friried applied
b sciences

Article

Position Control Based on Add-on-Type Iterative Learning
Control with Nonlinear Controller for Permanent-Magnet

Stepper Motors

Sangmin Suh !

check for

updates
Citation: Suh, S.; Kim, W. Position
Control Based on Add-on-Type
Iterative Learning Control with
Nonlinear Controller for
Permanent-Magnet Stepper Motors.
Appl. Sci. 2021, 11, 587.
https://doi.org/10.3390/app11020587

Received: 18 December 2020
Accepted: 5 January 2021
Published: 8 January 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional clai-
ms in published maps and institutio-

nal affiliations.

Copyright: ©2021 by the authors. Li-
censee MDPI, Basel,

This article is an open access article

Switzerland.

distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Wonhee Kim %*

Department of Information and Telecommunication Engineering, Gangneung-Wonju National University,
Wonju-si, Gangwon-do 26403, Korea; sangminsuh@gwnu.ac.kr

School of Energy Systems Engineering, Chung-Ang University, Seoul 06974, Korea

*  Correspondence: whkim79@cau.ac.kr

Abstract: In this paper, a current-error-based iterative learning controller (ILC) with a nonlinear
controller is proposed to improve the position-tracking performance in permanent-magnet (PM)
stepper motors. Our proposed method comprises a current-error-based ILC for mechanical dynamics
and a nonlinear controller for current dynamics. A nonlinear controller using a variable structure
is designed to obtain the field-oriented control. This nonlinear controller can cause the PM stepper
motor become a single-input single-output linear system after finite time. The add-on-type ILC
with proportional-integral control is designed to improve the position-tracking performance as the
systems repeatedly perform the same operation. To increase the rate of error convergence, the current-
error-based ILC is designed using the plant inversion method. The condition that the error converges
to zero is mathematically derived. Thus, the proposed method can reduce the position-tracking
error as the systems repeatedly perform the same operation. Furthermore, the proposed method
can be easily plugged into the pre-designed controller. The performance of our proposed method
was evaluated via simulations. In simulations, it is observed that the proposed method reduces the
position-tracking error compared to the previous methods.

Keywords: permanent-magnet stepper motor; position control

1. Introduction

Permanent-magnet (PM) stepper motors have been widely used for positioning appli-
cations owing to their power density, high efficiency, durability, high torque-to-inertia ratio,
and the absence of rotor winding in industrial applications such as antennae, lasers, video
cameras, rotary tables, wrapping machines, and robots [1,2]. In industrial applications,
microstepping is widely used with a closed-loop in current loops; thus, proportional—-
integral (PI) controllers are embedded in the motor drives for current regulation [3].
However, as the microstepping-based control method with the current controller only
considered the electrical dynamics in the PM stepper motor, a position-tracking error
during the nonzero velocity period cannot be avoided [4].

With the increase in power and decrease in the cost of embedded processors in re-
cent years, driving and control systems for PM stepper motors have become increasingly
sophisticated. Thus, for positioning applications, the PM stepper motor can be substituted
for expensive servomotors, such as PM synchronous motors, as a cheaper replacement
for closed-loop operation. Various control methods have been developed to improve the
position/velocity control performance in PM stepper motors [5-12]. A model-based control
law was proposed to improve position control in [5]. A simple and effective position
and velocity controller was proposed for field-weakening control (FWC) of PM stepper
motors [6]. In [7], a sensorless controller was proposed for the velocity control of PM
stepper motors. In [8], torque modulation-based microstepping was developed to realize
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field-oriented control (FOC) and FWC without direct-quadrature (DQ) transformation, and
an integrator reset control was designed in [9] to improve transient response with position
control of the PM stepper motor. An enhanced nonlinear damping controller was proposed
to reduce the position-tracking error [10]. Furthermore, a nonlinear H, control with varying
linear parameters was developed to optimize control performance [11]. In [12], an effective
closed-loop control comprising motor parameter identification, closed-loop current control,
closed-loop position control, and damping control was proposed. A model predictive
controller was designed for external periodic disturbance attenuation in PM stepper mo-
tors [13]. Robust speed control using two-degrees-of-freedom control was developed to
guarantee the exponential stability for PM synchronous motors(PMSMs) [14]. A discrete-
time fast terminal sliding mode control was developed to improve the position tracking
performance in PM linear stepper motors [15]. In [16], a finite-time control algorithm was
designed to improve PMSM system’s dynamical performance and disturbance rejection
ability. An internal model principle-based controller was proposed to reduce sideband
harmonics for PM stepper motors with low-switching-frequency inverters in [17].

