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Abstract: Spindle system is the major mechanical component in machine tools, and its performance is 

responsible for a significant portion of the total consumed energy of machine tools. Conventional design 

optimization of spindle system is partially focused on parameter optimization of spindle motor or 

transmission system, contributing to an increase of the motor efficiency. Given that concurrent 

interactions among them is complex, very little efforts has been done to conduct integration optimization 

for optimum energy efficiency. To this end, a new approach of spindle system design is presented with 

consideration of the above two aspects adequately, to achieve the maximum energy and material 

efficiency. Firstly, the energy characteristic of spindle system is explicitly modeled on the basis of energy 

flow analysis. Then, a multi-objective optimization model for parameter optimization of spindle motor 

and transmission system is developed to take the both maximum energy efficiency and minimum volume 

as objectives, which is subjecting to a set of constraints with related to the cutting parameters boundary, 

processing requirements and shifting power losses. Finally, a multi-objective improved teaching-learning 

based optimization (MO-ITLBO) algorithm is presented to solve the developed optimization model. The 

performance of the proposed design approach of lathe spindle system is demonstrated through different 

working conditions. The experimental results indicate that the design of energy and material efficient 

machine tools can be achieved. 

Key words: Design optimization; Lathe spindle system; Energy efficiency; Multi-objective optimization 

 

1 Introduction 

Manufacturing industry is extremely energy-intensive and accounts for about 37% of the world 

total energy use (IEA, 2017). Reducing energy consumption of manufacturing industry is an urgent 

and vital issue need to be solved due to global energy crisis and environment impacts. Among the 

various energy consumers of manufacturing industry, machine tools are the dominant energy 

consumers, which consume a substantial amount of energy but in low energy efficiency (Xiao et al., 

2019). In the work reported by Gutowski et al. (2006), the energy efficiency of a typical milling 

process is only 14.8%. Hence, it is important and imperative to improve energy efficiency of the 

machine tools, which is crucial for the achievement of sustainable manufacturing and cleaner 

production (Wang et al., 2019). 

Generally, there are two methods to improve the energy efficiency of machine tools. One is to 

design energy-efficient and material-efficient machine tools. Another is to optimize the machining 

process for energy saving (Chen et al., 2019; Xiao et al., 2019). Between these two methods, design 

of energy- efficient machine tool is recognized as a promising method to improve sustainability of 

machine tools in the design stage. To this end, in 2017, a standard published by the International 

Organization for Standardization (ISO) gives a framework of design method for energy-efficient 

machine tools (ISO 14955-1, 2017). It points out that the spindle system, feed system and auxiliary 

system of the machine tool are the main parts need to be optimized for energy saving. However, in 

this standard, there is a lack of detailed energy-efficient design approach for these parts. Usually, 

the spindle system of a machine tool is the major energy and material consumer. It consumes more 



than 15% of the total energy of machine tools (Liu et al., 2018). Also, the spindle system might 

consume a substantial amount of material as it is manufactured. It is important for practitioners to 

explore the energy and material saving potentials of machine tools for sustainability considerations. 

During the past decade, many researchers have been engaged in energy consumption analysis of 

the spindle system (Liu et al., 2012; Liu et al., 2015) as understanding energy consumption 

characteristic of the spindle system is the first step towards energy saving. Based on these works, 

some researchers began to investigate spindle motor optimization for energy efficiency 

improvement consideration. For example, Liu et al. (2017) developed a method to obtain the optimal 

working frequency and working torque of a motor, which can be used to select the spindle motors 

for high-efficiency spindle system design. Wójcicki and Bianchi (2018) studied the energy saving 

potentials of a spindle system of a computer numerical control (CNC) machine tool. Results of this 

study indicated that 10% energy consumption can be reduced by optimizing the spindle motor 

parameters such as the acceleration rate limit and the motor power limit. Liu et al. (2018) 

investigated that the spindle energy consumption was dependent on a specific motor and was useful 

in analyzing spindle motor efficiency for energy reduction. Chakkarapani et al. (2019) proposed a 

comprehensive framework of design optimization of motor parameters for maximizing output 

torque and minimizing total volume and total power losses to obtain the optimum geometric 

specifications of a motor. 

Apart from the above studies about spindle motor optimization for energy efficiency 

improvement, another group of researchers focused on transmission system optimization to improve 

the energy efficiency of the spindle system, as the spindle system is usually consisted of motor and 

transmission system. Diez-Ibarbia et al. (2016) presented the influence of shifting profile effects on 

energy efficiency of spur gear transmissions. They revealed that a high shift coefficient resulted in 

a decrease in efficiency, in which the higher the torque, the lower the efficiency. Nejadkhaki et al. 

(2018) proposed a design method for selecting the optimal gear ratios. Simulation results indicated 

that energy efficiency of the transmission system can be increased the by around 5% by using their 

method. Miler et al. (2018) focused on the gearbox design with a goal of reducing the transmission 

power losses. Optimization results stated that the power losses decreased nearly 30%.  

