=
Journal of

Marine Science and Technology

E
5
S

Volume 28 | Issue 5 Article 2

A SURVEY OF ADVANCED CONTROL METHODS FOR PERMANENT
MAGNET STEPPER MOTORS

Yong Woo Jeong
Department of Electrical Engineering, Hanyang University, Seoul, South Korea

Youngwoo Lee
Department of Electrical Engineering, Chonnam National University, Gwangju, South Korea

Chung Choo Chung
Division of Electrical and Biomedical Engineering, Hanyang University, Seoul, South Korea., cchung@hanyang.ac.kr

Follow this and additional works at: https://jmstt.ntou.edu.tw/journal

b Part of the Computer Engineering Commons

Recommended Citation

Jeong, Yong Woo; Lee, Youngwoo; and Chung, Chung Choo (2020) "A SURVEY OF ADVANCED CONTROL METHODS
FOR PERMANENT MAGNET STEPPER MOTORS," Journal of Marine Science and Technology: Vol. 28: Iss. 5, Article 2.
DOI: 10.6119/JMST.202010_28(5).0002

Available at: https://jmstt.ntou.edu.tw/journal/vol28/iss5/2

This Research Article is brought to you for free and open access by Journal of Marine Science and Technology. It has been
accepted for inclusion in Journal of Marine Science and Technology by an authorized editor of Journal of Marine Science and
Technology.


https://jmstt.ntou.edu.tw/journal/
https://jmstt.ntou.edu.tw/journal/
https://jmstt.ntou.edu.tw/journal/vol28
https://jmstt.ntou.edu.tw/journal/vol28/iss5
https://jmstt.ntou.edu.tw/journal/vol28/iss5/2
https://jmstt.ntou.edu.tw/journal?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol28%2Fiss5%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/258?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol28%2Fiss5%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://jmstt.ntou.edu.tw/journal/vol28/iss5/2?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol28%2Fiss5%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages

Journal of Marine Science and Technology, Vol. 28, No. 5, pp. 331-342 (2020) 331

DOI: 10.6119/JMST.202010_28(5).0002

A SURVEY OF ADVANCED CONTROL METHODS
FOR PERMANENT MAGNET STEPPER MOTORS

Yong Woo Jeong!, Youngwoo Lee?, and Chung Choo Chung?

Key words: permanent magnet stepper motor, microstepping, non-
linear control, position control.

ABSTRACT

Permanent Magnet (PM) stepper motors have been widely
used in industry due to their low material costs and robustness
against the environment. Furthermore, it is relatively easy to
implement a control system compared to other type motors. It
has been recently reported that advanced control methods
show improved tracking performance over the conventional
microstepping control. In this paper, we make a survey of ad-
vanced control methods for PM stepper motors. First, we in-
troduce basic principles of open-loop control of PM stepper
motors, including microstepping. Then we explain various ad-
vanced feedback control techniques based on Lyapunov stabil-
ity. Second, we briefly summarize how PM stepper motors can
be modelled as a linear parameter varying system and its track-
ing performance optimization based on /, sense is made with
nonlinear torque modulation. Third, we show the equivalency
of field orient control and field weakening control to mi-
crostepping with nonlinear torque modulation. Then we intro-
duce Proximate In-Phase Current Estimator for PM stepper
motors and Phase-Compensated Microstepping for PM stepper
motors. Their performances are illustrated by experiments on
PM stepper motors.

