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An Approach to Real-Time Position Estimation
at Zero and Low Speed for a PM
Motor Based on Saliency

Satoshi Ogasawar&enior Member, IEEEand Hirofumi Akagi,Fellow, IEEE

Abstract—This paper presents a magnetic saliency-based posi- 8
tion estimation approach for a permanent magnet (PM) motor fed
by a voltage-source pulsewidth modulation (PWM) inverter. The 1\ ip

proposed real-time estimation algorithm detects motor current q
harmonics and calculates the inductance matrix, including rotor v d
position information. Position estimation can be performed every A

period of PWM or carrier cycle. An experimental system using an

interior permanent magnet (IPM) synchronous motor has been

constructed. Experimental results verify that position estimation

within 10° in electrical angle is obtained at standstill and at speeds 0
as low as 1 r/min by the proposed approach.

Index Terms—interior permanent magnet synchronous motor, >
magnetic saliency, sensorless drive.

[. INTRODUCTION
o . Fig. 1. Model of salient PM motor.
N RECENT years, significant attention has been paid

to removing rotor position sensors from ac motor drive L lgorithm d h . d
systems with a position-closed loop [1]-[8]. The rotor positione estimation algorithm detects motor current harmonics an

estimation methods of a permanent magnet (PM) synchron culates the inductance matrix, including rotor position in-
motor can be classified into the following two groups: ormation. Position estimation can be performed every period

; .. of PWM, without any special signal injection.
1 [bl?sTg].on the back EMF produced in the stator WlndlngsAn experimental system consisting of an interior permanent

. . magnet (IPM) synchronous motor and a voltage-source PWM
2) based on magnetic saliency [3]-[6]. gnet (IPM) sy g

_ - s _ inverter has been constructed and tested to verify the effec-
Conventional position estimation based on detection of bag§eness and versatility of the approach to position estimation

EMF is suitable for middle- and high-speed applicationgt zero and low speed. The IPM motor has the magnetic
However, at low speed and standstill, the EMF is too smalhjiency of theg-axis inductance being larger than thle
to achieve accurate position estimation. On the other hangs inductance. Experimental results show that the proposed

magnetic saliency-based position estimation can be potentigjiysroach has the capability of estimating the rotor position at
employed at any speed, including zero speed. standstill and at speeds as low as 1 r/min.
Lorenz et al., have proposed a sophisticated approach to

estimation of flux, position, and speed at zero and low speed I
in ac motors [4], [5]. The approach is based on tracking the o )
magnetic saliency via inverter-generated high-frequency signaf'9- 1 shows the simplified model of a PM motor with
injection with demodulation incorporating heterodyning and Bagnetic saliency. The equations describing the PM motor
closed-loop observer. are given by
This paper presents a magnetic saliency-based posifign
estimation approach for a PM motor fed by a voltage-soufeg | —
pulsewidth modulation (PWM) inverter. The proposed real-i i Lo + Ly cos 26 Ly sin 20 d [i,
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Fig. 3. Variation of motor current.
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Fig. 2. Voltage vectors of inverter output. Therefore, the harmonic voltage vector is equal to a dif-

ference between the inverter output voltage vector and the

. N i average output voltage vector:
The equations can be simplified by applying the space vector

theory: r=Vi—e. (10)
v = 1§ _i_Lﬁ Teo. 3) On the other hand, applying the approximation of (7) implies
dt the motor current changes linearly, as shown in Fig. 3. Since
Here, the inductance matrix is represented by the motor current includes both the harmonic and fundamental
) components, the two components should be separated from
1, — |Lo+ Licos2d Lysin26 (4) each other. The current variation for modulation period is
L{sin260 Lo — Licos26 shown by
and it contains the rotor position information of the PM motor. Ai = ZAik (11)

When the PM motor is driven by a voltage-source PWM in-
verter, the motor current contains a small amount of harmonighere Aig, - - -, Ai; are the current variations for the intervals
current. The voltage and current vectors can be separated ito,, - - -, ¢;, respectively. Assuming that the fundamental
the fundamental and harmonic components as follows:  component changes linearly in a modulation period, the har-
monic component of the current variation can be separated by
the following equation:

Aiy, = Aiy, — (LA (12)

V=047 (5)
i=1+1. (6)

Because the resistive voltage drop can be disregarded, the )
harmonic equivalent circuit can be approximated by the iftS @ result, we can extract only harmonic components of the

ductance: voltage and current vectors.
L%
dt
The above equation indicates that the inductance matrix can ble:rom (7). a relationship between the harmonic components

calculated from the harmonic component.s- of the motor V.Olta%?the voltage vector and the current variation vector is given
and current vectors, so that the rotor position can be esumatg?.