In recent years, minimization of the volume of machine tool structure starts to attract increasing 

research focuses for alleviating the material resource crisis. It is interesting to be noticed that the 

higher material efficiency in terms of smaller volume of machine structure always induces less 

energy consumption or higher energy efficiency. This is mainly because the smaller volume of the 

machine tool structure can induce less materials to fabricate the machine tool parts and less energy 

consumption demanded to operate the mass of materials. Mendi et al. (2010) performed a 

dimensional optimization of motion and force transmitting components of a gearbox for obtaining 

the smallest volume. Golabi et al. (2014) proposed a structure volume minimization method by 

selecting different gear ratio and gear hardness of gear trains. Experimental results showed that the 

structure volume of the gear train could be reduced by 7.8%. Zhang et al. (2018) studied 

optimization design on dynamic load sharing performance for an in-wheel motor speed reducer 

based on genetic algorithm. Case study showed that 2.81% of the structure volume could be reduced. 

It is interesting to notice that the existing researches on design optimization of spindle system 

are mainly focused on either parameter optimization of spindle motor or parameter settings of 

transmission system. Very little work has comprehensively studied the concurrent interactions 

among spindle motor parameter settings and transmission system parameter design for both energy 



and material savings. As reported by Waide and Brunner (2011), the energy consumption of spindle 

motor and transmission system might be reduced by around 20%-30% if the parameters of these 

two parts are tightly integrated. In addition to energy efficiency, different combinations of spindle 

motor and transmission system parameters also have a significant influence on the structure volume 

of the spindle system for material efficiency considerations. 

Motivated by the above remarks, this paper attempts to fill this research gap and makes the 

following contributions. Firstly, a comprehensive energy consumption model of the spindle system 

is formulated by taking the parameters of both the spindle motor and the transmission system into 

consideration. Secondly, a multi-objective optimization model for minimizing specific energy 

consumption and minimizing structure volume is proposed and is solved via a multi-objective 

improved teaching-learning based optimization (MO-ITLBO) algorithm. The rest of the paper is 

organized as follows. The energy consumption model of spindle system is formulated in section 2. 

A multi-objective optimization model with a consideration of minimum specific energy 

consumption and structure volume and the MO-ITLBO algorithm are presented in section 3. In 

section 4, case studies are carried out to validate the proposed optimization method, followed by the 

conclusion and future research in Section 5. The framework of the proposed design optimization 

method for spindle system is depicted in Fig. 1. 

Nomenclature   

vc Cutting speed(m/min) Fc Cutting force(N) 

f Feed rate(mm/r) PCu-p Copper loss at peak point(W) 

ap Cutting depth(mm) PFe-p Iron loss at peak point(W) 

Pin Input power of spindle system(W) Pe-p Eddy current loss at peak point(W) 

Pc Cutting power(W) Ph-p Hysteresis loss at peak point(W) 

Ploss Energy loss of spindle motor(W) Pmax Peak power(W)  

PCu Copper loss (W) PN Rated power(W) 

PFe Iron loss (W) Nm Maximum speed(rev/min) 

Pe Eddy current loss(W) nN Rated speed(rev/min) 

Ph Hysteresis loss(W) id Low speed gear ratio 

Pmc Mechanical loss(W) ig High speed gear ratio 

Pad Additional load loss(W) Vm Spindle motor volume(m3) 

Ek Kinetic energy of whole transmission 

components(J) 

Vt Gearbox volume(m3) 

z1 Gear teeth 

Em Storage energy of electromagnetic field(J) m1 Gear modulus(mm) 

Esp Energy consumption of spindle system(J) b Gear tooth width(mm) 

Vsp Volume of spindle system(mm3) ϕd Tooth width coefficient 

𝜔 Angular speed of motor shaft(rad/s) k Power loss ratio 

α1 Load loss coefficient of the mechanical 

transmission system 

d Workpiece diameter(mm) 

d1 Spindle motor shaft diameter(mm) 

αm Angular acceleration of spindle motor(rad/s2) d2 Spindle shaft diameter(mm) 

M Spindle motor output torque(N.m) cosφ Power factor  

η Machine tool efficiency ρ Conductor resistivity(Ω.m) 

S Conductor cross section(mm2) PSR Spindle rotation power(W) 

L Conductor length(mm) fBA Basic frequency of the inverter(Hz) 

U Spindle motor voltage(V) I Spindle motor current(A) 



h Heat dissipation coefficient(W/m2·K) ∆n Speed range of power gap 

A Surface area of the motor core(mm2) Js Equivalent moment of inertia for motor 

shaft(kg.m2) t Temperature rise limit(℃) 

tA Acceleration time preset in inverter(s) p The number of pole pairs of spindle motor 

n1 Initial spindle speed before 

acceleration(rev/min) 

n2 Final spindle speed after 

acceleration(rev/min) 
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Fig. 1. Framework of design optimization for lathe spindle system 

 

2 Energy modeling of spindle system 

The energy behavior of spindle system is much complicated with dynamic changes. To predict 

the energy consumption related to motor and transmission parameters, this section presents the 

model framework of spindle system. The spindle system consists of the spindle motor, transmission 

system and spindle shaft. The spindle motor is the power source for machining. Its energy 

consumption is dynamically changed according to different cutting load. Usually, the spindle motor 

works around the rated speed to keep a relatively high efficiency. However, as most of the motor 

speed range is limited, this leads to a short time in working in the high efficiency region. To extend 

speed range of the spindle motor, a transmission system is applied to improve the efficiency of the 

motor. The energy flow of the spindle system of a typical CNC lathe is shown in Fig. 2. 
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Fig. 2. Energy flow of the lathe spindle system 

It can be found from Fig. 2 that when the electrical energy is transformed to mechanical energy 

by the spindle motor, there is a motor power loss. The motor power loss reduces the overall 

efficiency of the spindle system, resulting in a loss between the output power and input power of 

spindle motor. The relationship of the output power and the input power of spindle motor is shown 

in Eq. (1). 