I. INTRODUCTION

Permanent Magnet (PM) stepper motors have been widely
used in positioning applications due to their durability, high
efficiency, and power density, as well as their high torque to
inertia ratio and absence of rotor winding. Another merit is
that PM stepper motors can operate in open-loop control, i.e.,
full stepping or half-stepping (Kuo, 1979; Acarnley, 2002;
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Chiasson, 2005). However, full/half-stepping for PM stepper
motors has limitation in achieving precision motion control
due to its step size and oscillatory motions between steps.
Standard PM stepper motors have relatively large step sizes,
usually 1/200 of a revolution or 1.8 degrees. Such large step
sizes may cause motor-shaft oscillations at low speeds. To
solve this problem, microstepping was invented in 1974 by
Durkos (Yeadon and Yeadon, 2001). For example, if a PM
stepper motor is two-phase winding, microstepping for PM
stepper motors is defined as a control method in which two
sinusoidal inputs shifted 90 degrees are given to PM stepper
motors for position tracking. This novel technique allows the
PM stepper motor to stop and hold a position between the step
positions if its stall torque is enough. Microstepping largely
eliminates the jerky character of low speed operations as well
as noises at intermediate speeds.

Although microstepping has been widely used in indus-
try, the performance of the position control at high speed is
degraded for many reasons, such as the back-electromag-
netic force (back-emf), external disturbance, and system
uncertainties. With the increase in power and the decrease
in the cost of embedded processors in recent years, drives
and control systems for PM stepper motors have become
increasingly sophisticated. The availability of low cost em-
bedded processors and significant advances in power electron-
ics have motivated the design of complex control algorithms
for PM stepper motors. Thus, for positioning applications,
PM stepper motors can be substituted for expensive servo
motors such as PM synchronous motors as a cheaper re-
placement in closed-loop operations (Clarkson and Acarnley,
1988; Bodson et al., 1993; Le et al., 2016). Plenty of journal
papers have been published on PM stepper motor control and
on the nonlinear control of PM stepper motors. An adaptive
backstepping method using full-state feedback was developed
in (Xu et al., 1998). Sliding-mode controllers using position
and current feedback were proposed in (Nollet et al., 2008;
Seshagiri, 2009; Defoort et al., 2009). Most of these papers
regard the PM stepper as a complex nonlinear system with
direct quadrature (DQ) transformation and the design of
control algorithms for PM stepper motors was very complex
for several reasons. It is a multivariable control problem
since there are two independent control inputs (Shin et al.,
2011).s



332 Journal of Marine Science and Technology, Vol. 28, No. 5 (2020)

Table 1. Input Voltages for Full/Microstepping

Phase Full stepping Micro Stepping
Step 1 Step 2 Step 3 Step 4
B Vinas: Vimax ~Vimax Vinas V. cos ( A )
A Vinax Vinax -Vinax -Vimax V0 SIN (Nﬁd )
A -Vinax Vinax Vinax -Vmax -V, _cos ( N.0° )
B -Vinax -Vinax Vinas Vinax =V a SIN (N,.Hd )

Fig. 1. Cut-off figure of Hybrid Stepper Motor.

Various control methods based on vector control with DQ
transformation were developed to eliminate nonlinear terms.
By extension, many kinds of research have implemented the
nonlinear control theory in order to improve the position (or
velocity) tracking performance (Zribi and Chiasson, 1991;
Bodson et al., 1993; Marino et al., 1995; Sira-Ramirez, 2000;
Nollet et al., 2008; Tomei and Verrilli, 2011). Although using
DQ transformation gives us the benefit of easily interpreting
the PM stepper motors as a direct current (DC) motor, it addi-
tionally needs DQ transformation which requires position-loop
feedback. Moreover, there are no methods for designing and
analyzing it, based on microstepping, that have been widely
used for improved resolution and significantly increased mo-
tion stability in PM stepper motors.

