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Position-sensorless positioning servo systems for interior permanent magnet synchronous motors (IPMSMs)
have been developed to achieve dimension and cost reduction. In these systems, parameter mismatch between
the IPMSM, position controller, and position estimator due to thermal variation and aged deterioration is
inevitable. To solve this problem, a parameter identification method based on an adaptive scheme has been
proposed. However, to use the adaptive scheme, this method can only be applied under no-load conditions,
and it is difficult to compensate for parameter variations during actual operation, i.e., under load conditions.
This paper proposes a novel learning-based position control in position-sensorless positioning servo sys-

tems. In the proposed method, a feedfoward controller established via learning adaptively compensates the
parameter fluctuations in these systems. As learning progresses, the transient response of position control is
improved while ensuring robustness to disturbance torque. The effectiveness of the proposed position control
system is demonstrated via experiments.

Keywords: Position-sensorless control, Positioning servo system, Learning control, Feedback error learning, and
IPMSM.

1. Introduction

Positioning servo systems of interior permanent mag-
net synchronous motors (IPMSMs) with position sensors
such as encoders have been widely used in many indus-
trial applications. Since the sensor increases cost and
dimension, position-sensorless positioning servo systems
have been developed (1)∼(5). There exist two well-known
methods of position estimation: one using the saliency
of IPMSMs (1) (2) and the other using the high-frequency
voltage injection (3) (4). Motor design to improve position
estimation has also been discussed (5).
The position-sensorless positioning servo systems re-

quire high-accurate and high-speed position control. In
most cases, the servo systems are designed using the
parameters of IPMSMs. The parameters fluctuate ac-
cording to environmental changes and/or load changes,
which results in performance deterioration of position
control. Nevertheless, the controller design itself or
the parameters fluctuation has not been discussed suf-
ficiently in literature. The ideal position controller
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is given by the inverse system of the IPMSM model.
Therefore, it is necessary to obtain the parameters of
IPMSMs to achieve high-performance positioning con-
trol.
We proposed a dynamic certainty equivalence (DyCE)

adaptive scheme to estimate the parameters of IPMSM
(6) (7). We also showed that the parameters of IPMSM
were successfully estimated by the proposed method
even if they fluctuated with temperature and environ-
mental changes. Although the parameter estimation is
stabilized, the estimated parameters are needed to be
differentiated for the input to the automatic current reg-
ulator (ACR) (7). If the load changes abruptly, the es-
timated parameters also change accordingly. 　 In this
case, the input to the ACR becomes excessive due to
the derivative of the estimated parameters. In general,
a limiter, such as a saturator, is inserted in the control
loop. This limiter makes the system nonlinear. As a
result, the stability of the parameter estimation by the
adaptive scheme is no longer guaranteed. The param-
eters are estimated so that the control error is zero (7).
If the control error is suppressed so fast by a high-gain
FB controller, the parameters are not successfully esti-
mated. In addition, a high-gain feedback controller is
susceptible to observation noise. Thus, it is difficult to
increase the gain of the FB controller.
We focus on a feedback-error learning (FEL) con-

trol (8)∼(11) to overcome the instability of parameters es-
timation. The FEL controller consists of one feedfor-
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Table 1. Notation.

id, iq d- and q-axis currents

vd, vq d- and q-axis voltages

Ld, Lq d- and q-axis stator inductances

ψf electromotive force constant

R stator winding resistance

P number of pole pairs

ωre electric angular velocity of rotor

θre electric angle of rotor

Jn inertia

ward (FF) and one FB controllers. The FF controller
is trained to reduce the output from the FB controller,
i.e., the FF controller learns the inverse system of the
controlled plant. As a result, transient response is im-
proved.
This paper proposes a novel FEL-based position con-