( )
( )

( )

im
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m

P t
P t
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                                  (1) 

where Pin(t) is the input power of spindle motor at time t. ηm(t) is the spindle motor efficiency at 

time t. Pim(t) is the output power of spindle motor at time t. 

2.1 Energy loss of spindle motor  

  According to the work presented by Wójcicki and Bianchi (2018), the energy efficiency of the 

spindle motor can be defined in Eq. (2). 
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                             (2) 

where Pm(t) is spindle motor power at time t, and is expressed as Pm(t)=N(t)∙M(t)/9550, N(t) is the 

motor speed at time t, M(t) is the motor torque at time t. Ploss(t) is energy losses of the spindle motor 

at time t, and consists of copper loss PCu, iron loss PFe, mechanical loss Pmc, and additional load loss 

Pad. Iron loss includes eddy current loss Pe and hysteresis loss Ph. 

The copper loss PCu, eddy current loss Pe and hysteresis loss Ph of the motor at any working point 

are related to the copper loss PCu-p, eddy current loss Pe-p and hysteresis loss Ph-p at the peak point, 

respectively. Mechanical loss Pmc and additional load loss Pad can be obtained by empirical formulas. 

These power losses are defined by the following equations (Hall et al., 2001). 
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where Pmax is the peak power of the spindle motor, PN is the rated power of the spindle motor, and 

nN is the rated speed of the spindle motor.  

The proportion of PCu-p to Ploss-p is 0.59, and the proportion of PFe-p to Ploss-p is 0.22. Both eddy 

current loss Pe-p and hysteresis loss Ph-p account for 0.5 of iron loss PFe-p. Ploss-p is the motor total 

loss at peak point, which can be calculated by Eq. (8).  

htAP ploss
3

2
                                (8) 

where h is the heat dissipation coefficient, t is the limit of temperature rise, and A is the surface area 

of the motor core.  

Thus, the relationships among the motor parameters (peak power, rated speed and rated power), 

motor working conditions (motor speed and motor torque) and motor efficiency can be obtained as 

follows: 
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2.2 Energy model of transmission system 

The mechanical transmission system is an essential part for improving energy efficiency of 

machine tools. The energy consumption of the transmission system is consisted of three parts, i.e., 

friction energy, kinetic energy and cutting energy (Liu et al., 2012), which can be expressed in Eq. 

(11).  

( )
( ) ( ) ( )k

im mec c

dE t
P t P t P t

dt
                              (11) 

where Ek(t) is the kinetic energy of the mechanical transmission system at time t, Pc(t) is the cutting 

power at time t. Pmec(t) is the friction power at time t, and is composed of non-load power loss Pum 

and load power loss Pam, in which load power loss is linearly correlated with cutting power. The 

non-load power loss is given by Eq. (12). 

 2

0( ) ( ) ( ( ))umP t M t B t                              (12) 

where Pum(t) is the non-load power loss at time t, M0 is the equivalent non-load Coulomb friction 

torque of the spindle system referred to the motor shaft, B is the equivalent viscous friction damping 

coefficient of the spindle system referred to the motor shaft, and ω(t) is the angular velocity of motor 

shaft at time t. 

During the cutting process, the cutting power can be obtained according to the machining 

handbooks (Armarego et al., 2000), which is shown in Eqs. (13)-(14). 

( ) ( ) ( )c c cP t F t v t                                (13) 

( ) Fc Fc Fc

c

x y n

c F p c FcF t C a f v K                            (14) 

where Fc(t) is the cutting force at time t. ap is the cutting depth. f is the feed rate. vc is the cutting 



speed. CFc, xFc, yFc, nFc, KFc are coefficients of the cutting force equation.  

During the cutting process, the kinetic energy Ek is a constant. Hence, the change rate of the 

kinetic energy dEk/dt is zero (Xie et al., 2016). Note that vc=πdn, the input power of the transmission 

system can be calculated as shown in Eq. (15). 
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where α1 is the load loss coefficient of the mechanical transmission system, n is the spindle speed, 

d is the workpiece diameter, and i is the gear ratio.  

 

3 Multi-objective optimization of spindle system 

This section presents a multi-objective optimization model which takes the minimum specific 

energy consumption and minimum volume as objectives. The mathematical formulation of the two 

objectives is elaborated in Section 3.1. The design variables are defined and stratified in Section 3.2. 

The constraints involved in the optimization model are given in Section 3.3. Optimization solution 

via MO-ITLBO algorithm is introduced in Section 3.4. 

3.1 Optimization objectives 

In order to achieve high sustainable performance of machine tool, two objectives are considered 

for the design optimization problem, including 1) maximum energy efficiency of spindle system 

and 2) highest material efficiency in terms of minimum volume of spindle system. 