PM stepper motors are usually operated with a repetitive desired position trajectory.
This case was not considered in the previous methods, although previous methods im-
proved the position/velocity performance. Iterative learning controllers (ILCs) have been
applied to improve the performance of systems that repeat periodic movements [18], such
as hard disk drives and scanners [19-21]. In previous methods, past-error-based ILCs
were used; thus, the convergence of the tracking errors was slow. Several ILC methods
were developed for the PM stepper motors and the PMSMs [22,23]. However, the current
dynamics were not considered in those methods.

In this paper, a current-error-based ILC with a nonlinear controller is proposed to im-
prove the position-tracking performance of the PM stepper motors. The proposed method
consists of the current-error-based ILC for mechanical dynamics and a nonlinear controller
for current dynamics. A nonlinear controller using a variable structure is designed to
obtain FOC. This nonlinear controller can make the PM stepper motor become a single-
input single-output (SISO) linear system after a finite time. The add-on-type ILC with
Pl is designed to improve the position-tracking performance as the systems perform the
same operation repeatedly. To fasten the error convergence, the current-error-based ILC is
designed using the plant inversion method. The condition that the error converges to zero
is mathematically derived. Thus, the proposed method can reduce the position-tracking
error as the systems repeatedly perform the same operation. Furthermore, the proposed
method can be easily plugged into the pre-designed controller. The performance of our
proposed method was evaluated via simulations. In simulations, it is observed that the
proposed method reduces the position-tracking error compared to the previous methods.

The remainder of this paper is organized as follows. In Section 2, a mathematical
model of the PM stepper motor is presented, and the controller design is developed.
Simulation results are discussed in Section 3, and concluding statements are presented in
Section 4.

2. Controller Design

The PM stepper motor comprises a slotted stator with two phases and a permanent-
magnet rotors having both north and south poles. Its detailed information can be found
in [2,24,25]. With DQ transformation, the mathematical model of the PM stepper motor
can be represented in state space form as [2,5,24,25]

6=

w
iy = 1(vs— Riz+ NyLwiy) W
ip = +(vg — Rig — NyLwig — Kyw),
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where vy, v; and iy, iy denote the direct and quadrature voltages and the direct and
quadrature currents, respectively, w is the rotor (angular) speed, 0 is the rotor (angular)
position, B is the viscous friction coefficient, | is the inertia of the motor, K, is the motor
torque constant, R is the resistance of the phase winding, L is the inductance of the phase
winding, N; is the number of the rotor teeth, and d is the periodic disturbance.

The proposed method comprises an ILC and a nonlinear controller. First, a nonlinear
controller is designed for the finite convergence of the current tracking errors to zeros.
Subsequently, the ILC is designed for position tracking.

2.1. Nonlinear Controller for Current Dynamics
The current tracking errors are defined as
eq :edd — €4

@

€q =gy — €4,

where ¢, is the desired direct current and is set to 0 for the FOC and ¢, is the desired
quadrature current that is yet to be defined. The current tracking error dynamics are

1 . .
bg =64, — f(vd — Rig + NyLwiy) o
3

1
by =g, — E(Uq — Riz — NyLwig — Kyw)

Theorem 1. Suppose the current tracking error dynamics (3). If the electrical controller (4) is
applied to the current tracking error dynamics (3)

vg =Lkgeq + Lpgsgn(ey) + Rig — NyLwig + Léy,

, , 4)
vg =Lkgeq + Logsgn(ey) + Rig + Ny Lwig + Kyw + Lég,

where kg, kg, and pg, pg are control gains and positive constants, respectively, then the current
tracking errors ey, and ey, converge to zeros in finite time.

Proof. Lyapunov candidate function V, is defined as

1

1
Vg:*e‘%‘i‘ﬁ

5 e (5)

The derivative of V, is

. ) 1 ) . , 1 . .
Ve = eq(éq, — f(vd — Rig + NyLwiy)) +e4(ég, — Z(vq — Riy — N;Lwiy — Kyw)).  (6)

Using the electrical controller (4), V, becomes

' 2 2
Ve = —kgeg — kqeg — pasgn(eq) — pgsgn(eq)- (7)
Thus, the current tracking errors ¢;, and e;, converge to zero in finite time. [

After the current tracking errors ¢;, and eg, converge to zeros in finite time, the PM
stepper motor model (8) becomes a second-order model as

6 =
®)

w ==(—Bw + Kyig, +d).