trol system in the position-sensorless positioning servo
systems. In the proposed method, the FF controller es-
tablished via learning compensates the parameter fluc-
tuations adaptively in the systems. In the proposed po-
sition control system, a phase delay compensator is ar-
ranged parallel to the controlled plant for stabilizing the
learning under no load. The phase delay compensator
can also avoid the differential operation of the estimated
parameters. Thus, an excessive input to the ACR can be
avoided even the load changes. As a result, the stability
of learning can be ensured regardless of load.
As the learning progresses, the output of the FEL

controller becomes dominant than the FB controller.
Thus, the transient response of the position control is
improved. Since the FB controller continues to operate
even after completion of the learning, robustness to the
disturbance torque is guaranteed. The effectiveness of
the proposed position control system is shown through
experiments.
This paper is organized as follows: Section 2 reviews

the conventional position-sensorless positioning servo
system (7) and describes the issues in the position control
system. In Section 3, we propose an FEL-based position
control system. Section 4 demonstrates the effectiveness
of the proposed position control system via experiments.
Section 5 concludes this paper.
Table 1 lists the notations used in this paper. In this

paper, for a variable or a signal x, x̂ and x∗ denote the
estimation and the reference of x, respectively. For a
function of time x, ẋ denotes d

dtx.

2. System Configuration

Fig. 1 shows the configuration of the position-
sensorless positioning servo system addressed in this pa-
per. In Fig. 1, the subscript “uvw” attached to v and i
indicates “three-phase” and the superscript “∗” attached
to a symbol is its reference. The system shown in Fig. 1
consists of the PI-type ACR, comb-filter-based position
estimator, controlled plant, and position control system.

The role of the position controller is to generate the
current reference to the ACR. Since the performance of
position estimation under load was verified in (12), we
assume that 1) the ACR functions well, i.e., iq ≈ i∗q ,

and 2) the position estimator also functions well, i.e.,

θ̂re ≈ θre, and thus, iδ ≈ iq. The validity of these
assumptions has been demonstrated (7). By these as-
sumptions, we can redraw Fig. 1(a) as (b) focusing on
the position controller. Hereafter, we limit ourselves to
the position controller (see (7) (12) for the details of the
structure of the comb-filter-based position estimator).
The transfer function from i∗q to θre in Fig. 1 is denoted

by s−1P (s), and is given by the following third-order
system:

s−1P (s) =
1

s(α2s2 + α1s+ α0)
, (1)

where αi (i = 1, 2, 3) includes the parameters such as R,
Lq, ψf and Jn, which varies with environmental and/or
load change.
2.1 Conventional position control system (7)

Fig. 2 shows the configuration of the positioning con-
troller of the conventional method (7). The positioning
controller is composed of an adaptive scheme and a PD-
type automatic position regulator (APR).
From (1), the ideal FF compensator is given by

P−1(s)s, and thus, the ideal input to the ACR denoted
by u0 is given by

u0 = P−1(s)sθ∗re

= α⊤ξ̇, (2)

where α =
[
α2 α1 α0

]⊤
and ξ =

[
θ̈∗re θ̇∗re θ∗re

]⊤
.

Ideally, if u0 in (2) is input to the ACR, then uFB = 0.
Since α in (2) is variable due to the parameter fluctu-

ations, we estimate it as α̂. Replacing α, P (s), and u0
in (2) with α̂, the estimated P̂ (s), and uFF, respectively,
we consider

uFF = P̂−1(s)sθ∗re

= α̂⊤ξ̇

= C(s)

(
α̂⊤

(
1

C(s)
ξ̇

))
, (3)

where C(s) is an additional polynomial. The stability of
α̂ in (3) was solved by a phase-lead compensator C(s)

in series with P̂−1(s)s as shown in Fig. 2 such that the
passivity (13) (14) was satisfied (7).
For convenience, we define

e := θ∗re − θre. (4)

When C(s) = s(Ks + 1) (K > 0), the behavior of α̂ is
given by

˙̂α = Γ

(
ξ̇

C(s)
e

)

= Γ

(
ξ̇

s(Ks+ 1)
e

)

