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   In this paper  we  present a  high frequency inethod  ef  sensor  eliinination  in interior per-
manent  magnet  motor  drives. Characteristics of  the  carrier  frequency component  voltage

(CFCV), from Pulse Width  Modulation (PWM) inverters, and  the  corresponding  Car-
rier  Frequenc)r Component Current (CFCC) are  st,udied  and  used  as  the  rot,or  position
information source,  Mathematical  expression  relating  the  rotor  position t,e the  CFCV,
CFCC  and  the  niotor  parameters are  deyeloped and  simplified.  It is shown  by simulation
that  the rotor  position can  be calculated  from  measured  values  of  CFCV  and  CFCC  at

appropriately  selected  inst,ants.

   Key  LVords,' CFCV,  CFCC,  assumed  rotor  position, actual  rotor  positioii

1Introduction

   The  problem  of  sensor  elimination  in perrna-
nent  magnet  moters  have been attracting  the at-

tentiQn of  many  researchers  due to the high efL
ficiency and  torque  density of  permanent  mag-

net  motors.  Interior Permanent Magnet  (IPAO
motors  have relatively  high inductance than  the

Surface Permanent  Magnet (SPM), and  can  be
usecl  for wider  field weakening  operation.  The

q-component  iriduc:tance･ is larger t.han the d-
compoiient  inductance and  hence, can  generate
reluctance  torque. Eliinination of  rotor  position
sensor  enhances  the t,orque density, increases the

reliability  and  reduce  the overall  cost  of  the drive

i2]. Many  authors  have repo;ted  on  sellsor  elim-

inat,ion methods  [2]-[61. Most of  the  reported

sensor  eliniina,tion  n)et-hods  are,  directl>, or  indi-

rect,ly, based on  estiinat,ion  of  the rotor  position
fi'orn counter  EMF.  The counter  EMF  method  is

   Corespondence  : Mengesha  Mamo,  Nagasaki IJni-
versity,  1-14  Bunkyo-Machi,  Nagasaki-852, Japan

typically valied  above  10 %  base speed,  because
of  the dificulty in estimating  the counter  EMF

at  lew speed.  Reference [6] proposed  a  current

injection inethod  for the speed  rallge  froin zero

to 10 %  base speed.  In this Tange  the  rotor  posi-
tion angle  is obtained  from  the detected voltages
induced by adding  sine  wave  slight  currents. The
recluirement  for additional  slight  AC  current  and

the  possible terque  disturbance due to the  slight

AC  curvent  are  drawbacks  of  this method.

   In this paper  the  rotor  position of  an  IP"(

motor  is i'elated  to the Carrier Frequency  Com-

ponent  Voltage (CFCV) of  the  PLVM-illverter,

the corresponding  CaTrier Frequenc}r Cempor]ent
Current (CFCC) a]id  the motor  parameters. The

rotor  position  frorr) this relation  is independent of

the roto]' speed  for high carrier  frequency. There

is neither  AC  current  source  requirement  for in-

jection nor  torque disturbaiice. Iii additio]i  to

this introduction this paper has five sect,ions.  In
section  2 t,he sc}ieine  of  the  preposed  sensor  elirri-

ination methocl  is presented. In section  3 inath-
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Fig, 1: Scheme  of £he rotor  position determina-

tion

ematica]  expression  is derived fbr the CFCV.  In

section  4 the  coordinate  axes  corresponding  to

the  actual  rotor  position and  the  assumed  rotor

position  are  explained,  ln section  5 t,he CFCV

and  CFCC  resolved  at  the  assumed  rotor  posi-

tion are  related  to the  rotor  positien. The  rotor

position calculated  from these relations  are  pre-

sented  and  discussed. The }ast section  is conclu-

sion.

2 Scheme  of  The  Rotor  Position  Deter-

   mination

   The  CFCV  and  CFCC  in the thTee phases of

motor  terminal are  measured  and  transformed  to

d-q components  at, an  assurned  rotor  position, as

shown  in Fig. 1. The  current  is differentiated

with  respect  to  time.  The  d-q voltage  and  the

diflerentiated d-q current  are  converted  to digi-

tal signa]  to be processed by a  microproces$or.

The  rotor  position and  speed  can  be output  fbr

control  and  switching.

E

'

-E
Command

Triangular
wave

(a) Switching pattern of  a  PWMinverter.

E

Va

e,ae2.