@) IV. ESTIMATION OF INDUCTANCE
MATRIX AND ROTOR POSITION

U=

[1l. HARMONIC VOLTAGE AND CURRENT VECTORS LAz, = Vity. (13)

A three-phase voltage-source inverter can output eight dissmping the above equations together over a modulation
crete voltage vectors, including two zero vectors, as shownd@riod gives the following equation:

Fig. 2. The PWM inverter has the capability of producing an

output voltage vector by selecting the discrete voltage vectord:[Aiy  Ai; -+ Aif] =[Vito Viti - Vitg].
selectively in a modulation period. The average voltage vector (24)
is
The transposed equation is
e=) GVi ®) Aif Vit
where(; means the time ratio df ;. to the modulation period: At T Vit (15)

tr : :
Ck = Tk (9) Ai/7T V/7Tt7
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Therefore, the inductance matrix can be calculated as follows: output
/ It
_Ai()T LM V{)Tto vo ag: Vo Vi Vi \ 4%
AilT vity /
LT =
. . ")u‘K
LAY Ve,
r T *
_ L1 Lo Yo
| Lo1 Loz
_ [Lo+ Ly cos26 L, sin26 (16) Vw”
- Lqsin 26 Ly — Lycos28 |
Here, the ‘LM” in the above equation is tHeft pseudoinverse b b & U
operator [9], and it performs the following calculation: T
, (@
HL]\T — (HTH)_lHT (17)
B

Therefore, the rotor position can be calculated from the
inductance matrix:

Vs

_1 Lo+ Ly

20 = tan .
Lyt — Lo

(18)
The inverse matrix off> H must be existent, otherwise we
cannot calculate the left pseudoinverse matrix in (16). The
matrix of HY H is calculated as follows:

HTH V.. V., ’
. . Vo,V 0. Vxy Vi v,
Wi Wi 0, vy 0%
Adg, ALQ@ ]
_ .t ot
_ Ai()oz Ailloz T Ai/?oz ALla ALI’B . . . . © .
=~ A Ad! e AY . : Fig. 4. Conventional sinusoidal PWM scheme. (a) Comparing voltage ref-
L=708 18 s : : erences with triangle. (b) Voltage vectors.
AZ/?oz AZ/?,B
I 512 i A . . .
_ ZALka ZALka Nk (19) @ result, we can calculate the inductance matrix and estimate
> A, - A > AR the rotor positi
L ka k3 k3 positon.

_ _ However, it is not necessary to outgdg when the average
If all o or 8 components inAsz;, are zero, the determmantvonage vector exists on the axis. i.e..v* = »*.In this
T .. . . . 1 Iy My w*
of H™ H becomes zero. Similarly, if all of them are lin-case Ay, Ail), and Ai} are linearly dependent on each other,
early dependent, the inverse matrix is not existent becaLIf@causeV’l moves in the opposite direction &, or V.. Due
det(H" H) = 0.Therefore, PWM control should be modifiedis qet( H” H) = 0, it is impossible to calculate the inductance
so that all of them are not linearly dependent vectors. matrix L.

Fig. 4(a) shows a timing chart in a conventional sinusoidal | addition, o + (7 is close to unity, and; and (3 are
PWM scheme. Comparison of the voltage referenegs;, very small, when the average voltage vectoexists near
andwv, with a_trlangular carrier determines the output voltag@e origin in thea—3 coordinates. In this area, the position
vector. In this caseVo, V1,V3, and V7 are output vectors estimation cannot be performed with enough accuracy, because
for to, 1,3, and t7, respectively. The following equation o) components inAéj, are zero or a small value. The fact
expresses the average voltage vector during a modulatigRntioned above shows that the conventional sinusoidal PWM
period: scheme is not applicable to the proposed position estimation.

