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Sensorless Control of Permanent-Magnet
Synchronous Motors Using Online Parameter
Identification Based on System Identification Theory

Shinji Ichikawa, Member, IEEE, Mutuwo Tomita, Member, IEEE, Shinji Doki, Member, IEEE,
and Shigeru Okuma, Member, IEEE

Abstract—An online parameter identification method and sen-
sorless control using identified parameters were realized in surface
and interior permanent-magnet synchronous motors (SPMSMs
and IPMSMs, respectively). As this method does not use rotor
position or velocity to identify motor parameters, the identified pa-
rameters are not affected by position estimation error under sen-
sorless control. The proposed method can be applied to all kinds
of synchronous motors. The effectiveness of the proposed method
was verified by experiments in both SPMSMs and IPMSMs.

Index Terms—Extended electromotive force (EEMF), online
parameter identification, permanent-magnet synchronous motor
(PMSM), sensorless control.

I. INTRODUCTION

YNCHRONOUS motors are widely used in industrial

applications because of their high efficiency. There are
mainly three kinds of synchronous motors, namely: 1) surface
permanent-magnet synchronous motors (SPMSMs), 2) interior
permanent-magnet synchronous motors (IPMSMs), and 3) syn-
chronous reluctance motors (SynRMs). PMSMs have become
especially widespread, and many studies on the PMSMs have
been reported. Although rotor position and velocity can be used
to achieve precise control of these motors, position sensors have
several problems such as cost and durability. Therefore, many
sensorless control methods have been proposed [1], [2].

These sensorless control methods can be mainly divided
into two types, i.e., 1) those using high-frequency voltage or
current signals [3]-[15] and 2) those using the fundamental
components of voltage and current signals [3], [10], [16]-[30].
The former methods use relations among three-phase currents
[3], injection of high-frequency signals of voltages or currents
[4]-[6], [10], [11], [13], [14], special inverter pulsewidth modu-
lation (PWM) patterns [7], current response of step voltages [8],
[9], information on harmonic reactive power [12], and a system
identification method [15] to detect rotor position information,
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i.e., magnetic saturation or rotor saliency. These methods are
effective at standstill and in low-speed ranges because the am-
plitude of high-frequency signals used for position estimation
does not depend on rotating velocity. Inasmuch as some meth-
ods do not need motor parameters to estimate rotor position,
position estimation error is not caused by parameter variations.

On the contrary, the latter methods based on fundamental
components were proposed starting about 20 years ago [16],
and many methods have been proposed. Early methods use
detected terminal information on electromotive force (EMF)
[17], information on phase of flux [19], [23], difference of
currents or voltages [20], [22], and a sliding observer for
flux estimation [21] to estimate rotor position information,
i.e., back EMF or rotor saliency. These methods are useful in
middle- and high-speed ranges because they use the funda-
mental components of control signals for position estimation
and do not generate torque ripple or noises. However, these
methods use motor parameters to estimate rotor position, and
position estimation error is caused by parameter variations.
In addition, the mathematical model of salient-pole PMSMs
is complicated, and position estimation using information of
both back EMF and saliency requires complicated calculations
and approximation. An extended EMF (EEMF) model [25],
which is a mathematical model of synchronous motors, has
been proposed for position estimation in IPMSMs. Inasmuch as
both the EMF generated by permanent-magnets and the EMF
generated by rotor saliency are included in the EEMF term,
position estimation using the EEMF can be easily realized for
all kinds of synchronous motors. Several reports [26]-[30] have
described the usefulness of the EEMF model.

Sensorless control methods based on EEMF require motor
parameters to estimate rotor position just as other methods.
Inasmuch as motor parameters are changed by magnetic satura-
tion and temperature, a position estimation error is generated
when there are differences between actual motor parameters
and ones used in the estimation system. Therefore, these pa-
rameters should be measured in all driving areas, and a table
of parameters should be made to maintain accuracy [30], [31].
However, parameter measurements are cumbersome and diffi-
cult. It is hoped that these parameters can be measured online
under sensorless control.