= Γ

(
ξ

Ks+ 1
e

)
, (5)

where Γ is an adaptive gain matrix.
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ACR

Position control system
con.: adaptive scheme
pro.: learning scheme

i∗δ
i∗γ = 0

Controlled plant s−1P (s)

Comb-filter-based position estimator

γδ/uvw PWM
INV

IPMSM

uvw/γδ

γδ/γmδm
DC

Rejection

Amplitude

Calculation
PI

LPF

DC

Calculation

θ̂re

ω̂re

θ∗re

v∗γ
+

+

v∗δ

v∗
uvw vuvw

iγmδm + Iγmδm0iγmδmIγmδm

θre

iuvw

iγδ + Iγδ0

θ̂re

v∗γh

Iγδ0

(a) Detailed configuration of position-sensorless positioning control system of IPMSM.

Position control system
con.: adaptive scheme
pro.: learning scheme

s−1P (s)
i∗q θre

θ∗re

(b) Equivalent configuration focusing on position control system.

Fig. 1. Configuration of position-sensorless positioning control system of IPMSM.

sP̂−1(s)

Adaptive scheme

C(s)

APR

s−1P (s)

Position control system with adaptive scheme

α̂

+ −

θ∗re +

+

uFF i∗q θre

uFB

Fig. 2. Conventional position control system (7).

In addition, applying the swapping lemma (15) to (3),
we recast (3) as

uFF = C(s)

(
α̂⊤

(
1

C(s)
ξ̇

))
= K ¨̂α

⊤ 1

Ks+ 1
ξ + ˙̂α

⊤
(
2ξ − 1

Ks+ 1
ξ

)
+ α̂⊤ξ̇.

(6)

In (6), ¨̂α is obtained by differentiating ˙̂α in (5). If ¨̂α
in (6) is large, uFF becomes excessive. Inserting a limit
such as a saturator to prevent such an excessive input
makes the system nonlinear. Since the adaptive scheme
is supposed to work in linear systems, the stability of α̂
in (5) is no longer guaranteed due to the nonlinearity.
The APR has another issue. If the APR is high-gain

to improve disturbance suppression performance, then
e in (4) becomes small relatively fast. In this case, ˙̂α
in (5) also becomes small, which decreases the estima-
tion speed of α̂. In other words, there exists a trade-off
between the disturbance suppression performance and
the convergence speed of α̂. This trade-off results in
insufficient pole-zero cancellation between P̂−1(s)s and

s−1P (s) immediately after a load is applied, which re-
duces the phase margin. Therefore, the gain of the APR
must be small, which sacrifices the disturbance suppres-
sion performance.
To summarize the above discussion, there exist the fol-

lowing issues to be solved in the conventional method (7):
• instability of behavior of α̂ due to the nonlinearity
of the limit to prevent the excessive inputs to the
ACR and

• the trade-off between disturbance suppression per-
formance and estimation speed of α̂ for the gain of
APR.

3. Proposed position control system

To overcome the two issues described at the end of
the previous section, we propose an FEL-based position
control system. As in the previous section, we assume
that θ̂re ≈ θre, and thus, iδ ≈ iq. Fig. 3 shows the pro-
posed position control system. As shown in Fig. 3, the
phase-lead compensator C(s) is arranged in parallel to
s−1P (s) instead of a serial connection to it. This ar-
rangement avoids differential computation of α̈, which
prevents excessive input to the ACR. This method is
called a parallel feedforward compensator (PFC), which
is well-known as the FB controller design method to sat-
isfy the passivity of the closed-loop system (16). The pro-
posed FEL system estimates uFF, i.e., the ideal q-axis
current reference such that θre agrees with θ∗re, instead
of α̂. Although a high-gain APR suppresses e in (4),
learning speed of uFF becomes slow due to small e if e
is used as the training data in the FEL. By contrast, if
uFB is used instead of e as as the training data in the
FEL, learning of uFF is accelerated by rich uFB which is