e=¢Vo+GV1i+GVs+GVy (20)
V. MODIFICATION OF PWM CONTROL

where . . N
In order to perform precise position estimation, the authors

o+G+G+G=1. (21) propose a novel PWM scheme using redundant voltage vec-

_ tors. The average voltage vector during a modulation period
For example, when the average voltage vector exists on h be expressed by

centroid of a triangle formed by, V1,V3, and V7 in Fig.
4(b), the time ratios are e=> GV (23)

o+G=0=CG=4% (22) > s =1. (24)

In this case Aig, Ai}, Ais, and Ai/. are linearly independent Here, sy, which takes a value of 1 or 0 during the modulation
of each other, except thati, is linearly dependent odz>.As  period, indicates whethe¥, is selected as an output vector
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Fig. 5. PWM scheme using redundant voltage vectors. The average voltage ©

vector exists on ther axis. (a) PWM pattern. (b) Harmonic voltage vectorsFig. 6. PWM scheme using redundant voltage vectors. The average voltage

(c) Trajectory of harmonic current vector. vector exists on the origin of the—3 coordinate. (a) PWM pattern. (b)
Harmonic voltage vectors. (c) Trajectory of harmonic current vectors.

or not, respectively. Lumping the equations together gives the i o ,
following equation: sinusoidal PWM scheme. As shown in Fig. 5(b); and V%

produce-axis components in the harmonic current vectors,
Co while V| and V", producea-axis components. Fig. 5(c) shows

Z“ _ zogoa zlgla j“f‘l G (25) the trajectory of the harmonic current vector. The trajectory
1’8 0300’8 1311,3 7877’8 S starts from the origin toward the left at the beginning of the

< first modulation period. Since the harmonic current vector

changes toward the direction near that of the corresponding
armonic voltage vector, the trajectory draws a rectangle an

% It tor, the trajectory d tangle and

dulati 0d. N | solution o (25) exists b returns to the origin at the end of the first period. None of
modulation period. No general solution to (25) exists becau vectorsAe,, Az}, Ad}, and A are linearly dependent in
the number of unknown variables is more than the numb,

f " H introducti frimht doi file first period. The rotor position, therefore, can be estimated
?n ?rc?)l:aéoni. Wowevelr,t:nr:ci uc |onfc1|rt\% ) pseudoinverse by the proposed algorithm, based on the harmonic component
atrix [9] allows a solution taj, as follows: of the current variation, independent of the location of the

In the above equation{; has to be decided so that th
PWM inverter outputs the average voltage veetaiuring the

Co RM average voltage vector. Note that the sum of the harmonic
¢ s0Voa  s1Via o s7V7a Ca current vectors in the first modulation period shown in Fig. 5
| = |soVos siVig e 7V s (26) is not equal to a zero vector. In order to compensate for the
50 s1o 8T 1 deviation, the sequence of selecting the voltage vectors should
G . : . :
be modified as shown in the second modulation period.
where Fig. 6 shows a PWM scheme where the average voltage
FRM _ FI(FFT)1, 27) vector exists on the origin of the-3 coordinate. This situation

corresponds to the case of position estimation at standstill.
As a result of the calculation, one can decide a suitable PW&ch voltage vector is output for 1/6 of the modulation
pattern under any combination &f, during the modulation period. Note that the inverter selects neithés nor V7. The
period. sequence is scheduled so that the trajectory of the harmonic
Fig. 5(a) shows a PWM pattern produced when the averaggrent vectors starts from the origin at the beginning of the
voltage vectore exists on thea axis. Note thatVz is modulation period and returns to the origin at the end. Since
selected during an interval of time, different froWy being none of the harmonic current vectors are linearly dependent,
selected during the corresponding interval in the conventiorthe position estimation can be performed even at a standstill.
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Fig. 7. Configuration of experimental system. Fig- 8. Experimental result at standstill.
TABLE | T
IPM MOTOR PARAMETERS ™ — /,1
number of poles 4 (a) < f/ /’/ - <
resistance T 15 Q -
d-axis inductance | Lg 125 mH b \ N N s
g-axis inductance | L, | 206 mH (b) 0- N ~N N A N
rated power 100 W
rated speed 1500 rpm © 0- Yl \ Pl N /,r" ™
modulation period | T | 333 pus el ) el
dc voltage FEq 280 V
1 r/min I<—45$

