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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.

1. SYSTEM MODEL

1. Power conversion system

A general representation of the system is given in figure 1.

DC Motor Speed Reducer

Cem : torque developed by the motor [N ]

C, : resistive torque [N ].

pr - transformation ratio of the speed reducer.

pt - transformation ratio of the lead-screw
device [rad /m].

OI0C Comvertar / 6 - motor shaft angle [rad ].
""" & Q, : motor shaft speed [rad /s ].
H \ x : linear displacement [m].

Lead Serew Device v : linear speed [m/s].
Figure 1: Power conversion system.




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 6,, and the linear displacement x can be written as
follows:
Om =Prpr - X=p-X 1)

Where p is the global transformation ratio.

2. Speed reducer volume

A representation of the speed reducer is given in figure 2.

Epicyclic gears

Cylindrical gear with
straght outer teeth

Figure 2: Speed reducer structure.

The speed reducer is constitued by two epicyclic gears (characterized by R;,R,) and one
cylindrical gear with straght outer teeth (characterized by R3,R,). We can express the volume V, of
this speed reducer as follows:

Vr :ﬂ'b'[[Rl-l-Z'Rz]z'[0!1+6¥2]+R32'0!3 +R42'6!4 (2)

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 Cep,,_ is given by:

3)

Where K 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 Cep, can be expressed as follows:
R3

2
{1+ RZ} ‘Ry
Ry
Where K, is a constant depending on the same parameters as Kj.

An other torque can be also considered. Indeed, the RMS torque Cep,,
is directly linked to the copper losses in the motor. Its expression is given by:

(4)

Cemd = K2 .
is interesting because it

R32

_ — R
R R
3 {1+ 2} ‘R42
Rq

+K5'J (5)

J is the total inertia of the system. The constants K3,K,4,Ks 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 Q,,, function of
the maximal linear speed v, , defined by:
Qm = pr Pt -V (6)

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

Pu =Kg -V (7)

For the motor’s design, it is possible to define the main dimensions by the peak torque Cep,, , the
nominal torque Cep, ~and the rotor inertia J,,, as seen in previous papers [1-6]:

2
Cem, =27-A_B-y7p-R?-L
Cem, =4 P-Hy B-R-L-E (8)

I =§‘/1m'R4'L

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:

e p=1:pole’s number.

e Hjy =80kA/m : magnet’s peak magnetic field.
e B =04T :airgap flux density.

e A =7850A/m : rms current linear density.

* 7p =075 :pole’s overlapping factor.

e u, =5070kg/m?3 : motor mass density



111. 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.

CemM > Cemd

Cemy > Cem, )
Cem, >C

€MRrMms

The maximum power supplied by the battery bank has to be greater than the maximum power
consumption.

[U bat " bat ]M > Py (10)

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

Qn > prpt -V (11)

Concerning the geometrical constraints, the following will be used in order to have feasible motor
and speed reducer:

R > 4mm

R<L<5-R

R >E >3mm (12)
R, 2Ry 24mm

R4 2R3z 2 6mm

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:

M =Mpat + My + M, (13)
The motor and speed reducer masses are defined as follows:
My =gy -7 R2-L (14)
My =7 gy 'b'[[R1+2'R2]2 fog +@p]+R3? a3 +Ry% -y (15)
The battery bank mass is a function of the voltage if we take a constant capacity.

Mpat = f(U bat ) (16)



The total weight can be expressed by the following expression:
M :f(Ubat)+,um '7Z"R2 ~L+7r-,ur b[[R1+2R2]2 '[0!1+0!2]+R32 ~a3 +R42 cdy (17)
The seven optimisation parameters are: R,L,E,R{,R5,R3,Ry.

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.

Veff =12,42mm/s

Vefi = 30,49mm /s?

M - 60mm/s? vy =15mm/s

Ky =0,23N K, = 447N

K = 23496N? /kg? -m* K, =346N?
Kg = 14995W -s/m

Kg = —140,4N? /kg - m?

Table | : Load characteristics. oot}

Figure 3: Motor and speed reducer weights Versus pmax -

Before optimisation, the battery voltage is 14v and the weight M is equal to 1180g. The

optimisation procedures uses the constraints (9-12) and searches a set of values for
R,L,E,R1,R5,R3,R, and Uy, 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 pmax - Figure 5: Speed reducer dimensions Versus pmay -



Figures 3-5 show the results obtained after the optimisation procedure. The battery voltage is
equal to 12v and its weight is 640g .

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 p = p; p; .

Figure 3 shows the motor and speed reducer weights of the system in function of the constraint
Pmax - The system mass decreases until pax = 95rad /mm, where it remains constant. Before the

previous value, the minimum is obtained for p = p4y - There is no need to have a transformation

ratio greater than 95rad / mm 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 830g .

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

Pmax = 95rad /mm and the two others parameters are independant of pna - In figure 5, we can note
that two radius increase until p,.x = 95rad /mm 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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