3.1.1 Energy efficiency of spindle system 

In this section, the energy efficiency of spindle system is evaluated in terms of the specific energy 

consumption (SECsp), which is defined as the ratio of the energy consumption of spindle system 

(Esp) to material removal volume (MRV), in Eq. (16). The smaller the specific energy consumption, 

the higher the energy efficiency of spindle system. 
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where t is working time of spindle system. 

Given that MRV=1000vcapf, the specific energy consumption can be expressed as Eq. (18). 
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3.1.2 Material efficiency of spindle system  

In addition to improving material efficiency of spindle system, minimization of the volume of 

spindle system is considered as another optimization objective for maximum resource efficiency. 

The smaller the volume of spindle system, the higher the material efficiency of spindle system. The 

total volume of the spindle system is consisted of the volume of spindle motor and gearbox. Note 

that the volume of motor and gearbox shells are not considered in this paper because different types 

of motor and gearbox have different shapes. The volume of the spindle motor Vm is related to the 

volume of conductor, which can be expressed in Eq. (19). 

SLVm                                   (19) 

where S is the conductor cross section. L is the conductor length，which can be modelled in Eq. 



(20). 

US
L
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                                   (20) 

where U is the voltage of spindle motor. ρ is the resistivity of the conductor. I is the current of spindle 

motor, which is calculated as shown in Eq. (21) (Al-Badri et al., 2015). 
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where P is the power consumption, cosφ is the power factor of the spindle motor. 

For a machine tool, a two-stage transmission with high and low gear is usually developed to 

transmit power for different machining requirements. When a higher spindle torque is needed, the 

transmission system will shift to lower speed gear ratio to provide the desired torque. On the contrary, 

when a higher spindle speed machining is used, the transmission system will shift to higher speed 

gear ratio to increase the spindle speed. The volume of gearbox Vt is associated with the dimension 

of gears, which is defined in Eq. (22) (Golabi et al., 2014). 
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where m1 and m2 are gear modulus. z1 and z2 are gear teeth. b is gear tooth width, b=ϕd×dg, ϕd is 

tooth width coefficient and dg is pitch circle diameter of gear. d1 is the motor shaft diameter and d2 

is the spindle shaft diameter. 
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M
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where [φ] is the allowable torsion angle of the unit length of the shaft. Mi is the torque of motor 

shaft or spindle shaft. 

By combing the Eq. (19)-(23), the spindle system volume function can be obtained, as expressed 

in Eq. (24). The smaller the volume Vsp, the higher the material efficiency of spindle system. 
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3.2 Design variables stratification 

Based on the analysis in Section 3.1, the spindle motor peak power Pmax, rated power PN, 

maximum speed Nm, rated speed nN, low speed gear ratio id and high speed gear ratio ig are selected 

as the design variables. However, the effects of design variables on optimization objectives are 

different. In order to investigate their influence relation, the sensitivity analysis is conducted to 

stratify the design parameters (Zhu et al., 2019). 

The sensitivity of different design variables to the specific energy consumption and volume is 

calculated and plotted in Fig. 3. It can be seen that the specific energy consumption and volume are 

more sensitive to the changes of spindle motor peak power Pmax, low speed gear ratio id and high 

speed gear ratio ig than that of the other parameters such as rated power PN, maximum speed Nm and 

rated speed nN. Hence, the spindle motor peak power Pmax, low speed gear ratio id and high speed 

gear ratio ig are selected as high-sensitive parameters, while the other parameters are considered as 

low-sensitive parameters, in Table 1. 



 

Fig. 3. Sensitivity analysis results of design parameters 

Table 1. Results of parameters stratification 

Parameters stratification Design parameters 

High-sensitive parameters Pmax, id, ig 

Low-sensitive parameters PN, Nm, nN 

   The three-dimensional surface analysis is conducted to determine the optimization region of 

high-sensitive parameters, which lay the foundation for the MO-ITLBO algorithm. It can be seen 

from Fig. 4 that the interactions between high-sensitive parameters (Pmax, id, ig) and the two 

optimization objectives (SECsp, Vsp) are obtained. The variation range of three design parameters 

are further specified, which can significantly narrow parameter space, decrease the computational 

time and improve optimization efficiency. 

 

Fig. 4. Effects of high-sensitive parameters on optimization objectives 

3.3 Constraints 

The choice of design parameters should meet the processing requirements and mechanical 

properties of machine tool. The constraints set for the spindle system design problem are expressed 

as follows 

a) A CNC lathe usually adopts a certain range of cutting parameters to ensure the machining 

capacity and to achieve the best dimensional tolerance. The commonly used cutting parameters 

could be obtained by considering tool material, workpiece material and the surface roughness to 

guarantee cutting efficiency, tool durability and machining quality. As the range of cutting 
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parameters plays an important role in designing the spindle system, this paper takes it as the basic 

condition for the optimization problem. 
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b) The gear ratio must be in a specific range for the better mechanical characteristics and economy. 
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                             (26) 

where idmin and idmax are the minimum and maximum low speed gear ratio, igmin and igmax are the 

minimum and maximum high speed gear ratio. 

c) The total power consumed by the spindle system should not exceed the maximum power 

provided by the spindle motor (Li et al., 2019). 

