metal analogs. 

Additional sleeve losses can cause additional temperature 

rises and must be considered when designing the cooling 

system. In [14], an attempt was made to combine the 

advantages of a metal sleeve and a carbon fiber sleeve, and 

the so-called "hybrid sleeve" was proposed. However, the 

advantage of the hybrid technology over conventional carbon 

fiber was only in reducing the tangential component of 

mechanical stress, and otherwise, including electrical losses, 

the hybrid analog showed approximately similar 

characteristics. The only benefit is the reduction in required 

carbon fiber thickness. However, the question of economic 

comparison of carbon fiber sleeve and hybrid technology 

remains open since, despite the reduction in the thickness of 

carbon fiber, the costs of manufacturing a titanium alloy 

sleeve appear. Using carbon fiber for these purposes seems to 

be the optimal solution. The only drawback is the negative 

coefficient of thermal expansion, which, when the rotor is 

heated, can cause additional mechanical stresses. 

B.   Advantages of using carbon fiber 

Carbon fibers (CF, graphite fiber) are fibers with a 

diameter of 5 to 10 micrometers and are primarily made up of 

carbon atoms. Carbon fiber has several advantages, including 

[4]: high stiffness, high tensile strength, low weight-to-

strength ratio, high-temperature tolerance, low thermal 

expansion, and high chemical resistance. 

Carbon fiber is widely used in aircraft, civil engineering, 

military, motorsports, and other competitive sports due to its 

unique qualities. However, compared to similar fibers such as 

glass, basalt, or plastic, they are quite pricey. 

Carbon fiber is made up of a lengthy strand of carbon 

atoms linked together. The fibers are stiff, robust, and light, 

and are utilized in various procedures to make high-quality 

building materials. The carbon fiber material is available in a 

range of "raw" building pieces, including yarns, uni-

directional, weaves, braids, and a variety of others, all of 

which are used to make carbon fiber composite parts. 

Carbon fibers, which are stiff under tension and 

compression, require a stable matrix to reside in and preserve 

their shape in order to create a composite object. Epoxy resin 

is a suitable plastic with high compressive and shear 

properties, and it's frequently used to make this matrix, which 

is reinforced with carbon fibers (figure 2).  

 
Fig.2 Carbon fibers reinforcing a stable matrix of epoxy [10] 

Because epoxy has a low density, it can be used to make 

parts that are light in weight but stiff. Various technologies 

can be used to fabricate a composite product, including wet-

layup, vacuum bagging, resin transfer, matched tooling, insert 

molding, pultrusion, and many others. Furthermore, the resin 

choice enables customizing for certain qualities. 

III.   BASICS OF MODELING A CARBON FIBER SLEEVE AS A 

COMPOSITE MATERIAL 

A.   Micromechanical analysis of a carbon fiber sleeve 

The basic idea behind modeling a carbon fiber sleeve is 

shown in Figure 3. 

Figure 3 shows that the sleeve consists of several layers of 

carbon fiber, which can be oriented in different ways, while a 

single layer can be represented as a set of elementary cells of 

a carbon filament surrounded by epoxy resin. 

Modeling of a composite material begins precisely from 

the elementary cell stage. At this step, it is known the 

individual parameters of carbon fiber and epoxy resin (Table 

2), it is necessary to homogenize these two materials in one 

cell and determine the layer parameters consisting of these 

cells. 

 
Fig.3 The main idea of modelling carbon fiber sleeve 

TABLE II 

MATERIAL PROPERTIES 

Carbon fiber material properties 

Material Property Value 

 1 2 3, ,E E E   230,15,15 GPa  

 12 23 13, ,G G G   15,7,15 GPa  

 12 23 13, ,     0.2,0.07,0.2  

  31800kg/m  

Epoxy resin material properties 

E  4 GPa  

  0.35  
  31100kg/m  



  
In COMSOL Multiphysics, the micromechanics analysis 

is performed using the Cell Periodicity node in the Solid 

Mechanics interface. It needs a 3D solid geometry of a unit 

cell with a fiber and matrix along with their material 

properties [8]. This analysis, which is based on a 

representative volume element (RVE) technique, is 

performed for six load cases (figure 4), and material data for 

a homogenized material is created [2]. 

