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ABSTRACT

In this paper, the initial pole-position estimation of a surface (non-salient) permanent magnet synchronous motor is
mathematically analyzed and surveyed on the basis of simulation analysis, and developed for accurate servo motor drive.
This algorithm is well carried out under the full closed-loop position control without any pole sensors and is completely
insensitive to any motor parameters. This estimation is based on the principle that the initial pole-position is simply
calculated by the reverse trigonometric function using the two feedback currents in the full closed-loop position control.
The proposed algorithm consists of the predefined reference position profile, the information of feedback currents, speed,
and relative position, and the reverse trigonometric function for the initial-pole position estimation. Comparing with the
existing researches, the mathematical analysis is introduced to get a more accurate initial pole-position of the surface
permanent magnet motor under the closed-loop position control. It is found that the proposed algorithm can be easily
applied in servo drive applications because it satisfies the following user’s specifications; accuracy and moving distance.

Keywords: Surface permanent magnet synchronous motor, Initial pole-position estimation, Sensorless control, Servo
drive

1. Introduction such as machine tools and semiconductor manufacturing
(81 With the well-defined appropriate control strategies, it

The permanent magnet synchronous motor (PMSM) has can provide significant energy savings and high

been widely applied to the industrial-servo drive fields ~ Performance. However, it requires the precise initial

pole-position information (typically obtained by a pole
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expensive pole-sensors and often be exposed to heat, dust,
electric noise, mechanical vibration, etc. such that the
position sensor signals get distorted. On the other hand, if
the initial pole-position cannot be accurately known, the
performances of a motor itself can not be obtained. The
motor may produce less torque or it may become unstable.
Moreover, during start-up it may rotate in the wrong
direction and lose control.

Recently, several IPP estimation algorithms for
SPMSM have been reported . The principle of these
algorithms is based on the agreement of two reference
frames in the control axes and the motor axes which are
carried under the current control or the speed control.
They show good estimation results, however problems
such as long stroke and weakness against mechanical
disturbances and complex implementation still remain 2.
The accuracy of the IPP estimation algorithm of surface
PMSM proposed by the authors is dependant on the
integral period of torque-component currents. The
estimation accuracy is maximally increased and constantly
obtained by the simplified implementation for SPMSM
sensorless servo drives.

The authors will introduce the absolute accumulation of
g-axis current integral into the previous IPP estimation ™
to clear the above problems. Using the absolute
accumulation of g-axis currents makes the accuracy of the
IPP estimation not dependant on the integral accumulation
period within the same position interval mode and higher
accuracy to keep constant. The effectiveness of the
proposed IPP estimation algorithm will be verified
through both mathematical analysis and simulation based
analysis.

2. Mathematical Analysis of IPP Estimation

2.1 Principle of IPP estimation based on agree-
ment of two coordinate frames
The principle of the initial pole-position estimation
shown in Fig. 1 was developed by the author . Suppose
that there are two dq reference frames; they are a control
side dg reference frame (virtual reference frame) and a
motor dq reference frame (actual reference frame). And the
d-coordinate axis of the control side dq reference frame is
fixed to O degree. For example, the actual IPP of a motor

may be placed on a temporary control side dg reference
frame and the actual IPP coincides with the d-coordinate
axis of a motor side dq reference frame. The actual IPP
shown in this figure is deviated from a temporary control
side dq reference frame, the deviated angle of which is
defined as the deviated IPP (g, ). To detect the actual

initial-pole position without any pole sensor, the deviated
angle of the IPP should be estimated using the information
of some reference or feedback signals.

Under the constant flux, some thrust force is necessary
for a motor to be moved at the same reference speed, or to
the same reference position, regardless of any deviated IPP,
which is the principle of the initial pole-position estimation.

