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Abstract— This paper presents a model of permanent magnet synchronous
motors including motor losses and machine saliency. Base on this model, a
maximum efficiency control algorithm is proposed for various types of PM
motors. The efficiency is greatly improved by this control method. The
efficiency characteristics are affected by the machine saliency which depends
on rotor configuration and permanent magnets arrangement. The efficiency
characteristics are examined in detail by the computer simulations and experi-
mental results. A determination of the machine parameters is also described.

1. Introduction

Permanent magnet (PM) synchronous motors are showing increasing popularity in
recent years for industrial drive applications. Since the lack of slip rings loss,
brushes and field winding loss, the PM motor can offer significant efficiency advan-
tages over induction and DC machines in adjustable-speed drives. Although the PM
motor has inherently high efficiency, the efficiency depends on the control methods
and the machine saliency. In addition, with the compact and slim rotor construction,
very high-speed PM motors are easily designed. Since the operating speed and
frequencies are high, core losses become very large and the efficiency grows worse?.
Many PM motors are controlled by an i; =0 control method, where the direct axis
component of the armature current is not exist. This control method commonly used,
because of its avoiding a demagnetizing action for the permanent magnets and linear
relationship between armature current and torque. This control method, however,
does not minimize the copper loss and the core loss. The recent development of the
permanent magnets has brought materials with high coercivity and residual magnet-
ism. Several current vector control methods are investigated to improve the perfor-
mance of the PM motor by actively controlling the d-axis current?. The performance
characteristics are also affected by the machine saliency which depends on rotor
configuration and permanent magnets arrangement®~®. This paper investigates the
influence of the motor saliency and control methods on their efficiency characteristics.
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2. Modeling of PM Motors
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Fig. 1. d- and g-axis equivalent circuits of PM motor.

Fig. 1 shows the d- and g-axis equiValent circuits in the synchronously rotating
reference frame, which include the effects of motor losses®. All the parameters of
this model are presented in per unit form expréssion. The major electrical losses in
PM motors are the stator copper loss and the core loss. The copper loss is represent-
ed by resistance R, and the core loss is represented by the shunt resistance R.. The
basic equations of the PM motor are then written as follows

Vd iod Vod
=R, +(1+R./R.) 1
Vq ioq Voq
Vod 0 - &)de iod 0
= ' + . (2)
qu G)Xd 0 ioq G)Eo
where,

foa =ig—icq, loq=lq—icq

4, iq: d- and g-axis components of armature current
ica, icq: d- and g-axis components of the core loss current
vy, Vq: d- and g-axis components of armature voltage
X4, Xg: d- and g-axis reactances

p: salient coefficient(=X,/Xa)
o Oopen circuit voltage at rated speed
a: Stator winding resistance per phase
: core loss resistance
: electrical angular velocity.
The armature current I, the terminal voltage V, and the torque T are expressed

as follows

eEU'FUm

L= W ' 9)
Vo= (Rals— @Xaloa) T (Ralat @(EoT Xalod)] S (4)

T= {E;+(1—p)Xaioa} ioq- (5)
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In torque equation (5); the first term represents the magnet torque and the second
term is recognized as the reluctance torque. :

The copper loss W, the core loss Wy, the total electrical losses Wy and the
efficiency # are expressed as follows

Wew = Ra(ia> +i0?) =Rala? (6)
W, _(= wé(:ioqy n w?E, ; chiod)2 0
Wo=We+Wee ‘ ‘ 8)
7 =ﬁ'TfWTX 100(%). o . )

3. Various Rotor Configurations

The PM motor has various rotor configurations and permanent magnet geome-
tries. The PM motor can be classified according to the salient coefficient p, which
is the ratio of d- and g-axis reactance (p=X,/Xq). Fig. 2 shows the typical rotor
configurations. In the surface permanent magnet (SPM) motor (Fig.1 (a), (b)), the
magnets may be placed on the surface of the rotor. In the interior permanent magnet
(IPM) motor (Fig.1(c)), the magnets are buried within the rotor core. As a relative

772 Permanent Magnet
P pe

O

272

(a) p<1 ’ (b) p=1 (c) p>1

Fig.2. Cross section of PM motors.
((a), (b) : SPM machine, (c) : IPM machine)
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permeability of the permanent magnet is very nearly unity, the magnet 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.1 (b) is a nonsalient type
machine (p =1). On the other hand, the interior PM motor is a contrary salient type
machine (p>1).