PM stepper motor dynamics without DQ transformation
were recently introduced over the last decade (Le and Jeon,
2007; Le and Jeon, 2009a; Le and Jeon, 2009b; Nguyen et al.,
2017; Kim and Chung, 2011; Kim et al., 2011; Kim et al.,
2012a; Kim et al., 2012b; Kim et al., 2012c¢; Shin et al., 2013;
Lee et al., 2016; Kim and Chung, 2016a; Kim et al., 2016b;
Shin et al., 2016a; Shin et al., 2016b; Kim et al., 2017; Lee et
al., 2017; Kim et al., 2018; Lee et al., 2019). These research
results show enhanced tracking performances of PM stepper
motors even without DQ transformation. To our knowledge,
there is no survey paper overviewing such advanced control
methods without DQ transformation. To help the readers grasp
an overview of PM stepper motor control, this survey paper
presents and summarizes the recent advanced control methods
for PM stepper motors control and state estimation techniques

without DQ transformations. Although the previous results are
based on 2-phase PM stepper motors, since the dynamics of
PM stepper motors are almost the same as the dynamics of the
PM synchronous motor that has been widely used in various
industries, this kind of review paper is also useful for those
trying to control other kinds of 3-phase permanent magnet syn-
chronous motors (Lee et al., 2018).

The paper is organized as follows. In Section II, we intro-
duce basic principles of open-loop control of PM stepper mo-
tors including microstepping. Then a brief summary of vari-
ous nonlinear feedback control techniques based on Lyapunov
stability follows in Section III. In Section IV, experimental
results on the various control methods are presented to support
their effectiveness on real PM stepper motors. Conclusions
follow in Section V.

I1. PRINCIPLES OF PM STEPPER MOTOR
OPERATIONS

The Permanent Magnet (PM) Stepper Motor operates with
electromagnetic force which comes from the interaction be-
tween the rotor and stators magnetic field. Figure 1 shows the
cut-off figure of a hybrid stepper motor. Several open-loop
control methods for PM stepper motors exist. In this section,
we will briefly explain the three basic conventional PM step-
per motors control methods, i.e., full stepping, half stepping
and microstepping. With these three methods, we will discuss
their fundamental limitations in achieving high precision posi-
tion and/or velocity tracking performance.

1. Full/Half Stepping

Full/half stepping are intuitive and straightforward
positioning control methods for PM stepper motors. As we can
guess the method from the name, in full step operation, the
rotor moves one step angle for specific voltage signal
sequences as listed in Table. 1. The amount of step angle is
different according to the stepper motor type. For example, a
1.8 degrees step motor takes 200 steps per motor revolution
with 50 teeth. For example, in the case of full stepping, there
are two types of full step excitation modes (Kue, 1979;
Acarnley, 2002; Chiasson, 2005). In the single-phase mode,
also known as one-phase on full step excitation, the motor
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g A=V, cos(NV,8%)

B/ N, BV, sin(N,89)
i , s
\ / Full Stepping : 8¢ = —n,n = 1,2, -
\ / 2N,

Half Stepping : 6% = ——-n,n = 1,2,
Microstepping : 8¢ = [0,2m)

Fig. 2. Rotor Position for Full/Half/Micro stepping.

operates with only one phase (a group of windings) energized
at a time. This mode requires the least amount of power from
the driver of any of the excitation modes. In dual-phase mode,
also known as two-phase on full step excitation, the motor is
operated with both phases energized at the same time. This
mode provides improved torque and speed performance.
Dual-phase excitation provides about 30% to 40% more torque
than single-phase excitation but does require twice as much
power from the driver. Half step excitation is alternating single
and dual-phase operation resulting in steps that are half the
basic step angle. Due to the smaller step angle, this mode
provides twice the resolution and smoother operation. Half
stepping produces roughly 15% less torque than dual phase
full stepping. In industry, there are many commercial stepping
motor drivers available for full/half stepping control such as
L297/1.298 (STMicroelectronics, 2000; STMicroelectronics,
2001). These controllers command the switching sequence for
on/off of the H-bridge gating signal depending on the direction
and step method. They use current feedback with a simple
comparator to regulate the current flowing to each leg of the
H-Bridge.