Supposing the reference thrust force T is given at the

control side q axis (g, +6,,q,) Shifted from the original

control side g axis when the motor is controlled in
agreement with its reference value; the actual thrust force
T,, at the motor side g axis can be expressed as (1) with

the reference thrust force and the deviated position.
Supposing the reference thrust force 7., is given at the

control side q axis (@, +6,,q,) Shifted from the original

control side g axis when the position of the motor is
controlled in agreement with its reference value; the actual
thrust force T1,, at the motor side g axis can be expressed

as (2) with the reference thrust force and the deviated

position. And the shift position functions ( g, and

Oyirp) CanN be set to any value if the position difference

between the 1st shift position ¢,.., and the 2nd shift

hiftl

position g, iskeptat 90 degrees.

hift2

1st shift position mode

—> dq axis (6 est)

2nd shift position mode
—> dq axis (O est — 90deg)

Tet* jo-f..

d axis (0 est — 90deg)
y(control axes)

Fig. 1. Principle of initial-pole position estimation.
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Ty =Ta"™ =T, cO8(03™ — Orcr)
= Te1 €OS(Os — Osct + Oupir) 1)
=T, COS(Gayy + Oupirr)
=T, cos(6, +0)

Teo =Tz =Ty 00S(0" ~ Orct)
=Te2 C0S(Fgy, —Osct + Oapiri) @)
=T, COS(Oarr + Ouitez)
=T., = c0s(6,, —90°)

where it — g, 10,0 Ouirg =0° 1 Ope =90, G 1S the
absolute actual position, and 4 is the incremental

feedback position.

The position information in the current controller is
adjusted by (3), which includes the shift function for
selecting the reference thrust force direction in any control
side g axis reference frame.

0 1ot =0k + Oghist + Ocmp + Ogetauit 3

where ¢

cmp
estimation accuracy and is not mentioned in detail in this
paper, and g, is the default IPP(=0).

is the compensation position that increases the

According to the principle of IPP estimation, each
necessary thrust force of both the 1st shift position mode
and the 2nd shift position mode is equal and then (1) is
equal to (2).

Tez COS(gerr + Oo) = Te*z COS(@e” - 900) (4)
Using the relation between torque and q axis current

and solving (4), the deviated IPP can be calculated by the
following equation and replaced as the estimated IPP;

To lg
Ouy = tanl[e}] =tant| & ()
Tez |q2

2.2 Novel IPP estimation algorithm
If the actual speed or the actual position is equal at each

shift position mode, respectively, (5) can be used for
initial pole-position estimation. But in the estimation, the
actual speed or the actual position is not always equal at
each shift position mode. Therefore, to improve the
estimation accuracy of the IPP, the actual speed or actual
position should be taken into consideration at each shift
position mode. Assuming that the load is constant at any
position in a short stroke, the load term in the motion
equation can be neglected for the IPP estimation.

d
Jaw=Te -T, -Do (6)

=T, -Dw

where D is the damping factor, T is the load, and J

is the inertia.
Integrating both sides of (6), (7) can be produced and
rearranged as (8).

szjTedt—Djwdt:J'Tedt—DP (7

w:%(jTedt—DP) ®)

The shift position is set to +45[deg] at each shift
position mode. As (1) or (2) is put into (8) according to
each shift position mode, (1) and (2) can be rewritten as
(9) and (20), respectively.

l *
o = 3( [ T2 005(G +457)ct - DPl) ©)

1 *
0, = j( [T, cos(6,, —457)ct - DP, ) (10)

where P is the feedback relative position, and 1 and 2
are the subscripts of the 1st and 2nd shift position modes.
If =w=0 and pB=p, =0, the following relations of

(11) and (12) can be obtained from (9) and (10).

R - %IT;;dt C08(G,, +459) (11)

P = [Toadt coS(Ghe —45°)
P (12)

- % J' T2, dt -sin(d,, +45°)
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From (11) and (12), the proportional relation can be
obtained as follows;

P, = J' T2 dt - cos(6, +45°): J' T/t -sin(d,, +45°)

(13)
Solving (13) for the deviated position ¢, produces
igydt
Opg = Oy =—45°+tan " &.jf—l
A [igadt
(14

As the deviated IPP is equal to the estimated IPP, the
estimated IPP is calculated by (14).

Putting torque equation (15) into (14), the estimated IPP
of (16) can be calculated through the g axis currents
instead of torque information.