3 IEEJ Trans. IA, Vol.142, No.xx, 2022
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s−1P (s)

BP algorithm

APR

CPFC(s)

sss

Position control system with learning scheme

θ∗re θ̇∗re θ̈∗re
...
θ

∗
re

uFF

+

+

uFB

θrei∗q

+

+ θPFC

−
+

Fig. 3. Proposed position control system.

the output of high-gain APR. Thus, the FEL solves the
trade-off between disturbance suppression performance
and learning speed of uFF by using uFB as the training
data. However, a saturator that limits excessive uFB due
to the high-gain APR causes nonlinearity of uFB. The
nonlinearity of uFB hinders learning of uFF in the con-
ventional methods described in Section 2 in which the
linearity of uFB is assumed. This brings another issue
in the FEL.
To solve the issue, we adopt the NN with more than

two layers since uFF can be learned even if uFB is non-
linear by the NN.

3.1 PFC The PFC stabilizes the learning of
P̂−1(s)s by designing CPFC(s) such that the relative
degree of the augmented transfer function G̃(s) =
s−1P (s) +CPFC(s) from i∗q to (θre + θPFC) becomes one
for satisfying the passivity. In this paper, the APR is
designed as a PD controller, which can be regarded as
a first-order phase lead compensator. Since the relative
degree of the open-loop transfer function composed of
s−1P (s) and the APR is two, we can design CPFC(s) as
a first-order delay system such that the relative degree
of G̃(s) = P̂−1(s)s + CPFC(s) becomes two. Thus, we
design CPFC(s) as the following first-order delay system:

CPFC(s) =
Kωc
s+ ωc

, (7)

where ωc and K are the cut-off frequency and the gain,
respectively. In (7), ωc should be sufficiently lower than
the frequencies included in θ∗re while K is adjusted by

confirming the response of θ̂re and the steady-state value
of θPFC. From (1) and (7), G̃(s) is given as

G̃(s) = s−1P (s) + CPFC(s)

=
Kωcα2s

3 +Kωcα1s
2 + (Kωcα0 + 1)s+ ωc

α2s4 + (α1 + ωcα2)s3 + (α0 + ωcα1)s2 + ωcα0s
.

(8)

We consider G̃(s) in (8) instead of s−1P (s) to stabi-

lize the learning of P̂−1(s)s. Using (8) and the APR,

we obtain the relationship between uFB and P̂−1(s)s −
P−1(s)s as

uFB =
−G̃(s)(KP + sKD)

1 + G̃(s)(KP + sKD)︸ ︷︷ ︸
=:GFEL(s)

(P̂−1(s)s− P−1(s)s)θ∗re,

(9)

where KP and KD are determined by trial and error
such that the step response of ωre is at the desired cut-
off frequency (see Appendix for the detail). In (9), the
relative degree of GFEL(s) is zero, i.e., GFEL(s) satis-

fies the passivity. Thus, the learning of P̂−1(s)s can be
stabilized.
In the PFC, the augmented error (e − θPFC) rather

than e in (4) converges to zero using the NN for sta-

bilization of learning of P̂−1(s)s. Thus, e in (4) does
not necessarily converge to zero in steady state. In most
cases, an offset remains, i.e., θre ̸= θ∗re. To reduce the
offset, K in (7) must be small.
3.2 NN for uFF Although differentiating oper-

ation is not needed in the proposed position control sys-
tem, the input to the ACR may still become excessive
due to load. Therefore, a saturator is required for sys-
tem protection regardless of the structure of the posi-
tion control system. In the proposed position control
system, the FF controller is trained by the NN to esti-
mate sP̂−1(s) even when the nonlinearity caused by the
saturator exists.
Fig. 4 shows the structure of the NN to generate uFF