2. Microstepping

Figure 3. shows standard hybrid type steppers which have
relatively large step sizes, usually 1.8 degrees for 50 teeth.
Such large step sizes may cause motor-shaft oscillations at low
speeds (Bodson et al., 2006). Due to pulling torque and pull
out torque, there are limitations in the design velocity profile
(Kue, 1979; Acarnley, 2002; Chiasson, 2005). Microstepping
was invented in 1974 by Durkos for improved resolution and
significantly increased motion stability reducing vibration.
Microstepping for two-phase PM steppers is a control method
in which two sinusoidal inputs shifted 90 degrees are given to
a PM stepper for position tracking. Microstepping allows a
PM stepper to stop and hold a position between the full and
half step positions, thereby largely eliminating the jerky char-
acter of low-speed operations and noises at intermediate
speeds. See Fig. 2 and Table.1. Low resolution microstepping,
up to 1/16 step, can be easily implemented using a commer-
cially available PWM power driver such as DRV84x2 and mi-
croprocessor (Texas Instruments, 2009a; Texas Instruments,
2009b). Similar to full/half stepping control, conventional mi-
crostepping uses closed-feedback for current feedback without

Stator winding

Stator winding

Rotor

Fig 3. Two Phase Stepper Motor.

measurement of either position or velocity. Although this type
of stepper motor control method shows an enhanced control
performance compared to the full/half stepping, it cannot al-
ways provide a precise positioning tracking performance when
internal/external disturbances, such as load torque or back-emf
of current loops, are injected. The amount of tracking error is
well described in (Kim et al., 2012a). To deal with this kind
of problem, feedback control methods of PM stepper motors
have been researched based on the mathematical model. Sec-
tion III describes the currents and/or position feedback control
methods of PM stepper motors. Before describing the nonlin-
ear feedback control and estimation method, let us briefly ex-
plain the mathematical model of a PM stepper motor.

3. Electro-Mechanical Dynamics of PM Stepper Motor

The electro-mechanical dynamics of PM stepper motors
consist of two parts, the mechanical and the electrical dynam-
ics. The mechanical dynamics are given by Newton’s laws re-
lating torque to acceleration. The electrical part is represented
by Kirchoff’s laws and can be derived using an equivalent cir-
cuit model. The mechanical and electrical subsystems are cou-
pled through torque which depends on currents and induct-
ances that depend on the position. The mechanical dynamics
of 2-phase PM stepper motors are given by (Khorrami et al.,
2003):

0=w

o= %[—Kmia sin(N,0)+K,,i,cos(N,0) —Ba)—r,]
' 1
i, = %[va —Ri, +Kma)sin(N,9)] @

iy :%[vﬂ —Ri, —Kma)cos(Nﬁ)]
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; Controller K,@?sin(N, 69)
I % + A,
o, oot ?4 Stepper | O
calculator |% Vi motor
+%

i
" K,wicos(N, 69

Fig. 4. Block diagram of PI controller in the current-loop

where v,,v, and i,,i, are the voltages [V] and currents [A]

in phases A and B, respectively. @ is the rotor (angular) posi-
tion [rad], w is the rotor (angular) velocity [rad/s], B is the
viscous friction coefficient [N - m- s/rad], J is the inertia of the
motor [Kg-m2], K is the motor torque constant [N- m/A],

R is the resistance of the phase winding [W], L is the induct-
ance of the phase winding [H], and N, is the number of rotor

teeth. The load torque perturbationis 7,. The electro-mechan-

ical dynamic equation (1) could be represented after Direct
Quadrature (DQ) transformation in the form of:

b=
d):%[—Kmiq —Ba)—z'lJ

. ()
i = %[vd —Ri, + N, Lo, |

i = %[vq —Ri,~N,Loi, -K,o|

q

where, i, i, are the direct and quadrature current and v, , v,

are direct and quadrature voltage inputs. We see that motor
torque related dynamics becomes similar to a DC motor if the
nonlinear term N, Lwi, is canceled. Thus equation (2) is

mostly preferred for motion control by control engineers.