 
Fig.4 Six load cases for Cell Periodicity 

In the course of calculation in the Cell Periodicity node, 

COMSOL forms an elasticity matrix in the form [3]:  

 

11 12 13

12 22 23

13 23 33

44

55

66

0 0 0

0 0 0

0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

D D D

D D D

D D D
D

D

D

D

 
 
 
 

=  
 
 
 
  

 (1) 

where 

( ) ( )

( ) ( )

( ) ( )

2 2

11 12

2 2

13 22

2

23 33

44 55 66

2

,

,

,

, ,

2

x z yz y x y z yz xz y xy

denom denom

y z xz xx y z xy yz xz

denom denom

y z y xy xy z y xy xz x yz

denom denom

xy yz xz

denom y z xz x y

E E E E E E E
D D

D D

E E EE E E
D D

D D

E E E EE E E E
D D

D D

D G D G D G

D E E E E

   

  

  



− +
= = −

−+
= − =

−+
= − =

= = =

= − + 2 2 2

xy yz xz y z x z yz y xyE E E E E    + +

 

For a layer thickness (unit cell value) of 0.15 mm and a 

carbon fiber fill factor of 0.6 (the ratio of the carbon fiber 

volume to the total volume), the following matrix was 

formed: 

 

141.34 3.35 3.35 0 0 0

3.35 10.26 2.83 0 0 0

3.35 2.83 10.25 0 0 0
GPa

0 0 0 4.52 0 0

0 0 0 0 2.95 0

0 0 0 0 0 4.52

D

 
 
 
 

=  
 
 
 
  

 (2) 

B.   Macromechanical analysis of a carbon fiber sleeve 

using Shell interface 

This phase entails modeling a laminate with multiple 

layers. The micromechanics analysis computed homogenized 

material properties of the lamina are used as input. The aim 

was to compute the response of a laminate under various 

loading conditions. 

To model a composite laminate, the following properties 

need to be specified: 

• Number of layers; 

• Homogenized material properties of each layer; 

• Orientation of the principal material directions; 

• The thickness of each layer; 

• Stacking sequence. 

In COMSOL Multiphysics there is a module of composite 

materials included in shell physics. Within the framework of 

this physics, it is possible to use two theories for analysis: the 

method of equivalent single-layer theory and layerwise 

theory. Within the scope of mechanical analysis, both 

methods can be applied. The method of layerwise theory is 

convenient to use if it is required to investigate interactions 

between layers of a composite material (such as 

delaminations). Using the method of equivalent single-layer 

theory, a composite material consisting of layers is 

represented as a single layer with homogenized parameters. 

Figure 5 shows a recommendation for choosing a theory for 

studying composite material[6]. 

 
Fig.5 Choosing laminate theory 

Since our study needs to determine the homogenized 

parameters for further modeling, and there is no need to study 

the interaction between the layers, the Equivalent Single-

Layer Theory was chosen. 

The next step in performing macromechanical analysis is 

choosing the stacking of the composite material layers. Based 

on the stacking sequence, composite laminates can be 

classified into the following categories [6]: 

• Angle-ply laminate (e.g., 45/30/-45/-30); 

• Cross-ply laminate (e.g., 0/90/0/90); 

• Balanced laminate (e.g., 0/45/90/-45); 

• Symmetric laminate (e.g., 45/30/30/45); 

• Antisymmetric laminate (e.g., 45/30/-30/-45). 

 
Fig.6 Stacking sequence 



  
Another feature of the analysis of the simulation results is 

that the technical data for the carbon fiber sheet does not 

indicate the bending strength, only the tensile strength. 