To solve this problem, several parameter identification
methods under sensorless control have been proposed [32]-
[36]. Some methods identify motor parameters using special
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signals at a standstill state [33] or under certain load condi-
tions [34]. In these cases, it is difficult both to identify motor
parameters under motor control and to respond to changes
in these parameters. Other methods can identify motor para-
meters online [35], [36]. In one method [35], the accuracy
of identified parameters depends on the estimation accuracy
because rotor position and velocity are used to identify motor
parameters. In another method [36], the stator resistance and
the back EMF constant are identified, but inductances cannot
be identified.

In this paper, an online parameter identification method
and a sensorless control method using identified parameters
are proposed to maintain position estimation accuracy, and
sensorless control is realized in both SPMSMs and IPMSMs.
Inasmuch as the proposed identification method does not use
position and velocity to identify motor parameters, identified
parameters are not affected by the accuracy of position esti-
mation under sensorless control. Prior parameter measurements
are not necessary using the proposed method. Although the
proposed method requires signal injection to identify motor
parameters, the method can use any signal that satisfies the
condition of persistent excitation [37]. Therefore, convenient
signals for motor control can be used.

This paper is organized as follows. First, the EEMF model
is defined, and a serious problem in sensorless control is indi-
cated. Next, a sensorless control method based on the EEMF is
presented. Then, an online parameter identification method and
a parameter derivation method that are independent of position
and velocity are proposed. Finally, the effectiveness of the
proposed sensorless control system is verified by experimental
results for both SPMSMs and IPMSMs.

II. EEMF MODEL AND CONSIDERATION IN
PARAMETER VARIATIONS

A. Definition of Coordinates and Symbols

Coordinates are defined in Fig. 1. The a—f frame is defined
as the stationary reference frame, the d—g frame is defined as
the rotating reference frame, and the y—¢ frame is defined as
the estimated rotating reference frame.

The symbols used in this paper are as follows:

[va vq] voltages on the rotating reference frame;

[ig i4)"  currents on the rotating reference frame;

[vo wg]"  voltages on the stationary reference frame;

lia i ]T currents on the stationary reference frame;

[ea €3]’ EEMF on the stationary reference frame;

[vy s ]T voltages on the estimated rotating reference
frame;

[iy 5 ]T currents on the estimated rotating reference
frame;

R stator resistance;

Kg back EMF constant;

Ly d-axis inductance;

L, g-axis inductance;

L rotor inductance (nonsalient-pole motor);

P differential operator;

Wre angular velocity at electrical angle;
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Fig. 1. Coordinates of PMSMs.
Wrm mechanical rotational velocity;
(. rotor position at electrical angle;
A0, position estimation error;
AT sampling period of identification system;
1o
I= 10 1]
(0 -1
S
0 0]
0= 10 0]
~ [cos 20, sin 20,
Q(20re) = | sin 20, —cos QGrJ
B [ —sin 20, cos 20,
S(20:) = | cos 26, sin 29m] '

B. Definition of an EEMF Model

A mathematical model of synchronous motors on the rotating
reference frame is written as (1). L is equal to L, in SPMSMs.

va| _ |R+pLy —wiely | |ia 0
|:U‘1:|_|: wreLq R+ pL, i +w e KE e 1

By transforming (1) to the equation on the stationary refer-
ence frame, (2) is derived.

[Zj = {RI+p (Lol + L1 Q(26:0))} M

L3¢,
— si ere
+ wreKE |: S :| (2)
cos Ore
where
LO — (Ld + Lq)
2
L;— L
Ll — ( d 2 q) .
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As shown in (2), there are two terms including position
information 6,.. One is the back EMF term that includes 0,
and is generated by a permanent-magnet, and the other is the
Q(26,c) term that includes 26, and is generated by rotor
saliency. Inasmuch as position estimation using information
on both terms is very complicated and difficult, conventional
position estimation methods usually use just one of these terms,
rotor saliency or back EMF. In this case, position information
is not fully utilized for position estimation, and it becomes
necessary to switch sensorless control methods according to the
kind of motor.