 
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max/ /FF F cc c

c c

nx y

F p FC a f K dN i P 


                     (27) 

d) The maximum acceleration power, which is consisted of power for spindle rotation and the 

power for overcoming the inertia of mechanical transmission system (Lv et al., 2017), should not 

exceed the rated power of spindle motor.  
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                        (28) 

where PSR is the spindle rotation power. fBA is the basic frequency of the inverter. Js is the equivalent 

moment of inertia for the spindle system referred to the motor shaft. p is the number of pole pairs 

of the spindle motor. tA is the acceleration time preset in inverter. n1 is the initial spindle speed 

before acceleration. n2 is the final spindle speed after acceleration.  

e) The spindle system adopts two-stage transmission with high and low speed gear ratio. The 

rated speed at high speed gear ratio is higher than the maximum speed at low speed gear ratio. When 

the transmission system shifts from high speed gear ratio to low speed gear ratio, the motor speed 

should be reduced lower than rated speed. The speed range is the constant torque region. The motor 

power increases linearly with the increment of motor speed in the region. As the motor power cannot 

be maximized, the power loss is produced in the shifting process, which is called power gap. The 

power gap should be stabilized within some limits in order to meet the usage requirement. 

max

N d

m g

n i
k

N i
                                (29) 

where kmax is maximum power gap. 

f) During the shifting process, the power gap is generated in a specific motor speed range. The 

speed range of power gap should be minimized to guarantee the mechanical characteristics of the 

spindle shaft. 

max

N m

g d

n N
n

i i
                               (30) 

where ∆nmax is the maximum speed range of power gap. 

3.4 Optimization solution via MO-ITLBO algorithm 

The proposed multi-objective optimization model is a strongly NP-hard problem with multi-

objective, multi-constraint and multiple decision variables. In this section, the teaching-learning 



based optimization (TLBO) algorithm is introduced to solve the proposed multi-objective 

optimization model. TLBO, which is first proposed by Rao et al. (2011), has been extensively used 

to deal with the mechanical design optimization problems due to the merits of efficient convergence 

rate and optimal solutions (Rao et al., 2011). The multi-objective improved teaching-learning based 

optimization (MO-ITLBO) algorithm is a multi-objective version of the basic TLBO presented by 

Patel and Savsani (2016). The algorithm simulates the traditional teaching-learning environment. 

The grades of the learners are improved by the teachers or other learners. The teachers are selected 

based on the Pareto-optimal mechanism to acquire high quality solutions with the consideration of 

multiple objectives.  

In the proposed multi-objective optimization problem, there are a set of comprise solutions called 

Pareto optimal set to find a trade-off between the energy efficiency and material efficiency. If the 

energy efficiency and material efficiency of one learner are less than that of the other learner, the 

former learner will dominate the latter learner and become a non-dominated solution. Pareto optimal 

set refers to solutions that are not dominated by any single objective.  

 The flowchart of the MO-ITLBO algorithm is shown in Fig. 5. The main steps are elaborated in 

detailed below. 
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Fig. 5. Flowchart of the MO-ITLBO algorithm  

3.4.1 Initialization of solution 

The population consists of a large amount of learners, and every learner studies different subjects, 

which represents the different design variables for the optimization problem. The grades of the 

learners are the possible solutions, and the results of learners are the optimization objectives values. 

The potential solutions X=[Pmax,PN,Nm,nN,id,ig], i.e. the learners of the class, are represented by a 

six-dimensional vector X= [x1,i, x2,i, …, xj,i], where j=1,2…,6 means the jth design parameter. Each 



design parameter is generated randomly in the feasible range, as expressed in Eq. (31). 

, , ,(0,1) ( ), ( 1,2,...,6)j j L j U j Lx x rand x x j                      (31) 

where xj,L and xj,U are the upper and lower limits of design variables, respectively. 

For each of the population, i.e., the six design parameters in matrix X, the feasibility are required 

to be checked whether the constraints in Eqs. (25)-(30) are satisfied. If a population does not satisfy 

the constraints, it is considered invalid and will be regenerated. 

3.4.2 Generation of neighborhood solution  

With the initial populations, the algorithm will obtain several group of non-dominated solutions 

where each non-dominated group refers to an individual Pareto front. In order to improve the 

diversity of populated solutions and further improve the global search ability, we use a two-phase 

neighborhood generation mechanism for each of the non-dominated group. The detailed procedure 

for generation of neighborhood solution based on an individual non-dominated group are given 

below. 

(1) Teacher phase 

In teacher phase, the learners improve their grades by studying from the teacher, who is the most 

knowledgeable person with optimal values of objective function. Learners with strong learning 

ability improve their grades quickly, while learners with weak learning ability improve grades 

slowly. Then, the mean results of each design parameter in the population is improved. The 

difference between the grade of the teacher and mean grade of the learners in each subject is 

expressed as Eq. (32). 

, , , , , ,_ ( ( ) )s s s s

k j i i b j i F k i j idifference Mean r X T M                     (32) 

where Xb,j,i
s  is the grade of the teacher associated with group ‘s’ in subject ‘j’ at iteration ‘i’, that is 

the six design parameters. Mj,i
s  is the mean grades of the group ‘s’. TF is the teaching factor. Every 

student adopts an adaptive teaching factor, which is determined by the optimization objective values 

of the student, as expressed in Eq. (33). 
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where f(Xk) is the normalized objective function related to the specific energy consumption and 

volume with learner ‘k’. Ts is the optimal objective value of the teacher in group ‘s’.  

