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Influence of the shaft stiffness in the design of PMSM with a global approach

This paper deals with the design of permanent magnet synchronous motors through a global approach. Finite Element Analysis is used to valid the sizing design. Analytical and thermal model are developed. Data-processing program are related to specifics requirements such as outside sizes, inertia motor, heating in steady operation and minimisation of torque oscillations. This approach enables to obtain easily a solution without needing to use optimisation software. After, we present an mechanical system used for torque assistance, we show how the design is constrained by mechanical characteristics, particularly the torque sensor stiffness, the increase of which enables to decrease the temperature in steady operation. Two design are presented with a aim of highlighting the interaction between torque sensor stiffness and motor inertia about the design.

Introduction

Permanent magnet synchronous motors are widely applied in industrial and robotic applications due to their high efficiency, low inertia and high torque-to-volume ratio. Motor design often requires the use of optimisation software because of the significant number of parameters so as to obtain a solution matching the required specifications. This paper presents a global approach for the design of permanent magnet synchronous motors which enables to obtain easily a solution without needing to use optimisation software. For this purpose, a data-processing program based on an analytical and thermal model has been developed. Operational requirements such as outside sizes, motor inertia, heating in steady operation are related to geometric and electromagnetic characteristics. For that, program makes a link between the mechanical, magnetic, electric and thermal characteristics of the motor with respect to specifications requirements. A field calculation code called EFCAD [START_REF]EFCAD[END_REF] based on the finite element method has been used to compute the electromagnetic characteristics of the motor; this stage enables to validate the analytical sizing design. A another aim of this paper is to study the interaction between the characteristics of mechanical system and motor design, particularly the motor inertia versus the stiffness of torque sensor. Various designs with different stiffness are presented with an aim of highlighting this interaction and the benefit in terms of heating and motor manufacturing are shown.

Design procedure

A Presentation of the mechanical system

The considered mechanical system includes electrical motor coupled with mechanical speed reducer, such as a belt or a gear, which is connected with a shaft. A torque sensor is used, as for many applications in which the applied torque has to be measured for control; this sensor is characterised by its stiffness (K). We can considered the system represented by the equivalent transfer function with motor inertia brought back to the wheel Jm (Figure 1).
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Figure 1 Diagram and transfer function

With v wheel angle, m motor angle brought back to the wheel,  deflexion of torque sensor, C input torque, Jv wheel inertia, Cres load torque, Cm electrical torque, Jm motor inertia brought back to the wheel, K stiffness of torque sensor, Fobs oscillation frequency.

Transfer function is described from with equations of the mechanical system.
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In open loop, transfer function is calculated while taking electromagnetic torque equals to zero and while considering that the load torque varies slowly in front of torque.
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We obtain system oscillating not deadened. Oscillation frequency is given by :
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For a given oscillation frequency, the increase of the stiffness sensor enables to increase the motor inertia. We will see in another part the consequences about motor design. We can notice the expression of inertia defined from with expression above.
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B Specifications and data to motor design

A data-processing program based on analytical models enables to design the motor [START_REF] Calegari | Slemon electric Machines and drives[END_REF]. This one is defined from the expression of the electromagnetic torque developed by the interaction between permanent magnet field and currents. Considering the law of conservation of field lead to analytical expressions relating different parameters (number of poles, flux density of magnet…) to size of the machine. The design objective is to relate the operational requirements of motor to its dimensions. Each data can be gathered in several groups which are related to outside sizes, technological standards or to the minimisation of pulsating torque. Design techniques have been proposed in literature for minimising the generation of cogging and ripple torque in sinusoidal PMAC motor drives [START_REF] Miller | Brushless Permanent Magnet and Reluctance Motor Drives[END_REF][START_REF] Thomas | Pulsating Torque Minimisation Techniques for Permanent Magnet AC Motor Drives-A Review[END_REF]. These techniques such as skewing slots, or shifting magnets are not taken into account in this design procedure because it is difficult and not precise enough to make an analytical study of the air gap induction waveform and the cogging torque. We recall briefly, the pulsating torque in a permanent magnet synchronous motors (PMSM).  Cogging torque caused by the interaction of permanent magnet field and stator slotting which produces reluctance variations with the rotor position and it is independent of the stator current. The periods of the variation of the magnetic energy during a rotation is defined by PPCM (lowest common multiple) of (Q, 2p) with 2p is the numbers of poles and Q is the numbers of slots.