To solve this problem, an EEMF model [25] is proposed as
a mathematical model used in position estimation of synchro-
nous motors. Equation (3) represents the EEMF model that is
derived from (1) without approximation. Here, iq represents a
differential of the g-axis current.

Vd | _ R+pLy —wreLq iq
Ug wrely R+pLg| |
. : 0
(Lt = L)@ — 1) + oK} M @

By transforming (3) to the one on the stationary reference
frame, (4) is derived

Vo | Ty B 7 Ty €a

[WJ B (RH)Ld)I[in wre(La=Lo)d Lﬁ] - [ezj @
« . o — si ere

[ZJ - {(Ld—Lq)(wrezd—zq)—l—wreKE} [ Czlsnere ] %)

The third term on the right side of (4) is defined as EEMF and
is shown in (5). The EEMF includes EMFs generated by both
permanent-magnet and rotor saliency, and it is the only term in
(4) that includes position information. Position information on
both the permanent-magnet and rotor saliency can be utilized
for position estimation using the EEMF model, and thereby,
the sensorless control methods can be applied to all kinds of
synchronous motors. The EEMF model has been used in several
works [26]-[30] and is also used for position estimation in
this paper.

C. Effect of Parameter Variations and
Countermeasures Against It

These mathematical models are derived on the assumption
that the motor parameters of the models are constant. However,
motor parameters in actual motors vary according to magnetic
saturation and thermal changes in actual motors. Differences
between actual parameters and ones used in position estimation
cause deterioration of position estimation accuracy under sen-
sorless control. Because that is a serious problem for sensorless
control using motor parameters, countermeasures against para-
meter variations are desired.

In this paper, an online parameter identification method is
proposed as a countermeasure. The objective of the parameter
identification is to identify motor parameters used in position
estimation to maintain accuracy. The proposed identification
method injects high-frequency signals and identifies varying

motor parameters online; the position estimation system can use
these identified parameters to estimate rotor position.

The proposed method has three advantages. 1) Position and
velocity are not used to identify motor parameters. Therefore,
identified parameters are not affected by a position estimation
error under sensorless control. 2) Motor parameters can be
identified online; thus, prior parameter measurements are not
necessary. 3) The proposed method can use any signal that
satisfies the condition of persistent excitation [37], and special
bandpass filters are not necessary.

The proposed identification method will be discussed in
Section IV, and a position estimation method based on
the EEMF and necessary parameters will be discussed in
Section III.

III. POSITION AND VELOCITY ESTIMATION
BASED ON THE EEMF
A. Derivation of a Linear State Equation

From (4), the linear state equation on the stationary reference
frame is derived as

ile =8 R[] [R] o

where
i=liq i,@]T
T
v =[va vg]
T
e=le, eg]
R wre(Ld Lq)
A= (—)1 J
11 ( Ld> +{ I
1
As=(—]1

W = (Lg — Lg)(wreia — iq) [_Sm efe] .

cos Ore

W is regarded as a modeling error because W cannot be
represented as a linear state equation. This term is generated by
motor current changes, and it affects position estimation when
the current change rate is large. In the proposed parameter iden-
tification method, the disturbance should be suppressed because
signals are injected in high-frequency ranges to identify motor
parameters. The disturbance is suppressed by using a second-
order low-pass filter embedded in the proposed observer, as
discussed in Section I1I-B.

B. Minimal-Order State Observer to Estimate the EEMF

The minimal-order state observer to estimate the EEMF is
constructed using (6) and

i:A11i+A12é+B1V
é=A1Gi+ (A +A1Ge+BGv—Gi.  (7)
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Fig. 2. Configuration of the proposed observer.

The observer can be constructed even on the estimated rotating
reference frame [38] where

G=alq4l+ (wre — b)LdJ

3t

Here, represents estimated values, G represents its feed-
back gain, and a and b represent poles of the observer, respec-
tively. It can be seen from (7) that the observer uses R, Ly,
and L, to estimate the EEMF. In the case of SPMSMs, L; and
L, are equal to L, and the observer uses R and L. Therefore,
the proposed identification method has to identify these motor
parameters.

