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Abstract – This paper describes the design of a drive consisting of a DC motor, a speed reducer, a lead screw 
transformation system, a power converter and its associated DC source. The objective is to reduce the mass of 
the system. Indeed, the volume and weight optimisation of an electrical drive is an important issue for 
embedded applications. Here, we present an analytical model of the system in a specific application and 
afterwards an optimisation of the motor and speed reducer main dimensions and the battery voltage in order 
to reduce the weight. 

 
I. INTRODUCTION 

 
The system studied in this paper is a linear electrical drive system realized with a Ni-MH battery 

bank, a DC/DC converter, a DC motor, a speed reducer and a lead-screw device. The aim of the 
system is to move a load along a linear displacement. Regarding the load, we can define mainly two 
specifications. Firstly, it has to apply a rather high static force to overcome some static friction force. 
This has to be done at constant speed or at standstill. Secondly, it has to be driven from one point to 
another in a given time. This specification implies a dynamic force, a given acceleration and a 
maximum speed depending on the kind of displacement. 

In order to optimise the weight of the system, and mainly the battery, DC motor and speed reducer 
weights, geometrical and physical relations have to be written for each component. These relations are 
then linked with the others to make a global optimisation of the system. The constraints are based 
upon the load specifications. The mathematical optimisation is performed with the help of various 
numerical methods like Genetic Algorithm, Random Search, Differential Evolution and Nelder Mead. 

 
II. SYSTEM MODEL 

 
1. Power conversion system 

 
A general representation of the system is given in figure 1.  
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Figure 1: Power conversion system. 

 
emC  : torque developed by the motor [ N ] 

rC  :  resistive torque [ N ]. 

rρ  : transformation ratio of the speed reducer. 

tρ  : transformation ratio of the lead-screw 
device [ mrad / ]. 

mθ  : motor shaft angle [ rad ]. 

mΩ  : motor shaft speed [ srad / ]. 
x  : linear displacement [ m ]. 
v  : linear speed [ sm / ]. 

 



Concerning the mechanical part, the lead-screw is represented by its transformation ratio deduced 
from the screw pitch while the speed reduction system introduces a speed transformation ratio.  

The relation between the motor shaft angle mθ  and the linear displacement x can be written as 
follows: 

 
                                                                   xxtrm ⋅=⋅= ρρρθ           (1) 

 
Where ρ  is the global transformation ratio. 

 
2. Speed reducer volume 

 
A representation of the speed reducer is given in figure 2. 
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Figure 2: Speed reducer structure. 

 
The speed reducer is constitued by two epicyclic gears (characterized by 21,RR ) and one 

cylindrical gear with straght outer teeth (characterized by 43,RR ). We can express the volume rV  of 
this speed reducer as follows: 
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3. Load specifications 
 

Here, all load specifications are expressed on the motor shaft. In the considered application, the 
motor has to generate two sorts of torques, imposed by the load. A static torque which is necessary to 
reach the breakaway force on the load just before it starts to move or to maintain the speed at a 
constant value. The static torque 

semC  is given by: 
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Where 1K  is a constant depending on the speed, the lead-screw transformation ratio, the different 

resistive forces due to the load. 
The motor must also generate a dynamic torque which is required when the different resistive 

forces are at their maximum values.  
 
 
 



The dynamic torque 
demC  can be expressed as follows: 
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Where 2K  is a constant depending on the same parameters as 1K .  
An other torque can be also considered. Indeed, the RMS torque 

RMSemC is interesting because it 
is directly linked to the copper losses in the motor. Its expression is given by: 
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J  is the total inertia of the system. The constants 543 ,, KKK  are functions of the average and the 

rms values of the load speed and acceleration, the lead-screw transformation ratio and the average and 
the rms values of the different resistive forces.  
 

4. Motor specifications 
 

Among the limits concerning the motor, there is a maximal rotor speed MΩ , function of 
the maximal linear speed Mv , defined by: 

MtrM v⋅=Ω ρρ                                           (6) 
 

The maximum peak power MP  given by the motor to the load has also to be considered, 
where 6K  is a constant depending on the different resistive forces: 

 
  MM vKP ⋅= 6                                                                (7) 

 
For the motor’s design, it is possible to define the main dimensions by the peak torque 

MemC , the 
nominal torque 

nemC  and the rotor inertia mJ  as seen in previous papers [1-6]: 
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These three relationships introduce three main dimensions parameters for the design : the rotor 

radius R , the rotor length L  and the permanent magnet thickness E . The remaining parameters are 
constants and have the following significations: 

• 1=p  : pole’s number. 
• mkA HM /80=  : magnet’s peak magnetic field. 
• T B 4,0=  : air gap flux density. 
• mA AL /7850=  :  rms current linear density. 
• 75,0=pγ  : pole’s overlapping factor. 