-E

     (b) Pulse form in one  switching  style

Fig. 2: Switching schemes  with  a  triangular

erence  wave

ref

3 Carrier Frequency  Component  Volt,age

   Output pulse of  a  vokage-source  PWM  in-

verter  with  the switching  triangular  wave  and  the

command  voltage  are  shown  in Fig. 2 (a). It can

be seen  that  pulse forrn of  Fig. 2 (b) is repeating

(49)
NII-Electronic

    145

Mbrary  



The Japan Society Applied Electromagnetics and Mechanics

NII-Electronic Library Service

The  JapanSociety  Applied  Electromagnetics  and  Mechanics

H ZSi AEM  #i- ?- tt-SVlol. 6, No,2  (199iV

 at the triangular wave  frequency called  the car-

 rier  fi/equency. This pulse form  is between two
consecutive  triangular wave  peaks  and  is varying
in width.  NVki can  express  thi's varying  width,  Oia
and  e2., in terms  of  the command  voltage  and

the  dc voltage  as  in equation  <la) and  equation

 (lb) [1]. Once the pulse width  is expressed  as

a  functien of  the  command  voltage  and  the dc
voltage,  we  c:an apply  Fourier series  expansion

to Fig.I (b) considering  its periodicity, .

             ei.-go-  
Uka)

 oa)

             e,. 
-g(3+

 
"E'")

 ob)

         ea=-E  0gwctgeia

           ea  =E  eiawctSe2a (2)

         ea=-E  e2aSwctST

Where, E ==  dc voltage,

   uia=  command  volt,age  w.=  carrier  frequency
in radians  per  second.

   The  Fourier series  expansion  cosine  term  of

CFCV  fundamental component  coeMcient,  Eah
can  be calculatecl  to be as  in equat,ion  (3).

          Eah - iT y[2" e. cos(e)de

                 2                        Tt.h

             =  
--Ecos(

                           ) (3)
                 T  2E

The  sine  terrn is fbund  to be zero,

   Hence, the CFCV  cosine  t,erm for phase-a,
Eah, can  be expressed  as  in equation  {4).
               2                      TUa
        eah  =  

--E
 cos(                         )cos{w,t) (4)

               z 2E

We  can  rewrite  equation  (4) as  a  sine  function,

equation  (4a), by shifting the origin  of  the eoor-

dinate a)cis z12  to the  lefi;, a]oJ]g  the w,t-axis.

               2                      TYa

        eah =  
--E

 cos(                         )sin(w.t) (4a)
               T 2E

Sirnilar approach  for phase-b and  phase-c  CFCV
results  in equations  (4b) and  (4c).

            2                  TUb

     
ebh

 
=
 
-iE

 cos(2E  sin(w,t+  a)  (4b)
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Fig. 3: [[1/iangular wave  for the three phases with

T/3  (period) phase  difference

            2                  zUc
     ech  =  

--Ecos(
            T  2E)Siii(W,t+fi) (4c)

 The  value  of  a  an  fi in equations  (4b) and  (4c)
depends  on  the triangular  wave  used  for gener-
ating  the  PWM.  If the same  triangular  wave  is
used  in all the three phases both a  and  fi are

zero.  Hence, the  CFCV  in the three  phases are  in

phase.  On  the  other  hand  if the  triangular wave

used  in the  three phases are  different and  have
some  phase difference, which  vary  with  command

frequency, it can  be shown  that  a  and  rs are  func-
tiens of  the carrier  frequency to  command  fre-

quency  ratio  [1]. Let us  censider  one  period  of

the  triangular  wave  to be T  (sec), and  the three

phases have T!3  (sec,) time shift  irrespectiye

of  cemmand  frequency, as  shown  in Fig.3. In

this case  the carrier  frequency component  yolt-

age  in the  three  phases become  120 degrees out
of  phase. IIence, eqllat,ions  (4b) and  (4c) can  be
rnodified  as  in equations  (5a) and  (5b).
          2                 TVb

    ebh  ==  
--Ecos(

                    )sin(w.t-120) (5a)
          T  2E
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4

ech =  -;Ecos(:Z'  ) sm(w,t  + 120)

Characteristics of  The  CFCV

(5b)

   The  CFCV  is inversel>, amplitude  modulated

by the  command  voltage.  That  is, the CFCV  am-

plitude varies  between  the maximllm  and  mini-

mum  two times in a  cornmand  frequency cycle,

where  the minimum  amplitude  of  the  CFCV  is

at  the maximum  of  the command  fi'equency am-

p}itude  and  vice  versa.  The  rninimum  amp}itude

depends on  the command  voltage  peak  t,o dc volt-

age  ratio.  It is zero  and  the CFCV  becornes dis-

continuous  if the  ratio  is greater or  equal  to one,

The  CFCV  is simulated  for carrier  frequency of2

kHz, eommand  frequency of  50 Hz, dc vo]tage  of

100 velts  and  cornmand  voltage  peak  of  50 volts

in Fig. 4 and  5. The  command  voltage  peak  to

dc voltage  ratio  is lf2 in Fig. 4, this is usually

the  case  in PWM  inverters. The  minimum  am-

plit,ude is more  than  60%  of  the  maximum  am-

plitude  as  can  be observed  in Fig. 4. Hence, the

variation  in the amplitude  of  the  CFCV  in one

switching  cycle'can  be neglected.  The  peak  am-

plitude of  the CFCV  is about  60%  of  dc voltage.