The configuration of the observer is shown in Fig. 2. As
shown in this figure, a filter H(s) is originally embedded
in the proposed observer. This is a second-order filter, the
configuration of which is

a

HE = Grae e |

(s+a)I+bJ}. (8)

The characteristics of this filter can be changed by pole
assignment of the observer. A pole assignment method has
been proposed to suppress the adverse effects of high-frequency
disturbances on estimation of the EEMF [25]. In the proposed
method, this pole assignment method is used to suppress the
disturbance W. The pole assignment is

a4 = Vwre
b= wre. )

Here, v is defined as a design parameter of the observer.
When v is set to a smaller value, the disturbance W can be more
thoroughly suppressed, but the response of EEMF estimation is
slower. Therefore, the design parameter » must be appropriately

set depending on the situation.
Here, the intermediate variable

E=e+Gi
£=é+Gi (10)
is introduced into the observer to avoid differentiation of

currents in (7).
Then, the observer is derived as

é =(A12G + Ax)€+ G(A11 — A12G — Ag)i+ B1Gv
=¢ - Gi. (11)

o>
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The EEMF is estimated by the observer, and rotor position
and velocity are estimated from the phase of the estimated
EEMF.

C. Position and Velocity Estimation

Rotor position 6., is directly calculated from the estimated
EEMF as

-~ (ée;)' (12)

Although angular velocity can be estimated by the derivation
of estimated position, a velocity-adaptive identification system
used in [24] and [25] is applied in this paper because this system
has the advantage of not requiring motor parameters or the
derivation of the estimated position to estimate angular velocity
[24], [25]. A brief explanation of the system is as follows.

This system uses the relation between the normalized EEMF
€, and angular velocity w,. as

&, = wrJé, (13)

where

A 1 €a
e, = ~ |-
\/ €2 +é3 L

Using this relation, the adaptive scheme of velocity is
derived as

&, =&, + gle (14)
K
Ore = (Kp + SI> (e7Jé,) (15)
where
€E=¢€, —€,.

Here, e,, represents the estimation model, € represents the
EEMF error, g represents feedback gain, and Kp and K
represent the gains of the adaptive scheme. In this method, the
velocity is adjusted as the EEMF error € converges to zero.
Motor parameters and differential calculations are not required
to estimate the velocity.

IV. PARAMETER IDENTIFICATION BASED ON SYSTEM
IDENTIFICATION THEORY

A. Parameter Matrix Identification Using a
Recursive Least-Square Method

The proposed method identifies unknown motor parameters
via a mathematical model using known values such as voltages
and currents. The mathematical model can be constructed on a
stationary reference frame or on an estimated rotating reference
frame. In the case of parameter identification under rotation
conditions, the model on the estimated rotating reference frame
is better than that on the stationary reference frame because
the model coefficients can be assumed to be almost constant
regardless of the rotation conditions [39]. Therefore, the model
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is used on an estimated rotating reference frame in the proposed
parameter identification method.

By transforming (1) to the one on the estimated rotating
reference frame, and by transforming the equation to a discrete
state equation, we have

[’5(7” 1)} —A [M”H +B {Z”E”)} +Cli]  (16)

is(n+1) is(n s(n)
where
A — [an 012}
a1 a2
—RLoAT + LqL, RILAT
= I 20,
Tal, * T, Q(2A0;.)
Wre (Li + Lg) AT | Wre (Lfl — Lg) ATS(QAHre)
2Lqu 2Lqu
(D11 bio
B =
| b21 b2 ]
LoAT L1AT
= I- 2A0,.
LqL, LqL, Q( )
C= _Cl]
_C2
W KpAT | sin Abye
B L, —cos Abe |
Equation (16) is transformed as
y =0z 17

©® is an unknown matrix and is defined as a parameter matrix
that includes motor parameters. The vectors ¢y and z are known
vectors where

y=[i,(n+1) isn+1)]"
z=[iy(n) is(n) vy(n) wvs(n) 1]
b b c
®—[A B Cl= ai;r a2 11 12 1 18
[ } az1 a2 by b c (18)

Using the relation of (17), the unknown parameter matrix ©
can be derived from known vectors y and z by using a least
square method. This method identifies the parameter matrix ©
as the square value of the prediction error

19)

reaches a minimum [37].