III. ADVANCED FEEDBACK CONTROL

In this section, we will describe various advanced feedback
control methods based on this mathematical model of PM step-
per motors. First, microstepping with only currents feedback
is introduced. Secondly, microstepping with only position
feedback is introduced. Finally, we will present control meth-
ods using both current and position measurements. Microstep-
ping using torque modulation and Proximate In-Phase Current
Estimator will also be introduced.

1. Microstepping With Only Currents Feedback

When we implement the microstepping method for posi-
tioning control of PM stepper motors, simple current feedback
control is utilized. For motion control using microstepping,
we generate a sequence of desired current references (i’ Jig)

a

in the form of sinusoidal signals based on the positioning pro-
files (0" ) such as:

R
. 3)

However, it is not sufficient for precision tracking perfor-
mance in high-speed motion since the back-emf effect is not
negligible in that region. The back-emf effect increases as the
velocity increases so it distorts the motor torque and degrades
the tracking performance of position control. One method for
computing the phase voltages (v, ,v, ) is using the proportional
and integral current feedback control which cancels out the
back-emf by feedforward compensation with the desired posi-
tion/velocity profile such as:

v, =K, (il =i,)+ K, [ (it =i, )dz =K 0" sin(N,0° ) @
v, =K, (z;j’ —iﬂ)+K,IOt<iZ —iﬂ)dr+med cos(Ner)

where K

»
the structure of the PI control with compensation of the back-
emf. Notice that the control law (4) requires current
measurement, the desired velocity and position. This kind of
control structure has a benefit that it partially compensates for
the back-emf effect by calculating it based on the desired
velocity profile. Although there are differences between the
desired and real velocities, and also a difference between the
desired and real position, such differences can be partially
compensated for by the integral action. It cannot, however,
achieve high precision since it does not use position and
velocity information at all.

The Phase-Compensated Microstepping technique has been
developed to enhance the performance of tracking errors using
only currents feedback. Refer to (Shin et al., 2013) for details.
Under the presence of uncertain external load torque, the
method does not effectively compensate for only using the
current feedback. A measurement or estimation of mechanical
states should be added to cope with the external disturbance
while maintaining precision position/velocity tracking.

K, are proportional, integral gains. Fig. 4. shows

2. Stepper Motor Control With Only Position Feedback

To enhance the angular position control performance of PM
stepper motors, feedback control is necessary to compensate
for the external disturbances. In this subsection, we will de-
scribe the advanced position feedback control techniques with-
out DQ transformation. In subsection 2.1, we will explain the
passivity based current estimation to substitute current meas-
urement sensor and microstepping with Lyapunov based cur-
rent control. In subsection 2.2, we will describe the perfor-
mance optimization position control for PM stepper motors.



Y. W. Jeong et al.: A Survey of Advanced Control Methods for Permanent Magnet Stepper Motors

2.1. Lyapunov Based Currents Control with Passivity based
Currents Estimation with only position measurement.

In this subsection, we will show the Lyapunov based cur-
rents tracking control using the passivity phase current ob-
server. This control method implements the precision posi-
tioning control with position measurement only. If we define
the state by:

xz[é? @ i, iﬂ]T,

it is shown that the nonlinear passivity state observer can be
designed to estimate the current states without measurement
such as:

0 1 0 0]

o -L 0 o 00
e J 5|00
1o o0 —%0’_10’

2 0 1

0o 0 o0 -=

i L]

3 . _

%(—Kmia sin(N,0) +K i, cos(N,0))

Jo= %wsin(N,H)

—% wcos(N,0)

X is the estimation of x, and L is a vector of observer gains.
Note that the measured position is used in sin(~N,6) and
cos(N,8) of the nonlinear observer (Kim and Chung, 2011).
With this observer, the system does not need to add the addi-
tional shunt resistance to measure the currents and Analogue-
digital Converter (ADC) to an embedded system. Also, we can
generate the desired current references for each phase using a
similar method to microstepping. With these desired currents
and estimated currents, we can design the current controller
guaranteeing the exponential convergence of current tracking
errors by only using position measurements. With the observer,
the following control law is used to ensure the motion stability.
We have shown that we can achieve the Lyapunov-based con-
troller using the estimated states in (5).

