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Iterative Learning Control for Thrust Ripple
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Abstract—Permanent magnet linear synchronous motor
(PMLSM) suffers from inherent thrust ripples, which cause
vibration and noise and worsen the control performance. In this
article, an iterative learning thrust ripple suppression method
based on a proportional resonant internal model extended state
observer (PR-IMESO) is proposed for PMLSM drives. A P-type
iterative learning controller (PILC) with the forgetting factor
is constructed to suppress the detent force which is the main
component of thrust ripples and periodic force ripples. On
this basis, PR-IMESO is constructed to further suppress the
detent force and the residual disturbance in thrust ripples. In
addition, the convergence, stability, and parameter sensitivity of the
suppression method are analyzed. The proposed PR-IMESO-based
PILC suppression method can suppress thrust ripples of PMLSM
pertinently according to their characteristics to achieve overall
control performance improvement. Finally, the effectiveness of the
proposed method is verified on a 750-W PMLSM experimental
platform.

Index Terms—Internal model extended state observer (ESO),
iterative learning control (ILC), permanent magnet linear
synchronous motor (PMLSM), thrust ripple suppression.

1. INTRODUCTION

ERMANENT magnet linear synchronous motor (PMLSM)
P can directly generate linear motion without any interme-
diate transmission device and has the advantages of simple
structure, fast dynamic response, high thrust density, etc., which
has been widely used in automatic control systems, industrial
robots, rail transit, and other occasions [1], [2], [3]. However,
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because PMLSM has no intermediate transmission device, it is
more sensitive to thrust ripples, parameter perturbations, and
external disturbances, which worsens the control performance
of PMLSM drives [4].

One of the biggest limitations of PMLSM is thrust ripples [5].
The main causes of thrust ripples for PMLSM are the end force,
the cogging force, the force ripple, the friction disturbance, the
load disturbance, etc. [6]. Due to the breaking of the ends of
the core along the moving direction and the primary winding of
the motor being discontinuous, PMLSM has a specific periodic
thrust ripple, which is called the end force [7]. Same as in
the rotating machine, the primary core of PMLSM also uses
slotted silicon steel lamination, resulting in the cogging force
[7]. Generally, the resultant force of the end force and the
cogging force is called the detent force, which is the main
reason for thrust ripples of PMLSM. Besides the detent force,
periodic force ripples and aperiodic force disturbances are also
included in the thrust ripples. The force ripple is mainly caused
by current harmonics and back-EMF harmonics [8]. PMLSM is
also subjected to viscous friction disturbance and sliding friction
disturbance [9]. In addition, since the mover of PMLSM is
directly connected to the load, any changes on the load side will
be transmitted directly to the motor, resulting in thrust ripples.

Therefore, the thrust ripple components of PMLSM are quite
complex, including periodic components, such as the detent
force and the force ripple, as well as aperiodic components,
such as the friction disturbance and the load disturbance. These
not only lead to complex speed harmonic pulsation but also
cause vibration and noise, resulting in mechanical damage in
severe cases, which has a great impact on the control accuracy
of PMLSM drives, especially at low speeds [10].

To further improve the control accuracy and the operation
performance of PMLSM drives, it is necessary to effectively
suppress the thrust ripples. At present, the research on PMLSM
thrust ripple suppression strategy mainly includes two cate-
gories: motor design and control algorithm optimization [11].
In terms of improving the motor structure, a modulation method
was proposed to reduce the thrust ripples by adjusting the width
of the side slots and the lengths of the end teeth [12]. Although
this kind of method can essentially improve the negative influ-
ence of the motor structure characteristics on mover thrust, it
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increases the cost and difficulty of the motor design, and the
suppression effect of thrust ripples is limited.

Therefore, many practical and effective control methods were
put forward to suppress thrust ripples of PMLSM. These meth-
ods fall into two main categories: compensating and suppressing
the thrust ripples directly in real time by constructing its model
or suppressing it indirectly by reducing the speed fluctuation
caused by thrust ripples. The most direct method to suppress
thrust ripples is to establish the mathematical model of thrust
ripples, and obtain the simplified mathematical model through
FEA or online identification, then compensate them in real time.
In [13], the method of using FEA data to compensate for the
detent force and an observer to compensate for the residual thrust
ripples was proposed to reduce thrust ripples of PMLSM. In
[14], an online compensation method based on FEA data of the
detent force and curve fitting was proposed, and a simple online
observer constructed with acceleration was used to observe and
compensate the residual thrust ripples. However, these methods
all rely on the accurate model of thrust ripples and have a limited
suppression effect on thrust ripples of PMLSM.

