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  The steady-state performance of permanent magnet synchronous (PM)
motors can be modelled by the d-q axis equivalent circuit, which include the

effect of the stator copper loss and core loss. For constant torque or constant

speed operation, the efficiency of the PM motor depends on the current vector

control methods and the rotor geometry.
  In this paper, the efficiency of the PM motor for various current vector
control methods and the rotor geometries are examined. Under the inverter
restrictions, flux-weakening control is very useful to extend the operating
speed range. The efficiency of flux-weakening control is also examined.

1. Introduction

  Permanent magnet synchronous motors are widely used in industrial applications

such as machine tools, robotics, actuators and electric vehicles. The PM motor

always operates at synchronous speed and therefore does not have slip losses

inherently as induction motor drives. In addition, since the field excitation in the PM

motor is provided by permanent magnets, the PM motor does not have a field

winding loss.

  Although the PM motor generally offers high efficiency and high power factor

compared with an induction or conventional DC machine in adjustable-speed drives,

the efficiency of the PM motor depends on the control methods and the rotor

geometry. TQ perform the low cost operations of the PM motor driving system, the

analysis and examination of the efficiency are important.

  The PM motor have various geometries of the rotor. The PM motors can be

classified according to the salient coefficient p, which is d- and q-axis inductance

ratio (p =Lq/Ld). The typical rotor geometries are shown in Fig. 1. In the surface

permanent magnet motor (Fig. 1 (a), fo)), magnets may be placed on the surface of
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Fig.1 Cross sections of PM motors. (a) Surface (p<1). (b) Surface (p==1), (c) Interior

      (p>1).

the rotor. In the interior permanent magnet motor (Fig. 1 (c)), magnets are buried

within the rotor core. As a relative permeability of a permanent magnet is very

nearly unity, the magriet space behaves like an air. Therefore, the PM motor shown

in Fig. 1 (a) is a salient type machine (p <1), and the surface PM motor shown in Fig.

1fo) is a non-salient type machine lp =1). On the other hand, the interior PM motor

is a contrary salient type machine (p >1).

  The purpose of this paper is to examine the efficiency characteristics of the PM

motor controlled by the various current vector control methods considering the

saliency of the machine.

2. Basic Equations and Equiva.lent Models

  For the steady state operation, Fig. 2 shows the equivalent circuits including

saliency of the machine in the synchronously rotating reference frame, where all the

parameters are given in the per-unit expression.i) The basic equations of the PM

motor are derived from above d-q equivalent circuits.

[tz] - R. [i.:] +a [tlg ]
(1)

[llkg] =[.Ox, -WoPXi' ] [l,d]'[-OEb]
(2)

                      1
       T==h {El,cos,Cig+ 2 (p-!)XLt4sin2Pb}

       P=fo
       id=-lhsinJ(3b, iq :lhcosPb

where

w : speed

(3)

(4)
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Fig. 2

(b) q-axis equivalent circuit.

  Equivalent circuits of PM motor.

Eb:

&:
Po :

Ra:

Rc :

a=
G:
Vb:

L:
T:
P:

open circuit voltage at unity speed

direct axis reactance at unity speed

leading angle of armature current

stator winding resistance per phase

core loss resistance

1+Ra/Rc: loss parameter ,
armature current per phase

direct axis component of armature voltage

quadrature axis component of armature voltage

output torque

output power

  These equations will be presented in their per unit form with base values of

voltage, current and speed chosen as the rated values.

  In the torque Equation (3), the first term represents the magnet torque and the

second term can be recognized as the reluctance toruque.

  The major contributor to electrical losses in the PM motor derives from two

sources. The one is the stator copper loss and the other is the core Ioss.

  These losses are presented by the resistances in the d-q equivalent circuit shown

in Fig. 2. The core loss in the machine is accounted by the shunt resistance R,. The

voltage 1i;, that appears across this resistance corresponds to the stator flux-linkage,

which induces the core loss. The copper loss and the core loss as well as the

efficiency can be expressed in terms of the equivalent-circuit parameters

U' :u= Ra (id+ I71cd/Rc)2 + Ra(ig+ Vleq/Rc)2 (5)
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WF.= V]Cd2 + T';cq2= L2

Rc Rc Rc
(6)

P
ij=
   P+ VV'1 u+ WFe

× 100(%) (7)

3. Current Vector Controls and Effiiency

  Figure 3. shows the scheme of the current phase control system. The system

consists of a voltage source PWM inverter, rotor position sensor, current sensors,

speed and current controllers. The current phase IZ7 is ¢ontrolled according to the

armature current command i'. The relationship between Po and i" is decided by the

various current phase control methods.

  In practical control, the relationships between the input current magnitude and its

phase Pb are necessary. Since the core loss current components icd, icq are very small,

it is no problem that the core loss resistance can be neglected at this stage of control

method derivation.'

3.1. Current Phase Control Methods2-`)

  In this paper the following ,current phase control methods are examined.

(1) id = O control method
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Fig. 3 Scheme of current phase control system.
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   Many PM motor drives are operated by this control method, where the direct

   axis component of the armature current is not exist. This contro! method is

   becoming of general use, because of its avoi'ding a demagnetizing action for the

   permanent magnet. The terminal voltage of the motor increases with load by the

       --   q-axls armature reactlon.