—l= &
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2.2. Add-on-Type ILC for Mechanical Dynamics

The PM stepper motor model (1) with the electrical controller (4) is shown in Figure 1.
In Figure 1, the transfer function P(s) from i, to 6 is defined as

Os) = 515, (5) + D(s) ©)

“s(Js+B
———
P(s)

where O(s), I,(s), and D(s) are the Laplace transforms of 6, i, and d, respectively. For the
position tracking control in (9), the PI controller C(s) is designed as

illd = C(s)es
= (kp+ ki)es, (10)

where eg = 0; — 0 is the position tracking error, 0, is the desired position, k, is the
proportional gain, k; is the integral gain, and PI controller gains are designed to stabilize
the closed-loop system.

The add-on-type ILC is designed to improve the position tracking performance.
For the ILC design, the desired position is the periodic signal used in the systems which
operate repeatedly. For a fast convergence rate, the current-error-based ILC is designed as
shown in Figure 2. From Figure 2, we have

ujr1 = Q(s)[uj + L(s)eg] + C(s)eq,.,, (11)

where j is the iteration index, L(s) is the learning function, and Q(s) is the Q-filter.

d e -
| P(s) |
+ ! |
9+ ! Nonlinear VarVal  Tnverse DQ Var Ve PM stepper 1 0
> . > F——
| controller transformation motor :
|
|
I A
. ¥ ¥ o
|
| ..
| 1.1 .. |
| d>%q DQ P 0, la 5 lb |
I transformation :
|
|

Figure 1. Permanent-magnet (PM) stepper motor with the electrical controller (4).
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Figure 2. Current error-based iterative learning controller (ILC).
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Theorem 2. Suppose that the ILC (11) is applied to P(s) (9) with the condition
I((1+cP)~'Q(1 ~LP))| < 1. (12)

Then, u; converges to u* = (1 + CP)~"Y(QL + C)(w* — Pd).

Proof. As 6; and d are repetitive signals, 6; and d can be regarded as constant in the view
point of the iteration domain. In Figure 2, eg, = 6 — P(u;+d). Thus,

ujr1 =Qu;j + QLegj + Ceg].+1
=Qu; + QL(04 — P(u; +d)) (13)
+C(6; — P(uj+1 +4d)).

From (13),
w1 = (14+CP)'Q(1—LP)uy; (14)
+(14+CP)"Y(QL + C)(w* — Pd)
Therefore if condition (12) is satisfied,
. A -1 d_
lim;_, 1 = il*—l—CP) (QL + C)(w* — Pd) (15)

O
L is designed to satisfy condition (12) via the plant inversion method such that L(s) ~
P~1(s) for the operation frequency area. Ideally, if L(s) = P~!(s), the convergence rate
(1+CP)~'Q(1 — LP) in (12) becomes 0. Thus, uj converges to u* in just one iteration.
Theorem 3. If u; converges to u* and L(s) ~ P~1(s) for the operation frequency area, then

le*[l2 < |1 = P(1 4 CP)"1(QL + C)|2|(w* = Pd)] . (16)

Proof. After uj converges to u*, (14) can be rewritten as

u* = (1+CP)"1Q(1 — LP)u* + (1 + CP)"}(QL + C)(w* — Pd). (17)
Thus,
u* =(1—(14+CP)'Q(1 — LP)) ' (1+CP)"}(QL 4 C)(w" — Pd)
=(1+CP—Q+ QLP)(QL + C)(w” — Pd). (18
As L is the inverse plant,
u* = (14 CP) QL+ C)(w” — Pd). (19)

The steady state error e* is w? — P(u* 4 d). Therefore,
le*|l2 =llw® = P(u* +d)]|2
=l = P((I+CP) QL+ C)(w" — Pd) +d)|2 (20)
<[[1 = P(1+ CP)"Y(QL + C)||2[|(«w* = Pd) >
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Remark 1. If Q(s) = 1, L(s) = P~Y(s), and the system is asymptotically stable, e* becomes zero
as follows:

lle*[l2 <|I1 = P(1+ CP)~1(QL + C) 2| (w* — Pd)| |2

21
0. (21)

Generally, Q(s) is designed to be in the low-pass filter. Thus, it is guaranteed that Q(s) ~ 1
for the bandwidth frequency. The bandwidth of Q(s) must be wider than the frequency of the main
component of the references.

The structure of the proposed method is shown in Figure 3. The nonlinear controller (4)
makes the PM stepper motor become a SISO linear system after finite time. Subsequently,
the add-on type ILC (11) with Pl improves the position tracking performance as the systems
repeatedly performed the same operation.