It is difficult to obtain the model of thrust ripples in the actual
system. In view of the periodic characteristic of the detent force
for PMLSM, some repetitive and learning control strategies were
proposed to suppress thrust ripples, such as periodic adaptive
learning control [9], iterative learning control [ 15], and repetitive
control [16]. In [9], a state-periodic adaptive control method
was proposed. The key idea is to use one trajectory period past
information along the state axis to update the current adaptation
law to compensate for the cogging force and the friction force
of PMLSM. As a widely used control strategy, iterative learning
control (ILC) has a satisfactory suppression effect on periodic
disturbances [17]. In [15], a projection-based iterative learning
method that utilizes partial but most pertinent information in the
error signal was proposed to identify and compensate for the
periodic force ripple of PMLSM.

Furthermore, many methods using the observer to indirectly
suppress the thrust ripples of PMLSM were proposed, which
equates the disturbances of the system to the lumped disturbance
to estimate and compensate for it. In [18], a periodic adap-
tive disturbance observer was proposed to attenuate periodic
disturbances in the repetitive motion of PMLSM. However,
it is assumed that the disturbances of PMLSM are periodic,
and the influence of aperiodic disturbances is not considered.
In [19], an augmented generalized proportional-integral ob-
server was presented to estimate and compensate for the distur-
bance/uncertainty of PMLSM. In [20], a general-purpose two-
degree-of-freedom PID type controller integrated with the linear
extended state observer (ESO) and the friction feedforward
controller was proposed to suppress thrust ripples and nonlinear
friction disturbance of PMLSM. However, the traditional ESO
can only suppress the disturbances with gradual constants or
slow changes and cannot estimate and compensate the periodic
disturbances well. In [21], an internal model control with ESO
was proposed to reduce the influence of external torque distur-
bance and moment of inertia variation on the performance of
the system, which brings inspiration to PMLSM thrust ripple
suppression.
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Fig. 1.  Schematic diagram of PMLSM.

Aiming at the complex thrust ripple problem of PMLSM,
an iterative learning suppression method based on proportional
resonant internal model ESO (PR-IMESO) is proposed in this
article. First, the thrust ripples of PMLSM are analyzed and
modeled. The thrust ripples include the detent force, periodic
force ripples, and aperiodic residual thrust ripples, among which
the detent force is the main component of thrust ripples and is
modeled. A P-type iterative learning controller (PILC) with the
forgetting factor is constructed to preliminarily suppress the de-
tent force and periodic force ripples. However, PILC cannot fully
eliminate the negative effect of the detent force for PMLSM and
has no suppression effect on the aperiodic residual disturbances.
On this basis, PR-IMESO considering the detent force model is
designed to suppress the residual thrust ripples. The resonant
term is introduced into IMESO to strengthen the suppression
effect of the fixed-period detent force. The proposed PR-IMESO
can suppress the thrust ripples of PMLSM pertinently according
to their characteristics to achieve overall control performance
improvement. The proposed suppression strategy is almost un-
affected by the parameter uncertainty. Finally, the effectiveness
of the proposed suppression strategy is verified on a 750-W
PMLSM experimental platform.

II. ANALYSIS AND MODELING OF THRUST RIPPLES OF
PMLSM DRIVES

The structure of PMLSM is shown in Fig. 1, where, Ly is the
length of the mover. The thrust is as follows:

3w

Fe = §;pn'(/)f7;q (1)

where F, is the electromagnetic thrust, 7 is the motor pole
distance, p,, is the number of pole pairs, ¢ is the permanent
magnet flux linkage, and i, is the g-axis current.
The motion equation is expressed as
dv
M— =F,— F, + Fy

dt
where M is the mover mass, v is the speed of the mover, Fr, is
the load tension, and Fy is the resultant force disturbance and
can be simply described as

@)

Faq = Foet = Bav + Liip 3)

where Fq.¢ 1s the detent force, B, is the viscous friction coeffi-
cient, and F'4;, refers to other force fluctuations except the detent
force and the viscous friction force.