4, Maximum Efficiency Control Algorithm

The efficiency can be improved more higher by actively controlling the d-axis
current to minimize the total losses. The maximum efficiency control algorithm is
found by differentiating the total losses W, with respect to ioq.

i - G)ZXdEo(Ra + Rc) . (10)
od RﬁRc2+ wZXdZ(Ra +Rc)

(for the nonsalient pole PM motor : p=1)

To=_{RaRe%ioq +(Ra +R)Xaios + Eo)Xaw?} {Eo+(1~p)Xaloa)’

{Ra+Ro)w*p*Xa*+RaRe?} (1—p)Xq a

(for the salient pole and contrary salient pole PM motor : p#1)
The current i,, is given as
T

foa= B, +(1—p)Xaloa] - (@)

In practical control, the armature currents iy and i, are necessary.

idziod_'&l}ém, iq=iuq+ﬂ§’g—cxdl°ﬂl 13

5. Losses and Efficiency

The parameter values for simulations are listed in table 1. The simulated motor
is a contrary salient pole PM motor with p=2.

Table 1. Parameters for simulations.

Eo Xd p Ra Rc
0.6 0.4 2 | 0.069 14

The core loss becomes dominant at high speeds. Fig. 3 shows the efficiency versus
speed chracteristics at rated torque by the iy =0 control method and the maximum
efficiency control method. In the conventional iy=0 control, d-axis current i4 is
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Fig. 3. Comparative performance of PM motor at rated torque(T=100%).

Speed o [pu}

always kept zero. The copper loss remains relatively constant due to the constant
torque. The core loss Wy, which is proportion to voltage squared, increases signifi-
cantly as the speed increases. Therefore, the efficiency becomes lower as increasing
speed. On the other hand, d- and g-axis currents are controiled by Egs. (11)—(13) in
the maximum efficiency control. As the reluctance torque contributes to the total
torque by the maximum efficiency control, the torque per I, is larger and copper loss
per torque becomes smaller than that of the i,=0 control method. In addition, the
core loss becomes smaller since the terminal voltage is reduced by the d-axis
armature reaction. At high speeds, the d-axis armature reaction reduces the core loss
significanty then the efficiency is improved remarkably.

Fig. 4 shows efficiency and loss versus rotor saliency at rated speed and rated
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Fig. 4. Efficiency and loss versus machine saliency
characteristics at rated speed and rated torque.
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torque. The efficiency and core loss of the is=0 control method is greatly dependent
on the motor saliency. Those of the maximum efficiency control method, however,
independent on the motor saliency and remains nearly constant value. For the iy=
0 control, due to large g-axis armature reaction, the efficiency decreases with
increasing saliency p. Fig. 5 shows the simulation results at high speed (e =200%)
and 50% torque. The more significant effect is obtained by the maximum efficiency
control.

— : Maximum efficiency control
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Fig. 5. Efficiency and loss versus machine saliency
characteristics at 200% speed and 50% torque.’

6. Determination of Parameters

Fig. 6 shows the scheme of the control system and measuring equipments. The

Microprocessor (i308¢) DC Input

¢ §Vector "‘%

Control Digital
' iv. Curcent Cireuits Power Toraue » Load
Maxiaus ¢ 1 |Rotator [—) ]
id . ¢ ¢ | Controller and Neter Betector

| Efficiency iv
Algoritha :

MNOSFPET
Inverter

Digital
Torque

Rotor Angle 6r Encoder

Up/Down
Counter

wr | Speed : :
Detector Open Circuit Test

Fig. 6. Control system and measuring equipment.

Meter

iv, iv, ivw
Current Feedback
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equivalent circuit parameters for the PM motor can be determined by appropriate
laboratory tests. The relationships between real unit and per unit are

Y2a=E, V7, Ls= X Va'/TF, L= Xanr/Ira
where, © represents rated values. ’

The stator resistance R, should be measured immediately by means of a DC bridge
after the heat-run operation. The stator windings are Y-connected, then half of the
average line-to-line resistance gives Ra.