• 3/5070 mkg m =μ  : motor mass density 



III. SYSTEM OPTIMISATION 
 

The established relationships are used to define the constraints during the optimisation procedure. 
Two types of constraints are considered: the physical constraints which permit to ensure that the motor 
can supply load requirements and the geometrical constraints which permit to define a feasible motor 
and speed reducer (see [7] for futher details). 

Concerning the physical constraints, the motor peak torque has to be greater than the static and 
dynamic torques. The nominal torque has also to be greater than the required rms torque. 
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The maximum power supplied by the battery bank has to be greater than the maximum power 

consumption. 
 

       [ ] MMbatbat PiU >⋅                                                        (10) 
 

The maximum speed required by the load has to be kept lower than the nominal speed of the 
motor nΩ . 
 

          Mtrn v⋅>Ω ρρ                                                          (11) 
 

Concerning the geometrical constraints, the following will be used in order to have feasible motor 
and speed reducer: 
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Depending on the application, different cost functions can be minimized. Here, we present an 

optimisation where the weight of the system is the cost function. We sum the motor, speed reducer and 
battery bank masses: 

 
     rmbat MMMM ++=         (13) 

 
The motor and speed reducer masses are defined as follows: 

 
     LRM mm ⋅⋅⋅= 2πμ         (14) 
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The battery bank mass is a function of the voltage if we take a constant capacity. 
 

          ( )batbat UfM =          (16) 
 
 
 



The total weight can be expressed by the following expression: 
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The seven optimisation parameters are: 4321 ,,,,,, RRRRELR . 

 
IV. RESULTS 

 
We present here the results concerning the definition of the battery, the speed reducer and the motor 
whose characteristics are optimised for a given load. In this example, the load characteristics are 
presented in the table I. 
 
 
 

2/49,30 smmeff =γ  smmveff /42,12=  
2/60 smm M =γ  smm vM /15=  

NK 23,01 =  NK 47,42 =  
422

3 /23496 mkgNK ⋅=  2
4 46,3 NK =  

22
5 /4,140 mkgNK ⋅−=  msWK /149956 ⋅=

 
Table I : Load characteristics. 

 
 
Figure 3: Motor and speed reducer weights versus maxρ . 
 

Before optimisation, the battery voltage is V14  and the weight M  is equal to g1180 . The 
optimisation procedures uses the constraints (9-12) and searches a set of values for 

4321 ,,,,,, RRRRELR  and batU  which minimises the total mass of the system in equation (17).  
The optimisation is made with Mathematica and verfied with Matlab and an home made genetic 

algorithm.  
 

 
Figure 4: Motor dimensions versus maxρ .  Figure 5: Speed reducer dimensions versus maxρ . 

 
 
 
 



Figures 3-5 show the results obtained after the optimisation procedure. The battery voltage is 
equal to V12  and its weight is g640 . 

As seen in a previous paper [4-5], boundaries are used to limit the variation of the parameters to 
feasible values. It appears that the results are controlled by the upper boundary value for the 
transformation ratio tr ρρρ = .  

Figure 3 shows the motor and speed reducer weights of the system in function of the constraint 
maxρ . The system mass decreases until mmrad /95max =ρ , where it remains constant. Before the 

previous value, the minimum is obtained for maxρρ = . There is no need to have a transformation 
ratio greater than mmrad /95  because the system weight will not decrease anymore. At this point, the 
decrease of the motor weight is compensated by the increase of the speed reducer weight. The 
resulting active mass is g830 . 

Figures 4 and 5 show the dimensions of the motor and the speed reducer versus the upper 
constraint maxρ . Concerning the motor, we can see in Figure 4 that the radius decreases until 

mmrad /95max =ρ  and the two others parameters are independant of maxρ . In figure 5, we can note 
that two radius increase until mmrad /95max =ρ  while the two others stay constant. 

 
V. CONCLUSION 

 
In this paper, the weight of an electromechanical conversion system has been optimised. Firstly, a 

model of the motor and the speed reducer has been done. This model links the motor and speed 
reducer main dimensions to their performances. Then, the battery bank, motor and speed reducer 
weights have been written in function of the optimisation parameters. Secondly, an optimisation 
procedure was executed in order to minimise the objective function which is the weight of the 
previous components. Different numerical optimisation methods were used to valid the methodology. 
All gave the same results. The initial total weight was 1180g and the obtained total weight after 
optimisation is equal to 830g. We can note that the weight is reduced by 30%. 
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