The detent force is the main cause of thrust ripples of PMLSM,
which is a periodic function related to the position of the mover
[22]. The cogging force and the end force are modeled, respec-
tively, to obtain the detent force model of PMLSM.
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When ignoring the end effect, the cogging force of PMLSM
can be regarded as the superposition of the interaction force
between any primary tooth and all secondary poles. The cogging
force of a single tooth can be expressed by Fourier series as

T
i=1

where f.s; and 0; are the amplitude and the phase of the ith
harmonic component, respectively, and x is the displacement of
the mover.

If the number of teeth for PMLSM is Ny, the separation is
Ts, and its distribution length corresponds to the number of
permanent magnet pole pairs is p, then the resultant cogging
force of the whole mover can be expressed as [23]

> . Nenm
Foog = Z fnNssin ( e

n=1

T+ 90n> (&)

where N, is the least common multiple of the number of the
motor poles 2p and the number of the slots Ny. From (5), it can
be seen that the whole mover cogging force is a function related
to the position of the mover, whose period is 2p7/N.. Therefore,
it is also a function with the period of the motor pole pitch 7
given as

> 2mn
Fooo = a,, Sin (:L’ + an) (6)
g ; ;-
where a,, and «,, are Fourier series coefficients and phases,
respectively.

The end force is a periodic thrust ripple similar to the cogging
force. The Fourier series expression of the end force Fepq is as
follows:

= 2
Fopga = Z by, sin % (:U + g) @)
n=1

where b,, is the coefficient of the Fourier series, and § is the
phase, expressed as § = m7-Lg, where m is an integer.

The resultant force of the end force and the cogging force is
called the detent force, which is the main reason for the thrust
ripples of PMLSM. According to (6) and (7), the detent force
Fqet can be expressed as

2 2 1)
Fdet—Zan sin (Wa:—l—an) + an sin :n <x+2>.

n=1 n=l1
(®)

It can be seen from the mathematical model (8) that the detent
force is a function of the mover position with the motor pole pitch
7 as the period. The analysis result of the detent force is shown in
Fig. 2 [24]. According to the expression of the PMLSM mover
speed v = 27f, the frequency of the detent force is twice that of
the primary winding phase current. The thrust ripple components
of PMLSM are numerous and complex, including not only the
detent force with large amplitude but also periodic force ripples
and aperiodic disturbances with small amplitude, which have a
great influence on the operation performance of PMLSM drives.
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Fig. 2.

III. PROPOSED THRUST RIPPLE SUPPRESSION STRATEGY WITH
PR-IMESO-BASED ITERATIVE LEARNING CONTROL

A. Scheme of Thrust Ripple Suppression Strategy

The suppression strategy with PR-IMESO-based ILC accord-
ing to the thrust ripple component characteristics of PMLSM
is proposed, as shown in Fig. 3. Because PILC has a good
suppression effect on the periodic disturbance without the am-
plitude, it is used to suppress the detent force, which is the
main component of thrust ripples, and the periodic force ripple.
On this basis, PR-IMESO considering the detent force model
is designed to suppress the residual disturbance. PR-IMESO
can suppress not only the modeled detent force but also the
other unmodeled complex thrust ripples, including the load
disturbance, the current distortion, and the friction force. In
addition, the resonant term in the observer is used to strengthen
the suppression of the second-order detent force. In this way,
the PR-IMESO-based PILC suppression strategy can greatly
improve the control performance of PMLSM.

ILC can eliminate the control errors caused by repeated
disturbances without an accurate model of the plant. Consid-
ering the characteristics of different types of ILC rates and the
detent force, this article constructs an open-closed-loop P-type
ILC with the forgetting factor to suppress the detent force and
periodic force ripples. Combined with the PMLSM drive system,
the iterative learning law can be expressed as

ug(t) = cqup_1(t)+Kpr1 Avg_1(t) + KpraAvg(t)
Avg(t) = Vrer(t) — vi(t) &)
ve(t) = M (t) ug(t)

where « is the forgetting factor. Kpr1 and Kpy,o are iterative
learning gains. uy(t), vi(f), and Av(¢) are the kth control signal
(compensation value of g-axis current), input signal (speed
feedback value), and error signal (speed error) of the iterative
learning system, respectively. k is the number of iterations. M(7)
is the transfer function between the control signal and the output
signal of the iterative learning controller. The function of the
forgetting factor is to weaken the cumulative effect of aperiodic
disturbances and accelerate the convergence speed, whose value
is between 0 and 1.