To identify the parameter matrix © online, a recursive least
square method is used as shown in (20) and (21) [37]. A is
defined as the weighting coefficient, the role of which is to
delete past data. From

Ok) =0k —1) + (y — Ok - 1)z) 2TP(k) (20)
P(k) = %{P(k ) =Pk —1)z
x (A +2TP(k—1)z) " 2TP(k — 1)} @1)

the parameter matrix © is identified recursively.

TABLE 1
CHARACTERISTICS OF MATRICES
T11 + X2 T11 — T22 T12 + X21 T12 — T21
I 2 0 0 0
J 0 0 0 -2
Q(2A0) 0 2cos 2A0,. 2sin 2A0,¢
S(2A0,.) 0 —25in 2A80,. | 2cos2A0,..

B. Characteristics of the Parameter Matrix

Inasmuch as the parameter matrix ® is very complicated,
it is difficult to derive motor parameters from it without using
information on rotor position and velocity. If information on
position and velocity is necessary to derive motor parameters
under sensorless control, estimated position and velocity are
substituted for actual values. In this case, it is possible that the
accuracy of the derived parameters depends on the accuracy
of position estimation. To solve this problem, position and
velocity terms in the parameter matrix ® are eliminated by
using characteristics of the parameter matrix ©.

O consists of four matrices, namely: 1) I, 2) J, 3) Q(2A6;c),
and 4) S(2A0,.). Here, I represents a unit matrix, J represents a
7 /2-radian rotation matrix, Q(2A6,.) represents the matrix by
which arbitrary points on a two-dimensional plane are moved
symmetrically to the straight line of the A#,. radian, and
S(2A0,.) represents the matrix that moves points symmetri-
cally to the straight line of the (A6, + 7/4) radian. Character-
istics of S(2Ad,) are confirmed by the transformation

cos 2 (Abre + %) sin 2 (Abye + T)
sin 2 (Afre +T)  —cos 2 (Abe + Z) |
(22)

S(2A0,) =

Inasmuch as these matrices are well characterized as men-
tioned above, these characteristics should be utilized to derive
motor parameters. If the four matrices are represented as shown
in (23), addition and subtraction of both diagonal and nondiag-
onal components of these matrices can be represented as shown
in Table I.

(X =1,J,Q(2A6;.), S(2A0;.)) .
(23)

X — [xu

T12
T21  X22

C. Parameter Derivation From the Parameter Matrix

Using the relation in Table I, motor parameters can be
derived without using position and velocity data. The process
of elimination of position and velocity terms is as

2LoAT
LaL,
—2RLoAT
LaL,

My =b1y + b2 =

My =ai1 +a —2 =

—2L, AT

M3 = \/(bn —b22)? + (b12 + b21)2 =
LiL,

. (24)
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Fig. 3. Configuration of the experimental system.

Using the intermediate variables M;, M, and M3, motor
parameters are derived as

(25)

In this case, information on position and velocity is not used
in (24) and (25); thus, the motor parameters can be derived
independently of a position estimation error.

It is appropriate for sensorless control to use these parameters
after they have passed through a low-pass filter because they
tend to include fluctuations. The decay time constant of the low-
pass filter must be appropriately decided for each parameter.

V. EXPERIMENTAL RESULTS
A. Configuration of the Experimental System

Sensorless control with online parameter identification was
realized using the same system in both an SPMSM and an
IPMSM. Fig. 3 shows the configuration of the proposed sensor-
less control system. Although the estimation system was based
on the EEMF model, the parameter identification system can be
applied to any estimation system that uses motor parameters.