in Fig. 3. The NN is composed of three independent
sub-NNs. Each sub-NN is composed of one input, two
hidden, and one output layers. Each hidden layer has
three nodes. Let nm,l,k denote the m-th (m = 1 for
l = 1, 4 and m = 1, 2, 3 for l = 2, 3) node in the l-th
(l = 1, 2, 3, 4) layer of the k-th (k = 1, 2, 3) sub-NN. In
Fig. 4, Hm,l,k, Fm,l,k, wm,l,k, and bm,l,k (m = 1 for l = 1
and m = 1, 2, 3 for l = 2, 3), (l = 1, 2, 3), (k = 1, 2, 3)
denote the input, activate function, weighting vector,
and bias vector of nm,l,k, respectively. Fm,l,k for all
m, l, and k is tanh(·). Since the reference trajectories

θ∗re is given in advance, θ̇∗re, θ̈
∗
re, and

...
θ

∗
re, are available.

Each input to the corresponding sub-NN is normalized

as
θ̇∗re

max(|θ̇∗re|)
,

θ̈∗re

max(|θ̈∗re|)
, and

...
θ

∗
re

max(|
...
θ

∗
re|)

so that it is

within [−1, 1].
Each sub-NN outputs kuFF (k = 1, 2, 3). Thus, the

NN generates uFF as the sum of kuFF (k = 1, 2, 3). The
general backpropagation (BP) algorithm is used to up-
date wm,l,k and bm,l,k (m = 1 for l = 1 and m = 1, 2, 3
for l = 2, 3), (l = 1, 2, 3), (k = 1, 2, 3) in the NN.

4. Experiment

This section shows the effectiveness of the proposed
position controller by comparing it with the conventional
controller (7). In particular, e in (4) is evaluated to see
the influence of the torque disturbance against the esti-
mation performance of α̂ or uFF and θ̂re.
4.1 Experimental condition Table 2 lists the

nominal parameters of the test IPMSMs. All calculation
is executed in DSP (Myway Plus Corporation: Expert
IV). The carrier frequency of the three-phase voltage-
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...
θ

∗
re

max(|
...
θ

∗
re|)

θ̈∗re

max(|θ̈∗re|)

θ̇∗re

max(|θ̇∗re|)

1uFF

2uFF +

+

+

3uFF

uFF

wm,l,k

bm,l,k

Fm,l,k

Hm,l+1,k = Fm,l,k(wm,l,k Hm,l,k + bm,l,k)

(m = 1 for l = 1, 4 and m = 1, 2, 3 for l = 2, 3), (l = 1, 2, 3), (k = 1, 2, 3)

Hm,l,k Hm,l+1,k

l = 2 l = 3

Input layer

l = 1

Output layer

l = 4

Fig. 4. Structure of NN.

Table 2. Parameters of test IPMSMs.

Parameters IPMSM#1 IPMSM#2

Jn 0.0081 kgm2 0.76 kgm2

R 0.681 Ω 1.10 Ω

Ld 10.0 mH 10.4 mH

Lq 15.2 mH 12.4 mH

Ke 0.375 Vs 0.214 Vs

Pn 3 4

Rated power 1.5 kW 1.0 kW

Rated speed 1450 min−1 2000 min−1

Rated line voltage 174 V 200 V

Rated line current 5.7 A 6.4 A

type pulse-width modulation (PWM) inverter is 10 kHz.
The control period synchronized with the triangle-wave
PWM carrier is Ts = 100 µs. All controllers and learning
are synchronized with the triangular-wave PWM carrier.
The cut-off frequencies of the ACR and the APR shown
in Fig. 1 are 2000 rad/s and 5.0 rad/s, respectively.
To generate θ∗re in the positioning control, the follow-

ing function is used:

r(t) = 6t5 − 15t4 + 10t3. (10)

Note that ṙ(t) = 0 at t = 0, 1. For the given target angle
L and the moving time T , we define θ0re(t) (0 ≤ t < 4T )
as follows:

θ0re(t;L, T )

=



Lr

(
t

T

)
(0 ≤ t < T ),

L (T ≤ t < 2T ),

Lr

(
− t− 3T

T

)
(2T ≤ t < 3T ),

0 (3T ≤ t < 4T ).