PILC uses the speed error and the compensation value of the
g-axis current at the (k-1)th run and the speed error at the kth run
to update the current compensation value of the g-axis current
to compensate the detent force and force ripples. However,
as a conventional method, PILC can only suppress periodic
disturbances and has no suppression effect on the aperiodic
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Fig. 3. Proposed PR-IMESO-based PILC thrust ripple suppression method.

Fig. 4. Block diagram of PR-IMESO.

residual disturbances. Moreover, PILC cannot fully eliminate
the negative effect of the detent force for PMLSM. Therefore,
PR-IMESO considering the detent force model is designed to
suppress the residual disturbance and strengthen the suppression
of the detent force. It should be noted that PILC is used to
suppress the detent force and the periodic force ripple initially
and the resonant term is used to strengthen the suppression effect
of the detent force. So PILC and the resonant term in the observer
cannot replace each other.

PR-IMESO-based suppression strategy is shown in Fig. 3,
which is marked with a yellow dotted box. The input of
PR-IMESO is iger (g-axis current reference) and v (speed
feedback value), and the disturbance of PMLSM is estimated
by the observer. The output is d(¢) (a disturbance compen-
sation signal), which is used to correct ig.or by feedforward
compensation.

The block diagram of PR-IMESO is shown in Fig. 4. As
can be seen, IMESO is a fourth-order observer considering
the detent force model, and the feedforward proportional term
of the error signal and the resonant controller R(s) consti-
tute the proportional resonant controller, then PR-IMESO is
obtained.

The quasi-PR controller has a large amplitude near the res-
onant frequency point, which can be used to strengthen the
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|
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suppression effect of the fixed-period detent force [25]. The
quasi-PR controller transfer function can be expressed as [26]

2KRw:s

G =K, + —""""
PR (s) Pt 52 4+ 2wes + wp?

(10)
where Kp is the proportional coefficient, Kr is the resonant
coefficient, w, is the resonant bandwidth, and w is the resonant
angular frequency.

According to the internal model principle, the improved ESO
considering the detent force model is designed, which is called
IMESO. It can not only compensate and suppress the detent
force but also estimate and compensate for the other unmodeled
thrust ripples in real time.

‘When various thrust disturbances of PMLSM are considered,
its equation of motion can be expressed as

1~}:37Tpn¢fi —ﬁ?]—& Fdet
orM Y M M M
. By, I | Fue 3Tpnhe ‘
R VA VA 7 ( orM °)
3t .
T par U ia)
= boiq" + c(t) + p(t) (11)
with
{C(t) = laitiq — boig" — Fpo — (12)
Fe[
p(t) = 3¢

where b is the control gain. Fqe is the detent force. c(7) is the
lumped unmodeled disturbance including the load disturbance,
the friction disturbance, the parameter perturbation, and the
force ripple. p(¢) is the detent force disturbance, which can be
expressed as asin[(27/7)x + ¢| = asin(4w ft + @), where f
is the known running frequency of PMLSM, a is the unknown
amplitude, and ¢ is the unknown phase.

Define each state variable as follows:

1 =v,x0 = c(t), x5 =p(t), x4 = —.
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The designed internal model ESO is as follows:

5?1 = @y + 23 + boif, + ha(y — 9)
3?2 = ha(y —9)

T3 =24+ h3(y —9)

24 = —1672f2d5 + ha(y — 9)

— i

(13)

<>

where 1, T2, T3, and T4 are estimate values of state variable
v, ¢(t), p(?), and dp(t)/dt. hy, ha, hs, and hy are four gains of
IMESO.

According to (11), the control gain by of the observer can be
expressed as

b — 37Tpnz/}f
0 2TM

According to the thrust (1) of PMLSM at the d-q axis, the flux
linkage of the permanent magnet ¢ can be obtained as follows:

21k
 37puiq

(14)

Vs 15)

By substituting (15) into (14), the control gain by can be
obtained according to the thrust constant F./i, of PMLSM.

In this article, IMESO is adjusted as a fourth-order system
with all the poles coincident. Then, the four parameters are
adjusted by the bandwidth of the observer. The characteristic
polynomial form of the target system is as follows:

(s 4 w)* = s* + 4ws® + 6w?s? + dw’s + wh. (16)

According to (13), the characteristic polynomial c(s) of

IMESO can be obtained as follows:

c(s) =s* + his® + (ha + hz + 1677 f?) s°
+ (ha + 167 f2hy) s + 167 f2ho. (17)

By corresponding the coefficients of (16) and (17), the four
parameter expressions of the observer can be obtained as fol-
lows:

h1 = 4we4so
h2 = 16“)650 2

i (18)
hs = 6w?2, — 1672 f? — e

5o 1672 f2
hy = 4w?, — 4872 f2Weso

where wes, 1S the bandwidth of the IMESO.