Learners can improve themselves not only through learning from the teacher, but also through 

discussing with other learners. A learner randomly selects another student and analyzes the results 

of normalized objective function to conduct selective learning, which is updated through the 

expression as Eq. (34). 
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        (34) 

where 𝑋𝑘
𝑠 is the original sequence of design parameters with learner ‘k’, and 𝑋𝑘,𝑛𝑒𝑤

𝑠  is the new 

sequence of design parameters. If 𝑋𝑘,𝑛𝑒𝑤
𝑠 has smaller objective values than 𝑋𝑘

𝑠, it will be accepted 

as the new solutions. ri is the random number in the range [0,1].  

(2) Learner phase 

All the accepted grades of each learner (optimization variables) are maintained at the end of the 



teacher phase and these values become the input to the learner phase. In the learner phase, the 

learners interacts with other learners for acquiring more knowledge. On the other hand, the learners 

consider to enhance knowledge through self-learning. The search direction of the learner is 

determined by comparing to other learners’ results, and the new grades of the learner can be obtained. 

The search mechanism that the learners acquire knowledge without teacher’s help is incorporated 

in the learner phase, which is expressed in Eq. (35). 
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where p and q are the learners in the group ‘s’. EF is the exploration factor and its value is determined 

randomly by EF=round(1+ri). 

The grades of the learner is updated by selecting other learners randomly. The new learner will 

be accepted if it gives a better results. 

 

4 Case study 

In this section, the necessity of the multi-objective optimization approach is first analyzed under 

different case study settings. The influence of the design parameters on the two optimization 

objectives are also analyzed. The energy saving performance of the proposed design approach is 

further demonstrated through a simulation model where the energy consumption of machine tools 

are monitored under the different working conditions.  

4.1 Design Optimization for spindle system 

4.1.1 Optimization results 

In this section, the machining experiments are performed on a CNC lathe C2-6150HK provided 

by Chongqing No.2 MT works Co., Ltd, China. The structure of the lathe is shown in Fig. 6. Table 

2 provides the specifications of the process parameters, spindle motor and transmission system. 

Table 2. Specifications of the process parameters, spindle motor and transmission system 

Item Unit Numerical data 

Machine tool   

Cutting speed [vc min, vc max](m/min) [80, 200] 

Feed rate [fmin, fmax](mm/r) [0.1, 2] 

Cutting depth [ap min, ap max](mm) [0.1, 3] 

Maximum workpiece diameter dmax(mm) 250 

Spindle motor   

Peak power Pmax(W) 11000 

Rated power PN(W) 7500 

Maximum speed Nm(rev/min) 3000 

Rated speed nN(rev/min) 1450 

Transmission system   

Low speed gear ratio id 2.75 

High speed gear ratio ig 1.64 



Feed drive systemSpindle system

C2-6150HK/a

Main spindle

 

Fig. 6. Mechanical system of C2-6150HK/a CNC lathe  

In order to demonstrate the necessity of the proposed multi-objective optimization approach, three 

cases are designed as follows. Case 1 is a single-objective optimization problem where Minimum 

SECsp is taken as an objective for the integrated optimization of spindle motor parameters and 

transmission system parameters. Case 2 uses the same integrated optimization strategy but with a 

different optimization objective, i.e., Minimum Vsp. Case 3 is a multi-objective integrated 

optimization problem to take both the minimum SECsp and the minimum Vsp as objectives. It should 

be noted that the three cases are carried out under the same working conditions (with identical 

cutting speed, feed rate and cutting depth). For the single-objective optimization (i.e., Case 1 and 

Case 2), the traditional ITLBO algorithm is conducted to obtain the optimal parameters for both the 

spindle motor and transmission system. The multi-objective optimization (i.e., Case 3) is solved via 

the MO-ITLBO. The Pareto front of Case 3 is shown in Fig. 7 and the circle marked in blue 

represents the Pareto optimum solutions. 

  

Fig. 7. Pareto optimum solutions of the multi-objective optimization 

The optimization results of the three cases are shown in Table 3. It is clear from Table 3 that the 

optimization results of single-objective (Case 1 and Case 2) reveal that the lower specific energy 

consumption accompanies the higher volume, and the higher specific energy consumption follows 

the lower volume. Apparently, the energy-oriented design optimization does not yield a solution 

that meets the requirement of miniaturization. The multi-objective optimization method can achieve 

a trade-off between minimum specific energy consumption and minimum volume. It is clear from 

Table 3 that Case 3 decreases the specific energy consumption by 16.58% compared to Case 2 and 

decreases the volume by 8.59% compared to Case 1. Therefore, the proposed multi-objective 

integration method which can simultaneously minimum specific energy consumption and minimum 

volume has practical significance. 
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Table 3. Optimization results  

Optimization objective Pmax(W) PN(W) Nm(rev/min) nN(rev/min) id ig SECsp(J/mm3) Vsp(m3) 

Minimum SECsp 14993 7133 2742 1016 2.53 2.0 3726.4 0.7975 

Minimum Vsp 15000 7075 3255 1256 2.0 1.0 4825.3 0.5292 

Minimum SECsp&Vsp 14928 9266 3250 1000 2.37 1.81 4025.2 0.7290 

Original parameters 11000 7500 3000 1450 2.75 1.64 4832.4 0.8238 

Motor efficiency can be also calculated to verify the optimization results according to the cutting 

parameters boundaries in the CNC lathe. The detailed results are shown in Fig. 8. It is clear from 

Fig. 8 that the optimized spindle system makes the spindle motor work in higher efficiency region 

as much as possible, and the high-efficient region of spindle motor is enlarged. The spindle motor 

working in efficiency region 0.8~0.85 is raised to 0.85~0.9, resulting in less energy consumption of 

spindle system. In addition, with the optimized design parameters the volume of spindle system is 

also calculated according to Eq. (24). The results show that the spindle system volume has reduced 

from 0.8238m3 to 0.7290m3, which is decreased by 11.51% and makes the structure compact.  