Stator currents are detected by current sensors and are then
sent to a digital signal processor (DSP TMS320VC33) through
12-bit analog-to-digital (A/D) converters. Three-phase current
signals and voltage references are transformed to two-phase
signals on the stationary reference frame, and these signals are
transformed to those on the estimated rotating reference frame.
From these current and voltage signals, motor parameters
are identified in the proposed parameter identification system.
These identified parameters pass through a low-pass filter, the
decay time constant of which is set to 1.0 s for the induc-
tance parameters and 10 s for the resistance parameter. Using
these identified parameters, the proposed observer estimates the
EEMEF, which, in turn, estimates the position and velocity.

TABLE 1II
SPECIFICATIONS OF SPMSM AND IPMSM
Rated power 0.5 [kW]
Rated current 5.0 [A]
Rated speed 2500 [r/min]
Back EMF constant (SPMSM 15 [V(rad/s)]

Back EMF constant (IPMSM) | 1.04 [V/(rad/s)]
Number of pole pairs 2

DC Tink voltage 130 [V
Inverter switching frequency 5 [kHz
Sampling period 200 [us

The velocity controller is a polarization index (PI) controller;
it outputs current references from the current phase angle and
a velocity control error between the estimated velocity and the
velocity reference. The current phase angle is set appropriately
in each motor. Then, 4}, is added to each current reference.
13, represents the injection signals required to identify motor
parameters, and M-sequence signals [40] are chosen for i},.
M-sequence signals are pseudorandom sequence signals often
used in system identification. Although M-sequence signals are
used as 4}, in this paper, any signal that satisfies the condition
of persistent excitation can be used [37]. The current controller
consists of two PI controllers for each axis and outputs voltage
references from current control errors between reference values
and measured ones. In addition, coupling terms in each axis
are added to voltage references to decouple the d-axis and
the g-axis.

Table II shows specifications of the two test motors, i.e.,
1) an SPMSM and 2) an IPMSM. The ratio of the amplitude of
M-sequence signals to the rated current is about 6% in the two
motors. Of course, it isS not necessary to inject these signals
when the parameters need not be identified.

B. Position Estimation Results

Fig. 4 shows the results of position estimation at no load
in the IPMSM. 6, represents the measured position at the
electrical angle, ére represents the estimated position, and Af,
represents the position estimation error. The reference velocity
was set to 500 r/min.

It is understood based on the figure that stable position
estimation using identified parameters could be realized and
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[elec.deg]

» [elec.deg]
4= 20

0
-20
Fig. 4. Position estimation result.
[r/min]
100 =
[elec.deg]

Fig. 5.

Velocity estimation result under speed change.

that the position estimation error could be suppressed within
3 electrical degrees. The results in the SPMSM are the same.

C. Velocity Estimation Results

Fig. 5 shows the results of velocity estimation in the SPMSM.
wrm represents the measured mechanical rotational velocity,
Wym represents the estimated velocity, and Aw,,, represents the
velocity estimation error. The reference velocity was changed.
Beginning at 500 r/min, the reference velocity was increased
from point A and was set to 1000 r/min at point B. Then, it was
decreased from point C and was set back to 500 r/min again at
point D.

It is understood based on the figure that stable velocity
estimation and sensorless control using identified parameters
could be realized under speed change conditions. The results in
the IPMSM are the same.

D. Parameter Identification Results

Figs. 6 and 7 show results of parameter identification in the
SPMSM. Fig. 6 shows results at no load, whereas Fig. 7 shows
results at rated load (2.0 N - m). Rand L represent identified
parameters. The reference velocity was set to 500 r/min.

From a comparison of Figs. 6 and 7, the identified parame-
ters in both figures were approximately the same, and precise
position estimation could be realized in both conditions. There-
fore, the appropriate motor parameters for position estimation
could be identified using the proposed method.

(2] [mH] 5 :
0.8 4.0 fy
04 20T
0 0
[elec.deg]
- 20
- 0
-20

Fig. 6. Position estimation and parameter identification results at no load
(SPMSM).