However, if we are talking about mechanical stresses arising 

in the material due to the action of centrifugal forces, then 

both longitudinal and transverse components of stresses arise. 

In the article [7] it is noted that for unidirectional carbon 

fibers, the relationship between tensile strength and flexural 

strength is determined from the Weibull distribution: 

 ( )



 = + 

1/

2 1
m

B

T

m  (3) 

In this case, for a unidirectional fiber, m = 25 can be taken, 

then the ratio is 1.13 

IV.   SIMULATION RESULTS OF A CARBON FIBER COMPOSITE 

SLEEVE 

A.   Choosing the best carbon fiber composite sleeve 

configuration 

As part of the simulation of a carbon fiber sleeve in 

СOMSOL, the resulting mechanical stresses acting on the 

sleeve during its rotation (without a rotor) were investigated 

in order to determine the most optimal configuration of the 

composite material to reduce mechanical stresses. A 10-layer 

sleeve has been investigated. Figure 7 shows the stresses for 

the 5 previously mentioned configurations. 

 
Fig. 7 Mechanical stresses in the sleeve with 5 laminate configurations 

It can be seen from the figure that minimal mechanical 

stresses occur in a balanced laminate. However, we 

additionally examine the mechanical stresses in 10-layer 

unidirectional carbon fiber, that is, 10 layers are laid each with 

a thickness of 0.15 mm in one direction. The studies were 

carried out for two cases - orientation 0 degrees (fibers along 

the shaft) and orientation 90 degrees (fibers across the shaft). 

In this case, the elasticity matrix for one layer rotated by 90 

degrees is as follows: 

 

22 3.29 4 0 0 0
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As can be seen from figures 7 and 8, the smallest 

mechanical stresses occur in a 10-layer laminate with a 

unidirectional 90-degree orientation. Using the method of 

equivalent single-layer theory, it is possible to obtain an 

elasticity matrix for a given configuration for further analysis, 

taking into account the rotor of an electric machine.  

 
Fig. 8 Mechanical stresses in the sleeve with 2 laminate configurations 

B.   Macromechanical analysis of a carbon fiber sleeve 

using Solid Mechanic’s interface 

The solid mechanics interface can also be used to analyze 

mechanical stresses in a sleeve. To do this, it is needed to 

create 10 layers and set the necessary material properties for 

each layer. This is possible in two ways: 1) creating a material 

with an elasticity matrix corresponding to the zero direction 

and setting a rotated coordinate system corresponding to the 

orientation of each particular layer; 2) setting materials with 

elasticity matrices corresponding to specific directions of 

layers. 

In this case, since it isn’t considered the layering of the 

material and the effects inside the sleeve itself, it is not 

required to specify the contact interaction between the 

individual layers. 

Figure 9 shows the result of modeling a carbon fiber sleeve 

using solid mechanics for 10 layers oriented at 90 degrees. 

 
Fig.9 Sleeve investigation using solid mechanic’s interface 

As can be seen from Figures 8 and 9, the results were 

identical, which confirms the possibility of using this 

modeling method. It should also be noted that this method 

requires less computing power and, accordingly, less time is 

required since the calculation of the equivalent parameters of 

the composite is not required. 



  
Table 3 gives the values of the required components of the 

elasticity matrix for different directions of the layer, with a 

layer thickness of 0.15 mm and a carbon fiber fill factor of 

0.6. 
TABLE III 

MAIN COMPONENTS OF ELASTICITY MATRIX FOR DIFFERENT DIRECTIONS 

OF LAYER 

 0 30 45 90 

D11 141.34 37.55 22.61 22 

D12 3.35 6.42 6 3.29 

D13 3.35 2.92 3.14 4 

D22 10.25 10.38 10.68 11.55 

D23 2.80 2.76 2.65 2.37 

D33 10.25 10.28 10.33 10.42 

D44 4.52 8.14 7.64 4.5 

D55 2.95 3.08 3.21 3.44 

D66 4.52 4.24 3.98 3.49 

 

C.   Investigation of mechanical stresses in an axially 

laminated rotor fastened with a sleeve 

An axially laminated rotor of a synchronous reluctance 

machine is a set of sheets of magnetic and non-magnetic 

steels. In COMSOL Multiphysics in solid-state physics, using 

the Rotational frame assembly and the Contact connection of 

steels and a carbon fiber sleeve, it is possible to analyze the 

resulting mechanical stresses caused by centrifugal forces. 