Theorem 1 (Kim et al., 2012a): If the Lyapunov-based con-
troller is given by:

335

v, = (Ria —Kma)sin(Nﬁ)) +L(l:j +pea) .
vy = (Riﬂ +Kma)cos(Nr¢9))+L(z:/‘§ +peﬂ) ©

where i’ = V;;"X cos(N,0"). i :%sin(Nﬁd) , 07 is the

desired angle from a position profile, and the control gain is a
positive constant, then the tracking error is exponentially con-
verged. Although this method shows improved positioning
control compared to the conventional microstepping control
method, it is only focused on the current tracking perfor-
mances so it does not solve the problem of microstepping con-
trol such as degrading performance when the external load
torque or other mechanical disturbances exist. Refer to (Kim
et al., 2012a) for details.

2.2. Linear Parameter Varying H, Control

Traditionally, it is common to use nonlinear control meth-
ods for torque control of PM stepper motors. For a long time,
there has been research for optimization techniques for nonlin-
ear systems (Van der Shaft, 1991; Van der Shaft, 1992; Chung
and Hauser; 1997). However, it is still a difficult issue to eval-
uate closed-loop performance. To solve this problem, we have
provided a new optimization method using linear parameter
varying (LPV) synthesis for PM stepper motor dynamics.
From (1), let us define nonlinear varying parameters:

8 =k, sin(N.6),8, =k, cos(N,6)

Then since the nonlinear varying parameters are bounded,
the nonlinear varying parameters can be represented as follows:

) 5,(0)<6, =k, -
8, =—k,<5,(0)<8, =k,

Therefore, the tracking error dynamics is in the form of :

¢=4,(5)e+Bu

y=Ce ®)

T
where e=[0'-0 o' -0 il-i, ij-i,]

0 1 0 0
0o _B _8(9) s(9)
J J J
4.(9)= &0 R
J L
0 52J0) 0 g
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0 0
0 0 1000
5|1 olc- 0100 5(6) 5,(0)
L 0010 5,(0)
o L 0001
L L]

We are going to design the optimal controller to guarantee
closed-loop stability and its tracking performance by assuming
that the load torque can be compensated by proper estimation
techniques. Therefore, the LPV system can be expressed in
the state-space form as follows:

é=Ae(§)e+Beu
z=Ce+Du . ©)
y=Ce

Here, zeR* are an performance states. C.eR** and
D. e R*? are control-input weighting matrices, respectively.
The auxiliary control law is:

u=K(5)e
=K(5)(e-X)
=) +w(0)

(10)

where v(8)=K(5)eeR>" is the virtual control input and
w(d) =-K(5)X e R* is the bounded exogenous disturbance
signal. Therefore, from (9) and (10) the LPV system can be

represented in the state-space form as follows:
e= Ae(ﬁ)e+B€w(§) +Bev(5)
z=C.e+D,v(9)
y=Ce

(11)

To verify the stability of the closed-loop system consisting
of the observer in (Lee et al., 2017) and tracking error dynam-
ics (11), we can derive H, optimal solution from Theorem 2
below.

Theorem 2 (Lee et al., 2017): Consider the closed-loop LPV
system (11). If there are two symmetric matrices X,, Z >0
and Y >0 fora given y >0 such that:

A(i)X2 +(A(i)X2)T +Bzy(i) +(BZY(i))T Bl
o 3 <0

1

{ z (epe +D12Y‘”)} o
(CIXZ +D12Y(i))T XZ

trace(Z) < y*

where X, = X",
metrically dependent quadratically stabilizable by the state

Then, the closed-loop system (9) is para-

4
feedback K(8)=Y &K with K =y"X;' . Moreover,

i=1

K(9) is also guaranteed for H, performance, || 7, (0) |, <y .