 Ripple torque due to the non ideal distribution of flux density in the air-gap. The torque oscillations are given by the interaction between the fundamental current harmonic and the emf. harmonics. Classically, the interaction between the fundamental current harmonic and the emf. harmonics of fifth (eleventh) and seventh (thirteenth) order produces a torque harmonic component of sixth order (twelfth).

Design objective is to relate the operational requirements of motor to its dimensions. A field calculation code is used to validate the sizing design. After this stage, it is possible to apply design techniques to minimise the pulsating torque by means of field calculation. But, some techniques can be directly used in design procedure [START_REF] Carlson | Torque ripple attenuation in permanent magnet synchronous motor[END_REF][START_REF] Li | Reduction of cogging torque in permanent magnets motors[END_REF] such as magnet width, effect of tooth/slot ratio, number of slots…. In fact, we can determined the number of slots according to the origin of torque oscillations which we want to reduce. To reduce cogging torque, we can used fractional slot (increase its frequency, decrease its amplitude and so make it less objectionable). For example, for Q = 21 and p = 4, the first harmonic of cogging is 168 th order instead of 24 th order with Q=24 and p=4. This choice can be also determined following the stator electrical winding types (short pitched windings, fractional slot pitch) to minimise ripple torque. But in this article, we consider one slot per pole and per phase. Now, we present the different data used.

 Sizes related to the specifications

Jm motor inertia related to oscillation frequency of mechanical system and to the acceleration capability, ry yoke radius related to outside sizes, lr rotor length related to outside sizes, m mechanical speed enables to determine the numbers of conductors per slot so as to obtain the motor adaptation with respect to the supply voltage. lm magnet length we can chose to take the minimum value of magnet length for economic reasons related to the cost of the magnets. This value is calculated from with criterion for magnet protection. Moreover, in the synchronous motor with surface-mounted PM without polar parts, the synchronous inductance is weak to see very weak. This data can be also used to increase the synchronous inductance by reduction of the magnetic air-gap. This criterion is important to diminish the current oscillation due to the PWM which is function of the synchronous inductance, the bus voltage and the PWM switching frequency.

 Technological sizes standards kw winding factor depends of winding distribution (short pitched windings, fractional slot pitch…), kr space factor (between 0.4 and 0.6), By yoke density is chosen in the range 1.4-1.6 T, Br residual flux density, this value decreases with the increase of temperature.

 Sizes related to the minimisation of pulsating torque  magnet arc influences directly the air gap induction waveform and hence its choice is important in order to minimise the harmonic contents of emf and/or cogging torque [START_REF] Carlson | Torque ripple attenuation in permanent magnet synchronous motor[END_REF]. The motor designed, has NdFeB magnets attached to the rotor surface. These magnets have parallel magnetisation. In the case of motors with sinusoidal distributed induction it is important to reduce the fifth and seventh emf. harmonics. With a magnet arc of 150° these harmonics are reduced. With this magnet dimension and sinusoidal current the sixth harmonic of the electric torque is cancelled. We can also reduced the first order harmonic of cogging torque with adequate magnet arc. Wsps represents the ratio of tooth and slot. With equal tooth and slot width we obtain a reduction of cogging torque [START_REF] Li | Reduction of cogging torque in permanent magnets motors[END_REF].

 Sizes to be modified during a design

T (N.m) electrical torque p number of poles

These requirements enable to obtain easily a solution without needing to use optimisation software with respect to the specifics requirements.

C. Analytical model

In this section, we present some design relationships for sinusoidal fed PM motors. Permanent magnets motors using Neodymium-Iron-Boron (NdFeB) magnets are particularly well suited for high performance. NdFeB magnet is defined by Br residual flux density and r relative permeability of the magnet. The stator windings are assumed to be nearly sinusoidal distributed. From expression of the electromagnetic torque developed by the interaction of permanent magnet field and currents and considering the law of conservation of field, it is possible to determine the analytical expressions of the motor relating different parameters (number of poles, flux density of magnet…) to size of the machine (Figure 2). The definition of variable used are defined in Appendix. 
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The value of the linear current density (Ks) is constrained by the ability of the cooling system to conduct away the heat produced in the stator. The maximum value of the fundamental space component of the air gap flux density due to the magnet (B1g,) is constrained by the magnet properties and dimensions and also by saturation in the stator teeth.