The steels used in the analysis of mechanics are modeled as 

isotropic materials, the sleeve carbon fiber is modeled as 

anisotropic, and the elasticity matrix specified above is set to 

determine the properties. Each interface between the steels 

and the sleeve is modeled as a separate contact using the 

Penalty method since the Lagrange method for such several 

contact surfaces and considering the Rotational Frame takes 

too much time and computing power. The results of the 

analysis are presented in Figure 10. 

 
Fig.10 Mechanical stresses in rotor caused by centrifugal forces 

As can be seen from Figure 10, mechanical stresses in the 

steel sections, as well as in the sleeve, do not exceed 160- 180 

MPa, while the maximum tensile stress for AISI 4140 

electrical steel is 410 MPa, and for carbon fiber is about 2 

GPa. It can be argued that when only centrifugal loads are 

taken into account, the axially laminated rotor and carbon 

fiber sleeve do not experience excessive mechanical stresses, 

which will ensure the stable performance of this design. 

V.   SAFETY ANALYSIS AND FAILURES FORMULATION IN 

COMSOL MULTIPHYSICS 

A.   Radial stresses in carbon fiber 

It should also be noted that carbon fiber has different 

maximum stresses in the tangential and radial directions. If 

the strength is determined by the tensile stress in the 

tangential direction, then in the radial direction, it is much less 

and amounts to 30-140 MPa. Thus, the requirement for the 

safety of carbon fiber can be formulated as follows - the 

tangential stresses must be less than the tensile strength, while 

the radial stresses must be less than 30-140 MPa. 

Formally, the equivalent stresses presented earlier and 

calculated according to Von Mises are less than the tensile 

strength, but one must also make sure of the radial 

component. 

In СOMSOL Multiphysics, it is possible to calculate the 

principal stresses. In this case, the third principal stress will 

determine the compressive or tensile force [21]. Figure 11 

shows the values of the third principal stress that occurs in a 

carbon fiber sleeve. 

 
Fig.11 Third principle stresses occur in a carbon fiber sleeve 

As can be seen from Figure 11, the third fundamental 

stresses are negative, which indicates the compressive nature 

of the resulting forces. Thus, the radial component of 

mechanical stresses is also within acceptable limits and will 

not cause a rupture of the carbon fiber. 

The article [14] indicates that the compressive strength can 

be 20-80% of the tensile strength. Additionally, carbon fiber 

can be strengthened by introducing auxiliary materials such 

as Kevlar, steel, and others. The mechanical characteristics of 

some of these materials are presented in [15]. The paper [16] 

also explores using a carbon fiber sleeve for a permanent 

magnet electric machine. The disadvantage [16] can be noted 

that specific restrictions on the compressive strength of 

carbon fiber are not indicated; the authors only note that this 

strength is much less than the tensile strength. The advantage 

is the proposed configuration 90-45-90, which reduces 

compression forces. 

The article [17] notes the importance of taking into account 

the radial component of carbon fiber mechanical stresses and 

provides analytical analysis, finite element analysis, and 

experimental confirmation. 

B.   Safety fundamentals in COMSOL Multiphysics 

In COMSOL Multiphysics, it is possible to introduce a 

"Safety" node to a material elasticity model. Thus, it 

eliminates the constant need to monitor mechanical stresses 



  
in various directions. During the configuration phase, which 

criterion will be used to evaluate safety must be chosen. The 

most used criterion for anisotropic composite materials is the 

Tsai-Wu criterion [18], which is formulated in COMSOL as 

follows [19]: 
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i i i ij j

ii jj jj ii
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F F F F
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where ( )g   - failure criterion, F - a fourth rank tensor (SI 

unit: 1/Pa2), f - is a second rank tensor (SI unit: 1/Pa),   - 

is the stress tensor. 