B. Convergence Analysis

The convergence of PILC is analyzed as follows. As can
be seen from (9), the relationship between the kth and (k-1)th
iteration learning tracking errors of PILC can be expressed as

Avy, = Vieg—M (t) (o (EHKpr1 Avie (t)+ KproAvk (1))

_ o — KPLlM (t)
1+ KproM (t)

=H (t) Aﬂk,1 (t) + P (t) .

(1 — @) Vrer

Avp_1 () + —————
vk-1 (t) 1+ KproM (1)

19)
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Fig. 5. Relationship of tracking error limit value to o, Kp1,1, and Kpp,2.

According to (19), the sufficient condition for PILC conver-
gence is

a— KpigM (t)

H (1)) = 14 KproM ()

(20)

<

The infinite norm on both sides of (19) can be further ex-
pressed as

[Avk [l = [1H () Avg—1 (8) + P (1)]]
< [[H (#) Avi-r ()]l + 1P ()
= [H @) [Avk-1 Do + [P ()] max
<|H ()| Aviz ()l +AHH 0D [P (8)] xS -

max —

oo

<IH (01800 (Ol o+ (1o +H @OF7) P (1) e

1 |H @)

= [H ®)|* || Avo (1), + 1— [H @)

[P (t)] 1)

max”

According to (21), when the number of iterations & tends to
infinity, the following expression can be obtained:

Jim o, = fim (1 (0o (0]
—00 k—o0

1—|H (1)]"
+ 1_H(t)||P(t)|max>

[P ()]
= max. (22)
1—|H ()]
It can be seen from (22) that the tracking error of PILC has
a limit value that meets the convergence condition, and its limit
value is related to o, Kp1,1, and Kpr,2, which is shown in Fig. 5.

C. Stability and Parameter Sensitivity for PR-IMESO

The PR-IMESO consists of resonant term R(s) and IMESO.
Combined with (13), the total disturbance compensation can be
expressed as

d(t) =23+ 2a+hi(y —9) + R(s)(y —9).  (23)

According to (13) and (23), the speed estimate value and
disturbance compensation value after the Laplace transform of
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PR-IMESO can be obtained as

50 = b’ + d(s)
~ 2
sd(s) = hae(s) + hyse(s) + %}W+R(s)e(s)
(24)

According to (24), the error of the system can be expressed
as

1 .
v(s) — 3 (boifl(s) + d(s)) .
The “total disturbance” of the system can be expressed as

F(s) = sv(s) — boig(s)-

(g
—
V)
=
I
<
—
V)
=
|
>
—~
V)
=
Il

(25)

(26)

Where the transfer function between the compensation of PR-
IMESO and the “total disturbance” of the system is investigated.
Taking the observer input iy = 0, the transfer function of PR-
IMESO can be obtained, as shown in (27) shown at the bottom
of this page.

Since the transfer function of the observer is related to the
speed, the Nyquist diagram of the observer under different run-
ning frequencies of the linear motor can be obtained according
to (27).

The running frequency f is set as 1 Hz, and the bandwidth
of PR-IMESO w,g, is set to 10 rad/s, 15 rad/s, 25 rad/s, and
60 rad/s, respectively. Nyquist diagram of PR-IMESO is shown
in Fig. 6. When the bandwidth of PR-IMESO w.s, changes, the
Nyquist curve of the observer never surrounds the point (-1, jO).
According to the Nyquist stability criterion, it can be concluded
that the studied PR-IMESO is stable.

According to the PR-IMESO transfer function in (27), the
Bode diagram under different bandwidths can be obtained, as
shown in Fig. 7. Obviously, with the increase of w,,, the band-
width of the disturbance estimation increases, the gain of the
observer is more stable, and the performance of the disturbance
estimation is better. Since the poles of the observer transfer
function are related to the observer bandwidth and the speed

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024
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Fig. 8.  Experimental platform of a 750-W PMLSM.

of PMLSM, it is necessary to determine the best bandwidth of
PR-IMESO according to the actual situation of the system.