+ o~
Memory = L(s) 4?4- Memory
Y

P(s) |
€ l | I
+ ¥ i !
0” + > C(s) + i ! Nonlinear ~ |Va> ‘iq Inverse DQ  |Va> Vs PM stepper | 9‘
o S | controller | transformation o motor : o
y - |
I | I
| | ] f f | 0,w :
! |
| [ 1 PN |
! : ol Do Oipiy |
| | transformation [ :
! |
|

Figure 3. Structure of the proposed method.

3. Simulation Results

Simulations were performed to evaluate the performance of our proposed method
using MATLAB/Simulink as shown in Figure 4a. The PM stepper motor model consisting
of SimScape model and PWM drivers as shown in Figure 4b was used. The parameters of
the PM stepper motor are listed in Table 1. The PM stepper motor’s parameters listed in
Catalog (PK266-01A) [26] were used in the simulations. The nominal and actual parameters
may be different, thus, the simulations were tested with the parameter uncertainties, at least,
10 %. The control gains listed in Table 2 were used. L(s) and Q(s) were designed such that
Q(s) ~ 1, L(s) & P~1(s) for the frequency period (0~100 rad/s). The desired position and
velocity shown in Figure 5 were used. To validate the performance of our proposed method,
three cases were tested: (1) only PI controller; (2) PI controller with past-error-based ILC,
as shown in Figure 6; and (3) a PI controller with current-error-based ILC. For the three
cases, the electrical controller (6) was used in the current dynamics. The simulation results
for the three cases are shown in Figures 7-9. The tracking performance of Case 1 is shown
in Figure 7. As only the PI controller was used, both position- and velocity-tracking
errors were not reduced from the viewpoint of the iteration. In the steady-state response,
the average position and velocity tracking errors of the peak of the desired position were
0.125rad and £0.502 rad/s. As the systems repeatedly performed the same operation, these
errors were not reduced. On the contrary, in Case 2, both position- and velocity-tracking
errors were reduced by the past error-based ILC, as the systems repeatedly performed the
same operation. As a result, in the steady-state response, the average position and velocity
tracking errors of the peak of the desired position were 0.062 rad and 40.389 rad/s after
three iterations. The convergence rates of the position- and velocity-tracking errors from
the viewpoint of the iteration were slow. Both the position- and velocity-tracking errors of
Case 3 were rapidly reduced by the current-error-based ILC as compared to Case 2. In the
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steady-state response, the average position and velocity tracking errors of the peak of the
desired position were £0.002 rad and £0.275 rad/s after only one iteration.

Ir:
Theta »
pos P Input V_a P vd B »va
»
vq »
L i > ; o omega »
Reference | states V_b Lot
Generator Inverse DQ ia »
Controller vb
ib >

PM Steper motor

Motor driver "PM Stepper Motor

(b) PM stepper motor model using Simscape model

Figure 4. Simulation structure.

Table 1. Parameters of the PM stepper motor.

Parameter Value Parameter Value
L 40 mH R 14.8 O
J 5 x 107 kg-m? Ky 0.51 N-m/A
N, 50 B 5% 1073 N-m-s/rad

Table 2. Control gains.

Control Gain Value Control Gain Value
kg 200 kq 200
04 0.1 0q 0.1

ky 20 ki 0.1
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Figure 5. Desired position and velocity.
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Figure 6. Past error-based ILC.
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Figure 7. Performance of Case 1 (proportional-integral (PI) controller).
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Figure 8. Performance of Case 2 (PI controller with past error-based ILC).
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Figure 9. Performance of Case 3 (PI controller with current error-based ILC).

4. Conclusions

We developed a current-error-based ILC with a nonlinear controller in the PM stepper
motors. A nonlinear controller using a variable structure was designed to obtain the FOC
and to convert the PM stepper motor into a SISO linear system after finite time. An add-on-
type ILC with PI was designed to improve the position-tracking performance as the systems
perform the same operation repeatedly. To increase the rate of error convergence, a current-
error-based ILC was developed using the plant inversion method. The performance of
our proposed method was evaluated via simulations. The simulations showed that our
proposed method improved the position-tracking performance as the systems performed
the same operation repeatedly. Furthermore, the error convergence rate of the proposed
method was faster than that of the past-error-based ILC. The main drawback of the
proposed method is the requirement of full state feedback. Thus, in future work, we will
study the ILC-based controller using only position feedback.
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