(2) Constant flux-linkage control method

   By controlling the current phase 6b according to the armature current, then the

   flux-linkage can be kept constant. The relationship between the armature

   current and its phase is given as follows by the condition of I4,/(o Eb)=1.0

X3o=sin'i
a- Eb2-(1-p2)(pXkza)2
(1-p2)Xalh

(8)

(3) Maximum torque-per-Amp control method

   Using the reluctance torque, the motor can be operated at the maximum

   attainable torque per stator current. The relation between the current magni-

   tude 4 and its phase X3b can be obtained from dT/(ibb=O and d2T/da2<O.

Xi) == sin'i
'Eb+ Eb2+8(p-1)2(Xb4)2

4(p - 1) Xlrh
(9)

3.2. Losses and Efficiency

  To examine the efficiency of the above current phase control methods, there are

two ways. The one is to change the torque at constant speed, the other is to change

the speed at constant torque.

  The parameter values in per units for two type PM motors such as the salient type

and the contrary salient type machine are listed in table 1.

  Figure 4 and Fig. 5 show the efficiency for the contrary salient PM motor (p = 3)

and the salient PM motor (p = O.5) at rated speed as a function of torque.

  For the contrarv salient PM motor, as shown in Fig. 4, the terminal current and

voltage increase rapidly as load torque increases in the id=O control method.

Therefore, the copper loss and core loss become large. The operation of the constant

flux-linkage control requires flux-weakening technique, which reduce the air gap

flux by the negative d-axis current to hold the flux-linkage constant. This method

requires excessive flux-weakening current, therefore greater copper loss yields than

id=O contrQl method. The maximum torque-per-Amp control method minimizes the

copper loss. This control method yields the higher efficiency at large torque opera-

tion than the other control methods.

  The efficiency for the salient type PM motor (I) ==O.5) are shown in Fig. 5. As

contrasted with the contrary salient type PM motor, the id=O control method yields

the high efficiency.

  The core loss becomes dominant as the speed increases since the hysteresis loss is

in proportion roughly to the input voltage frequency and the eddy current loss is in



'

34 Yi TONG, Shigeo MORIMOTO, Yoji TAKEDA & Takao HIRASA

          Table 1 Parameters for simulation.

Parameter Contrarysalient Salient

p 3.0 O.5

a O.5 O.83

X. O.26 O.7

Ra O.1

Rc 15

                             O id=O
                       ----"'@ Constant flux-linkage
              ee･-- 1.0 ---- @ Maximum torque-per-Amp 100
              :t:to,s re'-4. ------------ so :'
                                   - -.                                     --s-- "              ESSO.6 S}' 60.
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    Fig. 4 Efficiency for contrary salient type PM motor at rated speed (p=3.0).
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        Fig. 5 Efficiency for salient type PM motor at rated speed (p=O.5).

proportion to frequency squared. To operate the pM motor at higher efficiency over

a wide speed range, the field weakening is required at higher speeds to reduce the

core loss.

  Figure 6 illustrates the efficiency for the contrary salient type motor at the rated

torque. The id=O control method does not provide any field weakening effect,

therefore the excessive core loss yields. The constant flux-linkage control method

keeps the voltage Ti;, for constant So that this method offers a greater overspeed

operation at high efficiencY.. At low speed, the core loss is less significant and a good
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Efficiency for contrary salient type PM motor at rated torque (p= 3.0).
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 Efficiency for salient type PM motor at rated torque (p :O.5).

   is the maximum torque-per-Amp control method. At higher

than the constant flux-linkage method.

  type PM motor, the constant flux-linkage control method has a

  that this control method nearly approximates the id :O control

  ' torque-per-Amp control method has relatively lower effi-

       voltage increases with the positive magnetization current.

         method
speeds, this method does not provide the large field weakening and allows somewhat

         salient

            so

            maxlmum
         the terminal

                4. Efficiency in Flux-weakening Operation

  The motor reactance and EMF are all proportional to the excitation frequency. As

the rotor speed increases, the motor terminal voltage approaches to the maximum

voltage of the inverter and the output power decreases. Consequently, the inverter

limitation must be taken into account at very high speed. In order to expand the

operating speed range, the flux-weakening control is very useful, which use the
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Fig. 8 Operating characteristics for id=O control and fiux-weakening control lp ==3.0).

d-axis armature reaction to reduce the air gap flux.5-8) The efficiency of flux-

weakening control can be also examined using the equivalent circuits shown in

Fig. 2.

  Figure 8 shows the operating characteristics for the id==O control and the flux-

weakening control (p=3.0). As seen in Fig. 8, it is clear that the flux-weakening

control keeps higher efficiency than the id=O control. The flux-weakening control

method significantly extends the operating speed range and improves the output

power performance over the id=O control method.

5. Conclusion

  Using a simple model of the PM motor considering the copper loss and the core

loss, the efficiency characteristic for various current vector control methods have

been examined. These investigations provide some guidance in selecting the current

vector control method for the contrary salient type and the salient type PM motor.

From simulations, the following remarkable results are obtained.

(1) The control method to achieve the high efficiency must be selected according to

   the rotor geometry.

(2) For the contrary salient type PM motor, the constant flux-linkage control
   method is comparably well suited at high speed operation.

(3) For the salient type PM motor, the id = O and the constant flux-linkage control

   methods are desirable at high speeds.

(4) The maximum torque-per-Amp control method yields high efficiency especially

   at the large torque region and is more suited to applications where fast dynamic

   performance is required.

(5) The flux-weakening contro! achieves not only wide operating speed range but

   also the high efficiency.
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