Ignoring leakage, the maximum flux in the yoke is half the flux in each magnet and considering the law of conservation of field, the yoke thickness can be chosen to give an appropriate maximum flux density. The flux density can be varied to adjust core losses :

By Bg p s r dy   (6)
The minimum value on the air gap length is set by mechanical constraints. It may be preferable to use a gap length of about 1 mm for an easy insertion of magnetised rotor into a stator. In many designs, the rotor may be modelled approximately as a solid cylinder, with the iron density. The polar moment of motor inertia is then approximated by: 2 4 
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The radial thickness of the magnet to achieve given gap flux density is given by :

1   Bg Br r lm  (8)
The power loss in the stator winding can be expressed as: 1 By f a P core  (11) with a is the core loss at 50 Hz and 1 T (data manufacturing), f mechanical frequency.

D. Thermal model

As the thermal behaviour is of great importance in motor design, a simplified steady state thermal model has been developed in order to take account of the capability of the cooling system to draw out power losses without exceeding the temperature limits of the machine materials. A simplified thermal will be presented here (Figure 3) [START_REF] Gasc | Design to modeling of Permanent Magnet Motors[END_REF][START_REF] Gasc | Modeling of non sinusoidal Permanent magnet synchronous machines with the aim of control[END_REF], which includes the losses in the slot winding and the end winding (P2), in the rotor iron (P1) and in the stator iron (P3). Thermal resistance characterise the conduction of rotor iron (R1), the slot copper (R4), the bottom slot insulation (R5), the stator iron (R6, R7), between the stator iron and the external air (R8), between the rotor iron and the external air (R2) and in the air gap (R3). The expression of thermal resistance are given in Appendix 2.

To simplify the study some simplifications are made:



The thermal flow from the end winding copper and external air is neglected.



The thermal resistance between end winding copper and the slot copper is considered equal zero, so the global copper losses has to be considered (slot copper and end winding copper). Temperature rise in steady state operation is given by the product of the global thermal resistance and the power loss in the stator winding :

Rth Pcu T   (12)
T heating in steady operation, Rth Global thermal resistance of thermal model.

D. Resolution of design model

The motor analysis detailed in the previous sections allows the motor design to be reduced to the solution of a system of a algebraic equations. They specify the PM material, define the desired torque, impose the magnetic and thermal stress.

For the sample example design presented in this paper the following data are assumed to be fixed :

PM characteristics :

Br=1.15 T, r=1.05, -0.1%/C° of Br.

Motor : speed 1000 rpm, length 150 mm, yoke radius 100 mm.

Magnetic and thermal stress :

Yoke flux density 1.5 T, ambient temperature 80°C.

Mechanical characteristics :

Wheel inertia 0.03 kgm 2 , oscillation frequency 15 Hz, initial value of stiffness of torque sensor 150 Nm/rad.

The design consists therefore in evaluating three variables rs, Ks, Jc all other variables being related to these one through the prefixed data and equations given previously.

From with analytical and thermal model, the requirements specifications, we can establish equations system. 
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Rth

Temperature rise in steady operation

The first equation gives the rotor radius with respect to inertia motor and rotor length. For a given torque and a given temperature rise at steady operation, two following expressions enables to calculate the value of the linear current density which represents the ability of the cooling system to conduct away the heat produced in the stator. The solution gives the value of three unknown variables of brushless motor that simultaneous fulfilles the required performance and do not exceed the imposed thermal and magnetic limits. Finally, by means of electromagnetic and thermal model combined with the required specifications, we can establish an equation system which enables to obtain a solution without needing to use any optimisation software. Such an exploitation is illustrated below in the paper so as to study the influence of shaft stiffness.

E. Field calculation and machine adaptation with respect to the supply voltage and the speed range

A field calculation code called EFCAD based on the finite element method has been used to compute the electromagnetic characteristics and the waveforms of the motor. The rotor motion is taken into account by means of the moving band technique. This stage is based on the numerical resolution of the Maxwell's and the electromagnetic characteristics such as: flux, inductance, cogging torque are determined. The design is based on the torque and determines the total current in the slot which is the product of the area current density, of the space factor and slot surface. The design must be finally supplemented by calculating the number of conductors per slot, so as to obtain the machine adaptation with respect to the supply voltage and the speed range. In this way, number of conductor will be calculated compared with the DC voltage source, PWM and the speed required [9]. All the magnetic and electromagnetic characteristics such as synchronous inductance L or stator resistance per phase (R) computed by FEA are given with respect to one conductor per slot and per phase.