IV. EXPERIMENTAL VERIFICATION

To verify the feasibility and effectiveness of the proposed
suppression strategy, experiments under different conditions
were carried out on a 750-W PMLSM experimental platform, as
shown in Fig. 8 . The main control chip uses STM32F103, the
PWM switching frequency of the inverter is set to 6 kHz, and
the specific parameters of test PMLSM are shown in Table 1.
The load is applied by weights and a pulley fixed to one side of
the motor guide rail. The mover drags the weight through the
steel wire rope and pulley, thus achieving the motor loading. The
thrust ripple suppression strategies of PMLSM under different
loads and speeds were tested on the experimental platform.
Since the thrust of the mover cannot be measured directly in the
experiment, the effect of thrust ripple suppression is evaluated
by measuring the speed error of the mover [14], [18], [27]. The

(h1s+ hs) (82 + 167r2f2) (52 + 2wes + w%) + (h45 + h382) (32 4 2wes + w%) + 2KRw.s? (82 + 167r2f2)

(82 + his+ ha) (52 + 1672 f2) (52 + 2wes + w?) + (has + h3s?) (82 + 2wes + w3) + 2Kpwes? (s2 + 1672 f2)°

27
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Fig. 9. Experimental results at 3 cm/s under no-load conditions. (a) With no
suppression strategy. (b) With PILC. (c) With PILC+-LESO. (d) With PILC+PR-
IMESO.

parameters of the iterative learning controller are set to v = 0.97,
Kp11 = 1.3, and Kpr2 = 1.3, and the parameters of PR-IMESO
are set to weso = 15, Kgr = 100, and w, = 0.628 rad/s.

First, the proposed suppression strategy is verified under
no-load conditions. Fig. 9 shows experimental results at 3 cm/s
under no-load conditions. As can be seen from Fig. 9(a), without
any suppression strategy, there is a large complex fluctuation in
the speed error of the mover, whose fluctuation amplitude is
1.61 cm/s, and the frequency of the main component is twice
the frequency of the phase current. In Fig. 9(b), when PILC
is adopted, the amplitude of the speed fluctuation decreases to
0.77 cm/s and the suppression rate is 52.2%. The amplitude of
the speed fluctuation decreases obviously, but it still contains the
second-order component with a large amplitude. So, it cannot
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Fig. 10. FFT analysis results of unsuppressed and suppressed speed errors
under no-load conditions. (a) With no suppression strategy. (b) With PILC+4PR-
IMESO.

TABLE 1
PMLSM PARAMETERS

Parameters Value
Continuous current (A ) 2.1
Thrust constant (N/A ) 48.6
line resistance () 8.4
Interwire inductance (mH) 37.1
Pole pitch (mm) 15
Mover mass (kg) 0.7

achieve the ideal suppression effect. For comparison, experiment
results of the LESO-based ILC method are also presented. As
can be seen from Fig. 9(c), when LESO-based PILC is adopted,
the amplitude of the speed fluctuation is reduced to 0.69 cm/s
and the suppression rate is 57.1%. Differently, in Fig. 9(d), when
the PR-IMESO-based PILC suppression strategy is adopted, the
speed fluctuation of the mover is greatly reduced, the fluctuation
amplitude is reduced to 0.3 cm/s, and the suppression rate
reaches 81.4%.

To prove that the second-order thrust ripple is suppressed, the
fast Fourier transform (FFT) analysis results of unsuppressed
and suppressed speed errors under on-load conditions are given
inFig. 10. As can be seen from Fig. 10(a), the dominant harmonic
component of the unsuppressed speed error is the second har-
monic, whose amplitude value is 0.44 cm/s. But in Fig. 10(b),
with the proposed method, the amplitude value of the second
harmonic is reduced to 0.01 cm/s. The suppression rate of the
second-order thrust ripple is 97.7%.