For this criterion, it is necessary to set the tensile, 

compressive, and shear strength in COMSOL. From the 

sources mentioned earlier, it can be determined that for a 

given Young's modulus, the parameters will be as follows: 

tensile strength - about 1600 MPa, compressive strength - 

about 1300 MPa, shear strength - about 100 MPa. 

To assess safety, СOMSOL uses 4 criteria: Failure index 

(FI), Damage index (DI), Safety factor (SF), and Margin of 

safety (MoS). 

The failure index is computed from the failure criterion as 

 ( ) 1FI g = +  (6) 

The damage index is given by a boolean expression based on 

the failure criterion: 

 
1, ( ) 0

0,otherwise

g
DI

 
= 


 (7) 

here DI = 1 means damage and DI = 0 represents a healthy 

material. 

The safety factor, also called the reserve factor or strength 

ratio, is computed by scaling the stress tensor such as the 

failure criterion is equal to zero: 

 ( ) 0fg s  =  (8) 

For a quadratic failure criterion, as the Tsai-Wu criterion, 

this means solving a quadratic equation for the safety factor 

variable fs
 and then obtaining from the smallest positive 

root: 

 ( )( ) ( )2 : : 1 0f fs F s f  + − =  (9) 

The margin of safety [20] is then computed from the safety 

factor: 

 1fMoS s= −  (10) 

Thus, all 4 parameters can be tabulated for feasibility 

analysis [19]: 
TABLE IV 

VARIABLES FOR SAFETY FACTOR EVALUATION 

Variable 
Criterion 

Fulfilled 

Criterion 

violated 

FI FI<1 FI>1 

DI DI=0 DI=1 

SF SF>1 SF<1 

MoS MoS>0 MoS<0 

C.   Safety analysis in COMSOL Multiphysics 

Based on the previously indicated parameters, simulations 

were carried out to determine the safety factors. Figure 12 

shows the failure index value. 

 
Fig.12 Failure index value under loading 

As can be seen from the figure, the index values do not 

exceed 0.4, while the maximum value is 0.36, which 

guarantees a margin of safety. However, optimizing the 

carbon fiber layout can further improve this index. The 

minimization of failure index maximum value in carbon fiber 

will be used as an objective function for optimization, and the 

angle of rotation of carbon fiber will be used as a controlled 

variable. The optimization results are shown in Figure 13. 

 
Fig.13 Failure index value after optimization 

After optimization, the maximum value of the failure index 

is 0.27. The optimal orientation angle of the carbon fiber was 

1.25 radians (71.8 degrees). 

Thus, the reliability of the unidirectional carbon fiber 

sleeve can be further improved by slightly changing its 

orientation. 

VI.   CONCLUSION 

The article gave the main theoretical basics of composite 

materials study and the main approaches to studying their 

properties. The results of the unit cell properties 

homogenization of a single layer fiber with an epoxy resin 

admixture are studied and presented. Using the theory of a 

single-layer equivalent, 7 stacking configurations of 

composite carbon fiber layers were studied - as a result of the 

analysis, it was found that to minimize mechanical stresses 

caused by centrifugal forces, the most optimal configuration 

is 10 layers located across the direction of the shaft. For the 

obtained optimal configuration, the elasticity matrix was 

calculated to further simulate the mechanical interaction 

between the carbon fiber sleeve and the rotor. Mechanical 

analysis of an axially laminated rotor during a sleeve rotation 

showed that mechanical stresses are within acceptable values. 

It should be noted that during this analysis, the temperature 

component of mechanical stresses (thermal expansion of 



  
steel) was not considered. Temperature analysis, as well as 

the resulting additional mechanical stresses, will be 

investigated in future works.  
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