VI. EXPERIMENTAL RESULT . . . . .
Fig. 9. Experimental result at 1 r/min. (a) Estimated position
Fig. 7 shows the configuration of the experimental systemap™"(L12 + L21/L11 — La). (b) L1z 4+ Loi. (€) L1 — Loo.
consisting of a V40 CPU and a digital signal processor (DSP)
(ADSP-2101). The V40 CPU supervises the whole operatlonFig. 8 shows the experimental result of the position estima-
of the system, and the DSP calculates the PWM pattern, h proposed in this paper at standstill. A circle’ and the

|nc_iruhctance rtnatré)x, agd_ the est;)rlnatefd rotct)rr] pc.)slltlonih PW rresponding vertical bar mean the average value and existing
_'he counter board 1S capable ol synthesizing the nge of estimated position, respectively, obtained from 20
signal of the inverter, fpllowmg the PWM _pattern. calculatgd b}'r'als at a rotor position. The experimental result shows that
the DSP. The PWM. signal in a modulation period consists e real-time position estimation is achieved at standstill with
¢ p qf th h P ts. Th "WEch satisfactory accuracy as to add a position-closed loop to
are transformed from three-phase de;. components. The , by motor drive system. Note that the vertical axis is thot
counter board also generates the sample/ho_ld signals by WW) 26. It would be possible to distinguish the polarity of the
the_ tra_msformed motor cur_ren_ts are_held Just before eVEStor magnetic pole by means of another technique based on
switching, so that the switching noises do not affect t agnetic saturation [3]
signals being held. Each current vgriation_ in (11).i$ applie Fig. 9 shows another experimental result at 1 r/min. The
o an 'A/D'cor'werter. through a differential ampI|f|'e.r. Thec nventional position estimation based on back EMF would
detection circuit consisting of the sample/hold amplifiers a t be applicable at such a low speed. In this experiment
the qliﬁerential ‘?‘mp”f‘ers makes a s?gr?ificant contribution tfhe inverter is controlled to continue to select the zero averagé
pr(_eru;lelyl dﬁtecthﬁ each cur:ent Vfa:'r?t'%n,\'/l N di tvoltage vector, and the rotor of the IPM motor is rotated by the
able St IOWSt € pgrametﬁrstot de ; motor lf;i/l n tﬁ% generator, which is directly connected to the shaft. These
?[Xrﬁ);stmznsaalisefcsrgf. thlgcz:xis einSSC(taan?; tc))(;ilr?galr;rger tr;:ec:n[g(perimental results show the effectiveness and versatility of
o § _ the position estimation proposed in this paper.
d-axis inductance. The DSP can perform all the calculations P prop hap
for the inductance matrix and rotor position, as well as PWM
control within a modulation period of 333s. In the following
experimental results, the PWM pattern shown in Fig. 6 is usedThis paper has proposed an approach to real-time posi-
to achieve the rotor position estimation at standstill and in thien estimation based on magnetic saliency. A novel PWM
low-speed range. scheme using redundant voltage vectors has been proposed

VII. CONCLUSION
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to achieve the position estimation. Experimental results ha'~ Satoshi OgasawargA’87-M'93-SM’97) was born
demonstrated that the proposed approach has the capacit in Kagawa Prefecture, Japan, in 1958, He received

. . h t ition with an error of less thar 0 the B.S., M.S., and Dr.Eng. degrees in electrical en-
es“m‘_'"tmg the rotor posi 0 gineering from Nagaoka University of Technology,
electrical angle at standstill and at extremely slow speeds, Niigata, Japan, in 1981, 1983, and 1990, respec-
low as 1 r/min. The proposed approach is applicable to other tively. _

t ith magnetic saliency, such as synchronous reluctai From 1983 to 1992, he was a Research Associate
MOLors wi \gnetic saliency, s Yy . at Nagaoka University of Technology. Since 1992,
motors. In addition, it identifies inductance parameters in re he has been with the Department of Electrical
time for motor control, without requiring user input of machin [ | Engineering, Okayama University, Okayama, Japan,

" where he is currently an Associate Professor. His
constants. The authors plan to construct a posmon-sensorlgg§ent reseach interests are ac motor drives systems and static power
IPM motor system with a position-closed loop based on thenverters.
proposed approach in the next stage. Dr. Ogasawara receive;d the 1996 PriZ(_e Paper Awards of the Industrial

Power Converter Committee and Industrial Drive of the IEEE Industry
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