The  first four cycles  of  CFCV  in phase-a, -b and

-c is shown  in Fig. 5. As  can  be seen  the  CFCV

in the  three  phases  are  120 degrees out  of  phase

and  ha;ve some  amplitude  difference since  their

corresponding  command  voltage  are  at  different

instantaneous values.

5
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Fig, 4: Phase-a CFCV  and  command  voltage  in

half command  frequency cyc}e.
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Relation  of  The  CFCV  to  The  Rotor

Position

   IPM  synchronous  motors  are  characterized

by the fact that the phase inductance varies  ap-

preciably as  a  function of  the Totor  position I2].
That  is, IPM  synchronous  motor  induct･ance vari-

ation  is $imilar  to that of  a  salient  pole  syn-

chronous  motor  with  the d- and  q-axis induc-

tance reversed.  Hence, its magnetic  circuit  can

be represented  as  a  salient, pole synchronous  mo-

ter with  the d-axis corresponding  to the q-axis

   O  O.OO05  O.OOI
                    .
                   tlme,sec.

Fig. 5: CFCV  in phase-a, -b,

grees (electrical) out  ofphase.

o.oe2

and  -c are120  de-

of  the  salient  pole synchronousmotor  [3].

5.1 Tuio Coordinate Axes

   We  can  include the reter  position in a  two

quadrature  resolved  CFCV  equation  by eonsid-

ering  two  coordinate  axes,  as  shown  in Fig. 6

[ll. The  first coordinate  axis  corresponds  to  an

assumed  rotor  position, where  the  d-axis is e de-

grees from the axis  of  phase-a,  while  the other

coordinate  a(is  corresponds  to the actual  rotor

position. The  d- axis  of  the actual  rotor  position

corresponds  to the  north  pole of  the  permanent

(51)
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         Assumed  rotor

          i i
     

     
  q-a
     

     ed rotor
     n,  q-axis
     

     a axis
     

     
     r

     

Fig. 6: Two  coordinate  axes  and  an  IPM  as  a

salient  synchronous  motor

magnet  on  the rotor.  The  volt,age  and  current,

are  transformed  to d-q  components  at  the as-

surr)ed  rotor  position, equat.ions  (6a) and  (6b).

   edh =  {gLaao + Lat - ;Lg2 cos(2i)}  
dSdth

            +gL,,  sin(26)  
dSqth

 (6,)

         3 3                                diqh

   
eqh

 
=

 {ELaao +  
Lat

 +  2Lg2 COS(26)}  dt
             3                       d-idh

            +iLg2sin(2ti) dt <6b)

5.2 Mathematicag  Eupression for Rotor Posi-
    tion

   We  can  solve  equations  (6a> and  (6b) simul-

taneously for sin(26)  and  cosC2fi)  and  express  as
in equations  (7a) and  (7b), ･

cos(26)  - 
egh

 
di",h

 
-edh

 
dhd,h

 + 
(L4iLd)

 {(dig,h )2-(dkdih )2}
{LqiLd}{(dSdth)2+(diqth.)2}

                     (7a)

+  e,h  
dki,h

 
-
 (L, +  Ld)dkq,h gikliL,

   d-componentCFCV
-----q-compQnentCFCV

 60

 40

 20

go>-20-40-60
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                 tlme, sec,

Fig. 7: d-q cemponent  CFCV  have 90 degrees

phase  difference.

done on-line.  Common  microprocessors  ii]ay  not

be f'ast enough  for oll-line  calculation  of  t}iese

equations,  In t,he next  subsection  sirnplification

of  these equations  is considered.

5.3 Modtfication and  Simpltficatio7i of  the Ro-

     tor Positflon Equation

   Ifthree  triangular  waves  are  used  in the PXNTrN{

generation,  as  described in section  4, the  CFCV
resolved  in t,o two coordinat,e  cemponents  are  90
degrees out  of  phase, as  shown  on  Fig. 7. The
same  is true fbr gdft?!t and  

dhdth
 . Since the  position

of  the rutor  is required  at  inost  once  per carrier

frequency period, we  can  simplify  equations  (7a)
and  (7b) by choosing  the  instant Ed{lifkt or  gd2Et is

zero.

    
cos(26)

 
=

 (.,i
e.i,")

 ,z,,, +  :lg 
+-
 id, (8a)

                      edh

          Sin(2i)  
=

 u.,-L,}dz,, {8b)
                     2dt

Equations (8a) and  (8b) are  sirnpiified  equations

at  the instant 
dkath

 is zero.