L = ne 2 L0, R = ne 2 R0, 0 = ne  (13) 
with X0 electromagnetic characteristics computed by FEA to one conductor per slot and per phase and ne number of stator conductor per phase. The maximum torque is to be maintained up to a mechanical speed (rad/s), and the maximum available rms. voltage is Vsm, the required number of stator conductor per phase may be found using : 

Influence torque sensor stiffness about design

In this part, we show the coupling between torque sensor stiffness and motor design. Two designs with different stiffness are presented with the aim of highlighting this coupling and the consequences of increasing motor inertia on design. This one is limited to the cost of sensor and for too significant values, ( 4) is not valid. Motor design characteristics are given in Appendix 2. For a given oscillation frequency, increasing stiffness of fifty percent makes it possible to multiply motor inertia by 4.2. 5) is calculated with motor inertia corresponding to K=150 Nm/rad and Design 2 (Figure 6) with K=225 Nm/rad (an increase of about fifty percent). We can see the significant difference of machine structure.

In the first design, we can notice a significant slot depth; such a structure can raise some technological problems such as manufacturing or winding stator. For a given torque and heating in steady operation, the use of forced cooling enables to increase current density and thus decrease slot depth. But this solution increases outer diameter. On another hand, for a given set of specifications (outer sizes, electromagnetic torque and inertia motor), the increase of rotor radius by means of stiffness enables to decrease slot depth (Figure 6), bringing an improvement to problems related to manufacturing. Between the two presented designs, the modifications bear on the average between magnet temperature and that of winding stator (reduction of ten eight percent between Design No1 and No2), slot depth. (reduction of forty four percent), rotor radius (increase of forty three percent). We can notice that the efficiency of the second design is higher of the first design (reduction of thirty percent between heat loss in the stator and that of core losses.

As the overtemperature of the second motor is lower than the first motor for the same geometry we can increase the area current density and so the electromagnetic torque. For a given torque and outside sizes, the winding stator and magnet temperature have been calculated for motor inertia corresponding to different stiffness (Figure 7). We can notice how heating decreases as stiffness increases. 

Conclusions

In a first part, we present a global approach for the design of permanent magnet synchronous motors. Finite Element Analysis is used to validate the sizing design. The methodology is based on a analytical model related to requirements such as outside sizes, motor inertia, heating in steady operation and minimisation of torque oscillations. These requirements combined with the analytical models enable to obtain a determined solution without using any optimisation software. Then, for a mechanical system used for torque assistance, we show how motor design is constrained by mechanical system characteristics and specially shaft stiffness linked to torque sensor. This constraint is defined by the interaction between torque sensor stiffness used in mechanical system and motor inertia. For given torque and requirements, increasing the stiffness enables to obtain a structure with less technological manufacturing problems. In the same way, rotor radius increase enables to decrease the slot depth and heating in steady operation, which can avoid the need of using a forced cooling. 
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Figure 2

 2 Figure 2 Cross section of PM motorElectrical torque can be expressed as :

  The area current density and it is related to the linear current density by: total heat loss in the stator, an estimation is required of the core losses. It can be approximated over a reasonable range of flux density and frequency by the expression [

Figure 3

 3 Figure 3 Thermal model

Figure 4

 4 Figure 4 Motor inertia function of the stiffness Design 1 (Figure5) is calculated with motor inertia corresponding to K=150 Nm/rad and Design 2 (Figure6) with K=225 Nm/rad (an increase of about fifty percent). We can see the significant difference of machine structure. In the first design, we can notice a significant slot depth; such a structure can raise some technological problems such as manufacturing or winding stator. For a given torque and heating in steady operation, the use of forced cooling enables to increase current density and thus decrease slot depth. But this solution increases outer diameter. On another hand, for a given set of specifications (outer sizes, electromagnetic torque and inertia motor), the increase of rotor radius by means of stiffness enables to decrease slot depth (Figure6), bringing an improvement to problems related to manufacturing. Between the two presented designs, the modifications bear on the average between magnet temperature and that of winding stator (reduction of ten eight percent between Design No1 and No2), slot depth. (reduction of forty four percent), rotor radius (increase of forty three percent). We can notice that the efficiency of the second design is higher of the first design (reduction of thirty percent between heat loss in the stator and that of core losses. As the overtemperature of the second motor is lower than the first motor for the same geometry we can increase the area current density and so the electromagnetic torque.
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 45 Figure 4 Motor inertia function of the stiffness

Figure 6

 6 Figure 6 Design No 2 with motor inertia calculated from with stiffness equals to 225 Nm/rad.

Figure 7

 7 Figure 7 Winding and magnet temperature function of the stiffness

  With h Thermal transmission coefficient, S Total external surface, e Insulation thickness,  Copper conductivity factor, i Insulation conductivity factor, core Sheet steel conductivity factor.

Appendix

Nomenclature

Br

Residual flux density (T)