(11)

Using (11), we set θ∗re(t) as the following periodic posi-
tion reference:

Fig. 5. θ∗re(t;L, T ) in (12).

θ∗re(t;L, T ) = θ0re(t− ti;L, T ) (ti ≤ t < ti+1) (12)

where ti = 4(i− 1)T (i = 1, 2, . . .). For convenience, we
define Ti,j = [ti + (j − 1)T, ti + jT ) (i = 1, 2, . . .) and
(j = 1, 2, 3, 4). Fig. 5 shows θ∗re(t;L, T ) in (12) and Ti,j
(i = 1, 2, . . .) and (j = 1, 2, 3, 4). In Fig. 5, Ti,1 and Ti,3
(i = 1, 2, . . .) correspond to transient state while Ti,2 and
Ti,4 correspond to steady state.
In the experiments, we set L = 30 deg in electrical

angle (10 deg in mechanical angle) and T = 250 ms (for
IPMSM#1) and 1.0 s (for IPMSM#2). In the proposed

method, θ̇∗(t), θ̈∗re(t) and
...
θ

∗
re(t) are given as the first,

second, and third differential of θ∗re(t), respectively.
To evaluate the proposed method, we define

ê := θ̂re − θre. (13)

In the experiments, due to digital control e[k] = e(kTs)
and ê[k] = ê(kTs) where k (k = 0, 1, . . .) is the sampling
step.
The tracking error in transient state is evaluated by

the following criterion:

Jtets := max
kTs∈Ti,1∪iTi,3...

|e[k]| . (14)

The estimation error is evaluated by the following cri-
terion:

Jee := max
k

|ê[k]| . (15)

4.2 Results for no load Fig. 6 shows the exper-
imental results of positioning control with (a) the con-
ventional and (b) the proposed methods for IPMSM#1
without load. From Fig. 6, it can be observed that ê
in transient state by the conventional method is larger
than that by the proposed method. By contrast, ê in
steady state by the two methods is similar. In the con-
ventional method, ê in transient state is mainly caused
by the differential calculation of α̂.
Table 3 evaluates the results shown in Fig. 6 quan-

titatively. From Table 3, we can see that both Jtets
(tracking error in transient state) and Jee (estimation
error) by the proposed method are less than those by
the conventional method, which validates the effective-
ness of the proposed method. In the proposed method,
α̂ is learned such that (e−θPFC) is zero. In other words,
e = θPFC holds instead of e = 0. Therefore, an offset in

5 IEEJ Trans. IA, Vol.142, No.xx, 2022
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(b) Proposed.

Fig. 6. Positioning control results w/o load.

Table 3. Evaluation of experimental results for no
load shown in Fig. 6.

Criterion (a) con. (b) pro.

Jtets (tracking error in transient state)[deg] 4.0 3.3

Jee (estimation error)[deg] 8.7 6.0

the position control result due to the θPFC is essentially
unavoidable. Nevertheless, the slight drawback of the
PFC is not an issue since Jtets and Jre is lower than that
by the conventional method.
From the experimental results, we can conclude that

the proposed method is more effective than the conven-
tional method from the tracking control performance in
no-load conditions.

4.3 Results for inertia load Load tests are
conducted to verify the effectiveness of the proposed
method. In the experiment, IPMSM#2 is coupled to
an inertia load for more practical use.
Fig. 7 shows the experimental results of positioning

control with (a) the conventional and (b) the proposed
methods. From Fig. 7, we can observe that both two
methods achieve positioning control without destabiliza-
tion.
Table 4 evaluates the experimental results shown in

Fig. 7. From Table 4, all criteria Jtets, and Jee by the
proposed method are smaller than those by the conven-
tional method, which validates the proposed method is
more effective than the conventional method even if an
inertia load exists.
The position estimation error of IPMSM#2 is larger
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(a) Conventional.
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(b) Proposed.