A spindle motor with appropriate size avoids excessive volume and saves production cost. A 

shiftable gearbox with minimum volume design is employed to meet required spindle speed and 

torque, which takes less material costs. The motor working conditions (motor speed and motor 

torque) are obtained through the spindle working conditions and gear ratio. When the motor working 

conditions are acquired, the motor efficiency can be calculated according to Eqs. (9) and (10). It is 

of great significance to design high efficiency motors for energy-efficient machine tools. 

 

Fig. 8. Proportion of motor efficiency in the cutting parameters boundaries 

4.1.2 Effects of design parameters on optimization objectives 

The influence of the design parameters on the specific energy consumption and the volume is 

depicted in Fig. 9 and Fig. 10, respectively. It can be seen that both the specific energy consumption 

and the volume decrease with the raise of peak power. As the rated power and maximum speed 

increase, the specific energy consumption increases while the volume keeps unchanged. The 

specific energy consumption increases, but the volume decreases with the raise of rated speed. As 

the low speed gear ratio and high speed gear ratio increase, the specific energy consumption 

decrease while the volume increase. 

The specific energy consumption is decreased when a large peak power, low speed gear ratio, 

high speed gear ratio, as well as a small rated power, maximum speed and rated speed are selected. 

However, the volume will be decreased when choosing a large peak power and rated speed, as well 

as a small low speed gear ratio and high speed gear ratio. According to Table 3, the low speed gear 
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ratio and high speed gear ratio of Case 1 (for minimization of specific energy consumption) is much 

higher than that of Case 2 (for the minimization of the volume). However, the rated speed of Case 

2 (for minimization of the volume) is much higher than that of Case 1 (for minimization of specific 

energy consumption). For Case 3 with both minimum SECsp and minimum Vsp, the values of rated 

speed, low speed gear ratio and high speed gear ratio strike a balance between those in the single-

objective optimization cases (i.e., Case 1 and Case 2). Moreover, the peak power should be higher, 

rated power and maximum speed should be lower in the permitted ranges. 
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Fig. 9. Specific energy consumption changes with respect to a) peak power b) rated power c) maximum speed d) 

rated speed e) low speed gear ratio f) high speed gear ratio 
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Fig. 10. Volume changes with respect to a) peak power b) rated power c) maximum speed d) rated speed e) low 

speed gear ratio f) high speed gear ratio 

4.2 Energy consumption simulation results  

Given that specific machined parts with constant process parameters have the same material 

removal volume, the specific energy consumption is replaced by the energy consumption, which 

can be calculated through simulation experiments. The energy consumption simulation model of 



the spindle system is established with the MATLAB/Simulink. The simulation model includes the 

working condition model, the transmission system model, the spindle motor model and the energy 

consumption monitor model, in Fig. 11. These models are developed to calculate the energy 

consumption for machining a workpiece. In the working condition model, the spindle speed and 

torque are computed through the cutting parameters, and transmitted to the transmission system 

model. The spindle motor speed and torque can be obtained through the transmission relationship. 

Followed by spindle motor model, motor speed and torque are used to calculate the motor output 

power and motor efficiency, which are conducted to acquire the real-time input power of spindle 

motor. The integral of real-time input power and time is the energy consumption of the spindle 

system, which can be obtained through energy consumption monitor model.  
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Fig. 11. Energy consumption simulation model of spindle system 

(1) Working condition model 

Two different working conditions are designed for CNC lathe machining tests, i.e., camshaft and 

input shaft. The drawings of the two parts indicate the structure, dimensions and processing 

requirements of each workpiece, Fig. 12 and Fig. 13, respectively. The operation is divided into 

roughing and finishing, and the process includes cylindrical and face turning. The working condition 

data is derived from the actual machining parameters.  

 

Fig. 12. Camshaft part drawing 

 



Fig. 13. Input shaft part drawing 

The data about the machining condition and related parameters are given in Table 4, 5 and 6. 