T. =2 P, (15)

Oy = —45°+tan™t [F’z J.i;ldt ] (16)

R [igeat

where p is pole pair of motor, 2, is flux, and iy is the

g-axis current in which 1 and 2 are the subscripts of the 1st
and 2nd shift position modes.

2.3 IPP estimation algorithm with absolute inte-
gration of torque-component currents

In general, (16) can be used for calculating the initial
pole position of surface PMSM. However depending on
the integral period of the torque component current (g-axis
current) within the same position interval, the accuracy of
the IPP estimation is not constant because the accumulated
amount regarding g-axis current is different. If the integral
period of g-axis current is wrongly set, the integral amount
may be smaller and neglected even if the position profile
is the same. To clear these problems and to increase
estimation accuracy, the accumulated amount of the g-axis
should be maximized. This means that the larger the
accumulated amount is, the higher the resolution for the
IPP estimation accuracy is. According to the above
conditions, the absolute integration of g-axis currents is

introduced into (16) and the following equation of (17) is
used to calculate the IPP estimation instead of (16).

O, = —45° + tanl[

P, ji;ldt] (17)

A flia

2.4 Profiles of position, speed, and torque

Fig. 2 shows the predefined reference position profile,
which is used to estimate the IPP. The calculation of the
IPP is performed after obtaining the available two
feedback g-axis currents and positions, which should be
obtained at the 1st and 2nd shift position modes (reference
position intervals). If there is an initial pole-position error
between the actual dg axes and the control dq axes, the
produced thrust force will be decreased compared to the
reference thrust force, as shown in Fig. 3. These relations
are well expressed by (18)~(19) and shown in Fig. 4. The
speed and the position will be reduced according to the
cosine function with a position error. Furthermore, if the
IPP error is in the ranges of 90[deg]~270[deg], the
generated thrust force is negative against the reference
thrust force and the motor cannot be controlled.

Te toss :Te* x (1-C0S Gy (18)
T :Te*xeerr (19)
where T, is a loss torque (or thrust force), T, is a

generated torque (or thrust force), T1,"is a reference torque

(or thrust force), and g, is a deviated IPP.

err

reference position total interval for proposed algorithm

1st ref. position interval 1 2nd ref. position interval

o

D maximum posiition
@ pause intervdll time for zero position
position @ interval time for S curve reference position

/AN

; ® : time

shift 2 position mode

. N _ Y

®
2 ©

shift 1 position mode

Fig. 2. Pre-defined reference position profile with S curve.
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Fig. 3. Mechanical behaviors at non-zero deviated IPP;
(upper) position, (middle) speed, and (bottom) torque.
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4. Relationships between generated torque and loss torque
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‘ axis( B ast — 457}

axis{ & est + 457)

503

3. Simulation Based Analysis

3.1 System configuration

The overall system configuration of simulation is shown
in Fig. 5 to confirm the feasibility of the improved
estimation algorithm of surface PMSM. The block of
proposed IPP estimation algorithm shown in this figure
has the following functions; 1) to switch the position mode
into the 1st shift position mode or the 2nd shift position
mode, 2) to generate the reference position profile with S
curve, 3) to adjust the compensated position to increase
estimation accuracy, 4) finally to calculate the IPP with
feedbacked incremental position and absolute currents.

3.2 Simulation analysis

To verify the feasibility of the proposed algorithm, the
simulation based analysis is performed by PSIM simulator.
Fig. 6 shows the estimation result when the IPP error is set
to any given deviated IPP( = 15[[deg], = 30[deg], =*
45[deg]) under no load. As shown in Fig. 6, the moving
distance of a motor is suppressed within the reference
position peak and the estimation is performed in a very
short time. Additionally, higher estimation accuracy is
well obtained because of the absolute integrals of g-axis
currents accumulated during each position interval. The
non-absolute integral for (16) and the absolute integral for
(17) are individually used to estimate the IPP. Their
results are shown in Table 1. This table shows that the
estimation variance at any given deviated IPP is smaller as

B b - m
e PROPOSED g+ position |w* speed | current W P W
IPP ESTIMATION " I troll INVERTER [ 1 1
Hb ALGORITHM conmtroller controller GO er
b wifb Ifr 1 B ref Actating or Limmar Typed
re Surface PMSM
[ Gwrpdefault =0 Y encpder
\ without pple sensor
& ermp I
G shift | + l*
oMt feedback o |8 Fb
speaed
calculation

Fig. 5. Overall system configuration for calculating IPP estimation of surface PMSM.