Fig. 7. Experimental results of positioning control
(IPMSM#2 coupled to inertia load).

Table 4. Evaluation of experimental results for
load shown in Fig. 7.

Criterion (a) con. (b) pro.

Jtets (tracking error in transient state)[deg] 14.0 10.2

Jee (estimation error)[deg] 16.1 13.7

than that of IPMSM#1 due to the small saliency of
IPMSM#2 since the saliency of the IPMSM is used in
the proposed method. Therefore, the position control
error of IPMSM#2 is larger than that of IPMSM#1 as
shown in Fig. 6 and Fig. 7. Nevertheless, the position
control error in mechanical degree is almost same for
IPMSM#1 and IPMSM#2.
4.4 Results for inertia load fluctuation We

further show the proposed method is effective even for
load fluctuation. We apply the proposed method to
IPMSM#1. In this experiment, the coupled inertia load
fluctuates, which is simulated by using a load motor as

τl =
1

1 +∆
τm, (16)

where τl and ∆ denote the load torque and inertia fluc-
tuation ratio, respectively, and †

τm = Pn(Ke + (Ld − Lq)id)iq. (17)

In the experiments, ∆ = 1.0, 3.0, and 5.0 in (16) are
tested.

† In (17), id and iq are calculated using θre from the encoder
that is used only for the load motor torque control, but is not
used for positioning control. (see Appendix for the detail).
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Fig. 8. Experimental result of conventional method
with load (∆ = 1.0 (bottom: enlarged plot from 20s
to 21.75s)).

Figs. 8-10 and 11-13 show the experimental results of
∆ = 1.0, 3.0, and 5.0 with the conventional and pro-
posed methods, respectively. From Fig. 10, it can be
observed that the conventional method becomes unsta-
ble when ∆ = 5.0, resulting that θre diverges. The es-
timation of α̂ in the conventional method is not robust
since the load fluctuation is equivalently compensated
by adjusting α̂ in (5). The estimation of α̂ using (5)
is much slower than the load fluctuation, and thus, the
estimation error of α̂ leads to loss synchronism. By con-
trast, from Figs. 11-13, we can observe that the proposed
method achieves positioning control without destabiliza-
tion in all cases successfully. Since α̂ are learned in the
NN of the proposed method, α̂ is always available even
if α̂ is not linear with respect to iq regardless of load
fluctuation.
Table 5 evaluates the experimental results shown in

Figs. 8-10 and 11-13. From Table 4, all criteria Jtets,
and Jee by the proposed method are superior to those of
the conventional method, which demonstrates that the
proposed method is more effective than the conventional
method, even with an inertia load fluctuation.
These experimental results validate the effectiveness

of the proposed position-sensorless positioning servo sys-
tem.
4.5 Results for uFF and uFB We finally show

the relationship between uFF and uFB in the proposed
method. We apply the proposed method IPMSM#1 and
IPMSM#2. The experimental conditions are the same
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Fig. 9. Experimental result of conventional method
with load (∆ = 3.0 (bottom: enlarged plot from 20s
to 21.75s)).
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Fig. 10. Experimental result of conventional method
with load (∆ = 5.0 (no enlarged plot)).

Table 5. Evaluation of experimental results shown
in Figs. 8-9 and 11-10.

con. pro.

Criterion ∆ = 1.0 ∆ = 3.0 ∆ = 5.0 ∆ = 1.0 ∆ = 3.0 ∆ = 5.0

Jtets[deg] 9.2 16.7 – 7.1 6.5 6.9

Jee[deg] 5.5 8.8 – 2.9 4.0 5.3

as with Sections 4.3 and 4.4.
Fig. 14 shows the relationship between uFF and uFB

for IPMSM#2. In the standstill, uFB is not zero since
the learning of α̂ stops as ξ equals zero. By contrast,
uFB is almost zero during moving,, indicating that i∗q
is mainly generated from uFF after the completion of
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Fig. 11. Experimental result with proposed method
with load (∆ = 1.0 (bottom: enlarged plot from 20s
to 21.75s).