Table 4. Working conditions for turning 

Tool material Workpiece Workpiece material 

Cemented carbide Camshaft 45#steel 

Cemented carbide Input shaft 45#steel 

Table 5. Calculation coefficients of cutting force 

Influence 

coefficient 

of force 

Value 

Exponential 

coefficient 

of cutting depth 

Value 

Exponential 

coefficient 

of feed rate 

Value 

Exponential 

coefficient 

of cutting speed 

Value 
Correction 

coefficient 
Value 

CFc 2648 xFc 1.0 yFc 0.75 nFc -0.15 KFc 1.0 

CFp 1952 xFp 0.9 yFp 0.6 nFp -0.3 KFp 1.0 

CFf 2884 xFf 1.0 yFf 0.5 nFf -0.4 KFf 1.0 

Table 6. Calculation parameters of lathe spindle system  

Item Notation Value 

Spindle motor voltage U (V) 380 

Power factor cos  0.83 

Gear module m(mm) 3 

Gear teeth z1 22 

Gear teeth z2 30 

Tooth width coefficient d  0.3 

Allowable torsion angle [φ] (o/m) 0.8 

Cross section of conductor S(mm2) 4 

Conductor resistivity )/( 2 mmm  0.0175 

Basic frequency of the inverter fBA(Hz) 50 

Initial spindle speed n1(rev/min) 0 

Final spindle speed n2(rev/min) 3000 

Acceleration time preset in inverter tA(s) 3 

The number of pole pairs of motor p 2 

The cutting parameters of machine tool are used to calculate the spindle speed and torque 

according to the equations n=1000vc/(πd) and T=Fd/2. In this section, two workpieces (i.e., a 

camshaft and an input shaft) are taken as metal cutting materials for machining experiments. The 

spindle speed and torque curves when machining camshaft and input shaft are shown in Fig. 14 and 

Fig. 15, respectively. The speed and torque are taken as input working conditions for the simulation 

model.  
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                   (a)                                  (b) 

Fig. 14. a) spindle speed and b) spindle torque for machining camshaft  

  

                              (a)                                (b) 

Fig. 15. a) spindle speed and b) spindle torque for machining input shaft  

(2) Transmission system model 

The function of the transmission system model is to convert the spindle speed and torque into the 

spindle motor speed and torque. The transmission system simulation model is shown in Fig. 16, 

where fd_ratio1 is the low speed gear ratio and fd_ratio2 is the high speed gear ratio. When the low 

speed gear ratio or high speed gear ratio is selected, the corresponding spindle motor speed and 

torque are output. When neutral gear is selected, the output speed and torque of spindle motor are 

zero. 
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Fig. 16. Transmission system simulation model 

(3) Spindle motor model 

The spindle motor simulation model is shown in Fig. 17. The function of the simulation model is 

to transform the motor speed and torque into the motor output power and motor efficiency for 

computing the input power of spindle motor. 

 

Fig. 17. Spindle motor simulation model 
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The motor efficiency is calculated to demonstrate the improvement on the energy efficiency. 

Different working conditions are set as input of the simulation model according to Fig. 14 and Fig. 

15. The motor efficiency for camshaft and input shaft are given by Fig. 18a and Fig. 18b, 

respectively. It is clear from Fig. 18 that the efficiency of optimized spindle motor has been 

improved at most working point, resulting in the reduction of energy consumption in the machining 

process.  

 

                        (a)                                     (b) 

Fig. 18. Spindle motor efficiency for machining a) camshaft and b) input shaft  

(4) Energy consumption monitor model 

The input power of spindle system is computed through motor efficiency and output power 

obtained from spindle motor model. The energy consumption of spindle system can be calculated 

as the integral of input power and processing time, which can be obtained through energy 

consumption monitor model. Fig. 19a and Fig. 19b show the accumulation process of energy 

consumption when machining camshaft and input shaft. It is clear from Fig. 19 that the energy 

consumption is reduced to some extent through design optimization of spindle system. The 

comparison results of energy consumption are shown in Table 7. The energy consumed by 

machining a camshaft is reduced from 1.5035E5J to 1.3543E5J (with 9.92% energy reduction), 

while the energy consumed by machining an input shaft is reduced from 1.4471E5J to 1.2710E5J 

(with 12.17% energy reduction). Due to the improvement of the motor efficiency at working times, 

the energy consumption of the spindle system during machining process is reduced. 

Table 7. Optimization results of energy consumption 

Workpiece Objective Before optimization After optimization Reduction 

Camshaft Energy consumption Esp(J) 1.5035E5 1.3543E5 9.92% 

Input shaft Energy consumption Esp(J) 1.4471E5 1.2710E5 12.17% 

 

   (a)                                       (b)                                                                                    

Fig. 19. Energy consumption curves for machining a) camshaft and b) input shaft 
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5 Conclusions 

The improvement of both the energy and the material efficiency of spindle system is of great 

significance to enhance the sustainability performance of machine tools. This paper presents a 

design optimization method for the spindle system by integrated optimization of spindle motor and 

transmission system parameters. The energy models of spindle systems are developed on the basis 

of the energy flows between spindle motors and transmission systems. A multi-objective 

optimization model is formulated for parameter settings of spindle motor and transmission system 

with an objective to minimize the specific energy consumption and minimize the structure volume. 

Then, the MO-ITLBO algorithm is proposed to find Pareto optimal solutions for the integrated 

optimization problem. Case studies are conducted to verify the performance of the proposed multi-

objective optimization approach. The experimental results showed that the multi-objective 

optimization model can achieve a trade-off between minimum specific energy consumption and 

minimum structure volume. Moreover, the optimization results have been proved to be effective in 

reducing energy consumption. 

Based on this study, future work will be concentrated on exploring the interactions between 

various design and performance parameters. In addition to the driving parameters of the spindle 

motor and transmission system, the structure parameters of the spindle shaft affect the design of 

spindle system. Thus, introducing structure parameters into the design optimization can be further 

explored.  
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