The PM motor is driven by a induction motor for open circuit condition. Measure-
ment of the open circuit voltage determines the value of the flux linkage ..

Fig. 7 shows the torque versus speed characteristics under open circuit condition.
The core loss resistance is evaluated by measuring the torque required to drive the
PM motor as generator. The equivalent circuit model indicates that the armature
current is zero and the power dissipated in the core loss resistance and friction is
@ * Tmec+Vo2/Re. The friction torque Tyue. may be regarded as constant. The shaft

torque will therefore be proportional @ and the slope of the speed-torque characteris-
tics is R..

20

O : Measured

-—
o

T [N.cm]

10

Torque
3,

0 500 1000 1500 - 2000
Speed Nr [rpm] !
Fig. 7. Torque versus speed at open circuit test.
The d- and g-axis inductance may be calculated at any operating point through the

following expressions obtained by the stator voltage equations which neglect the R..
These measured inductances include the effect of the stator leakage inductances.

Ld=V9—Raig-_(D%:a (14) : Lq= Rﬂid ._Vg (15)
@1y @1q

The measured parameter values for the tested machine are listed in the table 2.
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Table 2. Specifications and measured parameters of tested PM motor.

Output(W) 400
Rated speed (r/min) 1000
Rated current(A/rms) 5.0
Poles 4
Ra(Q) 0.98
R.(Q) 400
Y2 (WD) 0.26
La(mH) 9.09
L.(mH) 18.1
Tmec(Nm) 0.052

7. Experimental Results

The control system consists of the speed and current controllers, current sensors,
optical encoder and a voltage source MOSFET inverter as shown in Fig. 6. The
g-axis armature current command i,* (* represents the commanded value) is calcu-
lated by the proportional-integral (PI) compensation from the difference between the
speed command «.* and the detected speed w.. The d-axis armature current com-
mand i4* is calculated by the foregoing maximum efficiency algorithm.

Fig. 8 shows the experimental characteristics of the maximum efficiency control

-@- .- 8- Maximum efficiency control
-r-~-{1-: id =0 control

100+ 1 200
T =100%
30 =
g 150 .
= 80 =
1))
? 100 o
o 70 3
.8 -
& 50
= 60 ,/ —— , ---- : Simulated ;5
O.,@,0,m : Measured
50

0 50 100 150
Speed © [%]

Fig. 8. Experimental efficiency and losses versus
speed characteristics at rated torque.
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and the i, =0 control at rated torque. Due to the low operating speed, the efficiency
is improved mostly by the reluctance torque. The experimental results agree well
with the theoretical ones.

Fig. 9 shows the experimental efficiency characteristics at rated speed. At large
torque, the measured efficiency is somewhat lower than the simulation results. One
possible reason of this difference is the magnetic saturation. Although the core loss-
in the tested PM motor is a less significant, as reflected in the core loss resistance
R., the improvement of the efficiency is confirmed.

-@- ,-B-: Maximum efficiency control
-}~ id =0 control

——, ---- : Simulated
O,@®, (0,M: Measured
100, © =100% . 200
n /] =
= X/ ~8< S 4150
& sol g/j,_ ~ =
> : w0
) y 41100 §
% 70+ n; S
= 7 —_
b WL | )
= 50 50 g
50 - 1
1] 50 100 150

Torque T [%]

Fig. 9. Experimental efficiency and losses versus
torque characteristics at rated speed.

8. Conclusion

The d-q axis model of the PM motor considering motor saliency and losses is
sufficient for accurate modeling of the PM motors. The proposed maximum effi-
ciency control is suitable various type of PM motors, not only for the surface magnet
PM motor, but also for the interior magnet PM motor. The efficiency is improved
significantly by the maximum efficiency control method compared with the iz=0
control method. The efficiency of the i;=0 control method is greatly dependent on
the motor saliency. In contrast, the efficiency of the maximum efficiency control
method independents on the motor saliency. Machines with large machine saliency
p and small R, more greatly effect can be obtained.
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