5.4 Sirnulation

   Fig. 8 shows  the flowchart of  the simula-

tion process. Fig. 9 and  Fig. 10  show  cos(26),

sin(26)  =

XVhere Ld

the  motor.        '

tions (7)
canBy

 using

Calculation

148

edh  
deg,"

          
(LqiLd){(

 
d2d,h

 )2 +  (dizh )2}
                               (7b)
     and  Lg are  the d 

-
 q inductance of

     related  to  phase inducta.nce by equa-

    and  (8) in [3], Hellce, the  rotor  I)osition
be calculated  from  equations  (7a) and  (7b).
    Iook-up tabies  sin(6)  can  be ebtained.

      of  equations  (7a) and  (7b) is to be

<52)
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START

t ==  t+  At

  CALCULATE:eq,  q,  or
EQUATIONS:  (4a), (5b), (5c)

1

        

CALCUL

 (d-q tran
      p--L

 o.s

Aoor.o8u-e.s

-1o

T  --
i CALCULATE:  sin(2S),  cos(2

  Equation: (7a), (7b), (8a), (8ba

Fig. 9: cos(26)

electrical  cycle

  nt2S.

 in radtans

from  equation(8a)  in

a

halfmotor

[lilt=2n ?

           END

Fig. 8: Flowchartof  simulation

and  sin(2ti)  from  equations  (7a), (7b), (8a) and

(8b). Equations (8a) and  (8b) are  calculated  foT

the value  of  gtli±
iLt equal  to zero.  Hence, the  ro-

tor position available  a,t any  time is the position
that  corresponds  to the  last zero  crossing  of  the
Etgii;tLt . Otherwise the  rotor  positjon at  the  point  of

ca]cu]ation  coincides  with  that of  equations  (7a)
and  (7b), The  position error  between  two  zero

crossing  of  
d'i`th

 can  be minimized  by increased

carrier  frequency. The  motor  and  inverter pa-

rameters  used  fbr the  simulat,ion  are  given in Ap-

pendix 1.

1

o.s

 sostA

 en

to,s

-1o

Fig. 10:

electricalsin(26) cycle

    mafi.

 fadiens

from equation(8b)  in

x

half motor

6 Conclusion

   Expression is derived fbr the CFCV  in a  PWM

inverter. It is shown  by simlllation  that  the  ro-

tor position can  be calculated  from  the  expres-

sion  derived in terms of  the CFCV,  CFCC  and

motor  parameters. The  expression  is simplified

so  that it gives rotor  positions  at  appropriately

(ss)
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selected  time  intervals. The  expression  is so  sim-

ple that  it can  be calculated  b.y general prepose
mlcroprocessors.

                      (1997 ffi 8 E 6 e9it)

Appendix

   IPM  motor  parameters and  ratings:

   Rated  power:  O,75 kW

   Rated voltage:  leO  volts

   Rated speed]  1000 RPM

   Ld  :10  mH,  (direct component  inductance).

   Lq  :27  mH,  (quadrature component  induc-

tance),

   PWM  inverter condition:

   Carrier frequency : 2 kHz

   Switching device: IGBT

Appendix  2

   The  general permanent  magnet  motor  volt-

age  equation[2]

[l:･]-[ff a 2･][IE]-[2.x 
L

gs 
L

ig{]s,[:,s]
+s,[2,gE  

L

i:E 
L

£
"

:{][i･:･]+l,[s;:E2
'

i
(g,l･fg3]

                                      (a)

       Laa 
=

 Laao +  Lal +  Lg2 cos(2e)  (aa)

  Lbb =
 Laao +  Lai +  Lg2 cos(2e  +  1200) (ab)

  Lec =  Laao +  Lat +  Lg2 cos(2e  
-
 1200) <ac)

             1

 
Lab

 
=

 
Lba

 
=

 
-2Laao

 + Lg2 ces(2e  
-
 
1200)

 (ad)

                1

    
Lbc

 
==

 
Lcb

 
=

 
-iLaao

 +  Lg2 cos<2e)  (ae)

 Lae =  Lca =  -SLaao  +  Lg2 cos(2e  + 1200) (af)

}v{odified voltage  equation  for high frequency sup-

ply (eah}ebh,ech),

eahebheah Laa Lab Lac

Lba Lbb Lbc

Lca Lcd Lcc

ddt
ZailZbhZchCb)
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