504

Journal of Power Electronics, Vol. 9, No. 3, May 2009

82 Fgakdo_fb

52 Fgakdo_rel

600
400 L] @
|/ A "
oo fL T - B
"
S2wpn b S2wpme
1500 S —
1000 ® L]
50
00 A -
o : ®
T
20 Szl
/\ ] @
025 b
b
82191_data S2k2_gata S2191_data S2ig2_data
o o fd @
300K 100K
200K 200K
1.00K 1.00K
D.OK DOK
saFPer  s2PPest
PP error : 48{deg] Estimated PP 44 7[deg] in L
- -t - i1 :
in E% 1PP error : 45[deg] Estimated PP : 44.7[deg]
008 008 o10 012 I o1 018 020 00 o0t 00 a0 010 ot o1 018 018 020
Time (s ime 5
(f1) deviated IPP : -45[deg] (f2) deviated IPP : +45[deg]
g n g  spgaten  SePgakte
oy 2 garc_ret . . -
SN A% HIes paN
200 2 L —
w0 | e I e 00 P — ——
" sm
S2wpm b S2wrpm el S2wpmft  S2wipm_rel

Fig. 6.

S2IPP_er

S21PP_est

fel

I

1PP error : 30[deg] Estimated PP : 29.0[deg)

008 a0

Tim (5)

012 [N 015 018 020

(f4) deviated IPP : +30[deg]

W

Salqi_dsta  SZigz_dats

Pem  S2IPP_est

" IPP error : -16[deg] Estimated PP : 146[deg] ~ ©

Estimated IPP: 14.5[deg]

IPP error : 16[deg] -

0.10
Time (s)

(f5) deviated IPP : -15[deq]

008 010

Time (s}

01z 014 015 013 [E:)

(f6) deviated IPP : +15[deg]

Simulation results at any given deviated IPP (+45[[deg], £30[deg], +15[deg]); (upper) reference position[deg] and feedback
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feedback current[A], (secondly bottom) absolute integral based g-axis current[A], (bottom) deviated IPP[deg] and estimated

IPP[deg].
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in the case of (17). Therefore, this algorithm with the
absolute integrals of torque-component currents can be more
effective and economic in applications such as in precise
servo drives without any pole sensor. Overall, it has been
found that the proposed algorithm can provide excellent
IPP estimation with reduced estimation time while also
suppressing the moving distance.

Table 1 Evaluation of proposed IPP estimation according to

deviated IPP.
evaluation deviated IPP
item 45 | -30 | -15 0 15 30 45
Destimated
4471 -290|-146 | 0.1 | 145 | 29.0 | 447
IPP [deg]
578 | 597 | 666 | 816 | 1141 | 2102 | 5237
5178 | 2097 | 1146 | 816 | 667 | 597 | 575
moving
. 187 | 1.89 | 1.89 | 1.88 | 1.87 | 1.88 | 1.87
distance [deg]
iz 450 | -32.7 | -15.7 | -1.7 | 17.1 | 31.1 | 45.0
IPP [deg] ’ ' ' ' ’ ' '
8 8 10 12 20 36 | 5237
5178 | 30 18 13 10 9 8

Note: 1) used by absolute integral, 2) is used by no-absolute integral.

4. Conclusions

In this paper, the novel initial pole-position estimation
of surface PMSM is proposed. The proposed algorithm is
mathematically analyzed and surveyed through simulation
based analysis, and more accurately improved for SPMSM
sensorless servo drive by the absolute integration of
torque-component currents.

This IPP estimation is based on the principle that the
initial pole-position is simply calculated by the reverse
trigonometric function using the two feedback absolute
currents in the full closed-loop position control. The
proposed algorithm was simple in implementation and was
highly accurate in estimation even close to standstill. This
estimation can be widely applied to both rotating typed
and linear typed surface PMSM without any limitations of
their motor structures.
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