The effectiveness of the proposed suppression strategy under
load conditions is further verified. Fig. 11 shows experimental
results at 3 cm/s under 30-N load conditions. As can be seen from
Fig. 11(a), without any suppression strategy, the amplitude of the
mover speed fluctuation is 1.62 cm/s. In Fig. 11(b), when PILC
is adopted, the amplitude of the speed fluctuation is reduced to
0.84 cm/s, and the suppression rate is 48.1%. As can be seen from
Fig. 11(c), when LESO-based ILC is adopted, the amplitude of
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Fig. 11.  Experimental results at 3 cm/s under 30-N load condition. (a) With no
suppression strategy. (b) With PILC. (¢) With PILC+LESO. (d) With PILC+PR-
IMESO.

the speed fluctuation is reduced to 0.73 cm/s and the suppression
rate is 54.9%. But in Fig. 11(d), after the PR-IMESO-based
PILC suppression strategy is added, the mover speed fluctuation
is greatly reduced and the speed error waveform is almost
flat. The fluctuation amplitude is reduced to 0.23 cm/s and the
suppression rate reaches 85.8%. The experimental results show
that compared with the LESO-based ILC method, the proposed
method obviously has a better suppression effect. PR-IMESO-
based PILC thrust ripple suppression strategy has a satisfactory
mover thrust ripple suppression effect under no-load and load
conditions, which verifies its rationality and effectiveness.

Fig. 12 shows the FFT analysis results of unsuppressed and
suppressed speed errors under 30-N load conditions. As can be
seen from Fig. 12(a), the amplitude value of the second harmonic
is 0.49 cm/s. But in Fig. 12(b), with the proposed method, the
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Fig. 15. Summary of experimental results under different load and speed
conditions. (a) With no suppression strategy. (b) With PILC+PR-IMESO.

amplitude value of the second harmonic is reduced to 0.03 cm/s.
Accordingly, the suppression rate of the detent force reaches
93.9%.

Fig. 13 shows an experimental comparison with the sudden
30-N load at 6 cm/s. In Fig. 13(a), without the proposed strategy,
the mover speed error before and after the sudden load both has
a large fluctuation, and the mover speed has a great drop at
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the sudden load time. In Fig. 13(b), with the PILC strategy, the
fluctuation of the mover speed is reduced but still noticeable.
The mover speed also has a drop at the sudden load time. As can
be seen from Fig. 13(c), when the proposed suppression strategy
is adopted, the fluctuation of the mover speed before and after
the sudden load is greatly reduced, and the suppression effect
is significant. In addition, the dropping of the mover speed is
obviously reduced at sudden load time, and the transient process
is smooth, with good dynamic performance.

Fig. 14 shows experimental results when the given speed
changes from 6 to 15 cm/s. As can be seen from Fig. 14(a),
when no suppression strategy is added, there is a large and
complex fluctuation of the mover speed before and after the
given speed mutation. In Fig. 14(b), with the PILC strategy,
the fluctuation of the mover speed is also noticeable before and
after the given speed mutation. However, in Fig. 14(c), with
the proposed suppression strategy, the mover speed fluctuation
before and after the given speed mutation is greatly reduced,
and the transition of the mover speed error is smooth and rapid
during the given speed mutation.

To verify whether the proposed suppression strategy in this
article can play an effective role in suppression thrust ripples of
the mover, experiments were carried out under different working
conditions. The experimental results are summarized as shown
in Fig. 15. As can be seen from Fig. 15(a), without suppression
strategy, the mover speed fluctuates greatly under different speed
and load conditions, and the maximum fluctuation amplitude
reaches 2.4 cm/s. But in Fig. 15(b), when the proposed sup-
pression strategy is adopted, the fluctuation of the mover speed
under all working conditions is effectively suppressed, with the
minimum fluctuation amplitude falling to 0.23 cm/s, the highest
suppression rate reaching 87%, and the average suppression
rate reaching 80.5%. Therefore, the proposed PR-IMESO-based
PILC thrust ripple suppression strategy has a great suppression
effect under different speed and load conditions, and its feasi-
bility and effectiveness have been verified.

V. CONCLUSION

To solve the thrust ripple problem of PMLSM, this article
proposed a PR-IMESO-based PILC suppression strategy. First, a
P-type ILC with the forgetting factor was constructed to suppress
the detent force, which is the main component of thrust ripples,
and periodic force ripples. On this basis, PR-IMESO considering
the detent force model was studied and designed to further
suppress the detent force and residual unmodeled thrust ripples.
In addition, the convergence, stability, and parameter sensitivity
of the suppression strategy were analyzed at length. Although
the proposed method includes iterative learning and resonant
controllers, it does not increase much calculation load to the chip.
The proposed strategy has a satisfactory overall suppression
effect on the thrust ripples of PMLSM. The experimental results
were consistent with the theoretical analysis, which verified the
rationality and effectiveness of the proposed suppression strat-
egy. The average suppression rate of the mover speed fluctuation
can reach 80.5%.
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