[@] [mH]
12 6.0~

0.8 4.0=

04 2.0=
0 0

[elec.deg]
r 20

Fig. 7. Position estimation and parameter identification results at rated load
(SPMSM).
[@] [mH]
3.0 30-
2.0 20=-
1.0 10=
0 0
............................... o deg
™ 20
0
-20
Fig. 8. Position estimation and parameter identification results at no load
(IPMSM).

Figs. 8 and 9 show the results in the IPMSM. Fig. 8 shows
results at no load, whereas Fig. 9 shows results at rated load
(1.8 N - m). R, ﬁd, and ﬁq represent identified parameters. The
reference velocity was set to 500 r/min.

Comparing Figs. 8 and 9, we see that the identified parame-
ters changed. qu changed from 18 mH at no load to 14 mH
at rated load, and R changed from 0.3 € at no load to 1.1 Q2
at rated load. The change of f/q was caused by magnetic
saturation because magnetic saturation was easily generated
in the g-axis. In contrast, the change of R was too large to
be caused solely by thermal changes. It is considered that the
change of R was caused by the nonlinearity of the motor. The
reason is as follows.

In the proposed method, the actual motor is treated as the
model shown in (1). The model does not take into account
nonlinearity, e.g., mutual inductances between the d-axis and
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[@] [mH]
3.0 30==

20 20=-

1.0 10
0 0

) [elec.deg]
=20

Fig. 9. Position estimation and parameter identification results at rated load
(IPMSM).

[@] [mH]
12 6.0=

0.8 4.0—.

04 2.0=
0 0

[elec.deg]
- 20

Fig. 10. Position estimation and parameter identification results under load
change (SPMSM).

g-axis, saturation, and core losses. Inasmuch as the model
represents only the relation of input and output (voltages and
currents), differences between the actual motor and the motor
model are generated by several kinds of nonlinearity. These
differences generate differences between actual parameters and
model parameters; thus, the identified parameters might differ
from actual parameters. Although the identified resistance R
changed from 0.3 2 in Fig. 8 to 1.1 Q in Fig. 9, we cannot
know whether the actual resistance changed like that. Inasmuch
as the objective of parameter identification is to identify motor
parameters used in position estimation to maintain accuracy, the
difference between the actual resistance and the identified one is
a significant problem, especially when accuracy of position es-
timation using identified parameters falls. However, from these
figures, the position estimation error is known to be suppressed
in both conditions. Therefore, appropriate motor parameters for
position estimation could be identified by the proposed method.

E. Sensorless Control Under Load Change

Fig. 10 shows results under load changes in the SPMSM. The
velocity was set to 500 r/min.

Beginning at no load, the load was increased from point A
and was set to rated load at point B. Then, it was decreased
from point C and set back to no load again at point D.

In Fig. 10, identified parameters in the steady state were
equal to those in Figs. 6 and 7. Therefore, appropriate motor
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Fig. 11.
change (IPMSM).

Position estimation and parameter identification results under load

parameters were identified regardless of load change condi-
tions, and the position estimation error was suppressed to within
3 electrical degrees under the load change condition.

Fig. 11 shows results in the IPMSM. Velocity was set to
500 r/min. The load change condition was equal to that in
Fig. 10.

In Fig. 11, R changed slowly because the speed of parameter
variations was decided by the decay time constant of the low-
pass filter. However, identified parameters at no load and rated
load were equal to those in Figs. 8 and 9. Therefore, appropriate
motor parameters were identified, and the position estimation
error was suppressed to within 6 electrical degrees regardless
of load change conditions.

With the use of the identified parameters, position estimation
under load changes was realized.

VI. CONCLUSION

In this paper, an online parameter identification method
under sensorless control was proposed. The proposed method
does not require prior parameter measurements and can identify
motor parameters without rotor position information. There-
fore, identified parameters are not affected by the accuracy of
position estimation. The proposed method was experimentally
verified as useful in both SPMSMs and IPMSMs.
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