learning.
Fig. 15 shows the relationship between uFF and uFB

for IPMSM#1 when ∆ = 1.0. Note that the relation-
ship between uFF and uFB does not depend on ∆. From
the top plot of Fig. 15, it can be observed that uFF in-
creases after the load is applied, indicating that uFF is
larger than uFB. From the bottom plot of Fig. 15, it can
be observed that uFF is more dominant than uFB during
moving. The results when ∆ = 3.0 and 5.0 are skipped
since the relationship between uFF and uFB is similar to
the case when ∆ = 1.0.
This result validates that the proposed learning

method is effective even when a load is applied.

5. Conclusion

This paper proposed a novel FEL-based position con-
trol system in the position-sensorless positioning servo
systems. In the proposed method, the FF controller es-
tablished via learning compensated the parameter fluc-
tuations adaptively in the systems. As the learning pro-
gressed, the output of the FEL controller became dom-
inant than the FB controller. Thus, the transient re-
sponse of the position control was improved. Since the
FB controller continued to operate even after completion
of the learning, robustness to the disturbance torque was
guaranteed.
Future works include the improving the accuracy and

response of the position estimation furthermore.
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Fig. 12. Experimental result with proposed method
with load (∆ = 3.0 (bottom: enlarged plot from 20s
to 21.75s)).
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Appendix

1. Derivation of relationship between uFB and
(P̂−1(s)s− P−1(s)s)

We derive the relationship between uFB and
(P̂−1(s)s−P−1(s)s) for stability analysis of the learning

of P̂−1(s)s by passivity, From (2),

e = θ∗re − θre

= s−1P (s)u0 − s−1P (s)(uFF + (KP + sKD)e)
(A1)

From (A1), we obtain

e =
−s−1P (s)

1 + s−1P (s)(KP + sKD)
(uFF − u0)

=
−s−1P (s)

1 + s−1P (s)(KP + sKD)
(P̂−1(s)s− P−1(s)s)θ∗re.

(A2)
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In Fig. 3, e can also be written as

e = (KP + sKD)
−1uFB. (A3)

From (A2) and (A3), the relationship between uFB and

(P̂−1(s)s− P−1(s)s) can be given as:

uFB =
−s−1P (s)(KP + sKD)

1 + s−1P (s)(KP + sKD)
(P̂−1(s)s− P−1(s))sθ∗re.

(A4)

Applying the CPFC(s), we replace s−1P (s) with G̃(s)
yields (9).

2. Derivation of an inertia load fluctuation
simulated by using the load motor

For simulating the inertia load fluctuation, we derive
the relationship between an inertia fluctuation and a
torque fluctuation due to the fluctuation. Assuming that
there is no inertia fluctuation and constant rotor speed,
the equation of motion for IPMSM can be given by

ωrm =
1

Jns
τm. (A5)

Considering the fluctuations of Jn and ωrm in (A5), we
obtain

δωrm + ωrm =
1

(Jn + δJ)s
τm. (A6)

From (A5) and (A6), we obtain the following relation-
ship:

δωrm =
1

(Jn + δJ)s
τm − 1

Jns
τm. (A7)

From (A7), we obtain

δωrm =
1

(Jn + δJ)s
τm − 1

Jns
τm

=
−δJ

Jn(Jn + δJ)s
τm

= − 1

Jns

(
1− Jn

(Jn + δJ)

)
τm

−δωrm =
1

Jns
τm − 1

Jns

Jn
(Jn + δJ)

τm

=
1

Jns
τm − 1

Jns

1

(1 + ∆)
τm︸ ︷︷ ︸

=:τl

, (A8)

where ∆ = δJ
Jn

is the inertia fluctuation ratio. From

(A8), the inertia fluctuation is simulated by applying
the τl from the load motor to the test IPMSM. From
the above, we obtain (16).
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