3. Stepper Motor Control With Both Current and Posi-
tion Feedback

In this section, we describe the advanced control for preci-
sion positioning control with position and current measure-
ments. Firstly, we will explain the Field Oriented Control
(FOC) and Field Weakening Control (FWC) without DQ trans-
formation. After that, we will describe the backstepping posi-
tioning control. Secondly, we will explain the advanced
method for improving the positioning performance by intro-
ducing the Proximate In-Phase Current Estimator (PIpCE) to
improve the phase delay of the conventional low-pass filter.

3.1 Microstepping with Nonlinear Torque Modulation Tech-
nique

It is shown that microstepping with the torque modulation
technique improves the position tracking performance of PM
stepper motors. They utilize a novel commutating schemes for
generating the desired current of each phase using the follow-
ing equations (Kim et al., 2012b). Suppose that we need the
desired torque, ¢ for a certain motion, the corresponding de-
sired phase currents should be given by:

i :[Z—dcos(N,ﬂ*), iZ :;—dsin(N,H*)

m m

(12)

either to hold its position or to drive the motor at a specific
point ¢°. Notice that the & is the measured angular position
of PM stepper motors and it differs from the 8 as we men-
tioned in the microstepping above. Based on Equation (12),
they establish the FOC and FWC methods without DQ
transformation as follows:

1) Field Oriented Control (FOC) without DQ transformation

In order to maximize torque, direct current should be main-
tained at zero, i.e., idd =0. This condition indicate that the al-

pha-beta current references should be as follows:

d
ig =1"cos(N,0+0.57) = —IZ—sin(N,,H)
o Ca3)
iy =1"sin(N,0+0.57) = ;{—cos(Nﬁ)

m

2) Field Weakening Control (FWC) without DQ transfor-
mation
In Equation (2), —K, @ is the back-emf term. At high ve-
locity, the control input for FOC can be saturated due to the
cancellation of back-emf. However, control input saturation
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can be avoided if the negative i is maintained to help cancel
back-emf. This is called as Field Weakening Control (FWC)
and the desired currents (7, iy ) for FWC is as follows:

d

K, cos(6))

d

iy =1"cos(N,0+0.57+6,)=— sin(N,0+6,)

(14)

iy =1"sin(N,0+057+6,)= cos(N,0+6,)

K, cos(6,)

where 6, = atan(N,LK,f,a)z/(R2 +(N,wL)’ )rd) .

The nonlinear torque modulation was proposed to achieve
the desired torque to be robust against the external disturb-
ances such as load torque. The mechanical dynamics tracking
errors can be defined as:

e,=0" -0,
(15)

.
e, =0 —

where @“is the desired dynamic position and @" will be de-
fined in the following lemma. The tracking error dynamics of
the mechanical dynamics is given by:

o d
é=0"-0

(16)

e, =0 —%[z’d —Ba)—rL].

Lemma 1 (Kim et al., 2012b): Consider the tracking error dy-
namics (10). If the nonlinear torque modulation is designed
by:

o =o' +k(6'-0)
17)
! =k2(a)*—a))+(9”—¢9+Ba)+Jcb*+rL)

where &k, are positive constants and @ = 8 is the desired

velocity, then the origin of the tracking error dynamics (16) is
exponentially stable.

3.2. Proximate In-Phase Current Estimator (PIpCE)

In PM stepper motor control, because the currents can be
easily measured by monitoring the resistors of the motor driver,
the use of current sensors is preferred for industrial applica-
tions. However, there is a limitation in increasing the closed-
loop bandwidth of the current loop due to measurement noises
in the high frequency range. Therefore, low-pass filters (LPFs)
have been employed to reduce high-frequency noise. LPFs
cause a phase lag in the current measurement, and can lead to
torque ripples (Bodson et el., 2006) In addition, this phase lag
may result in step-out or speed reversal at high speed operation.
In this subsection, we propose a microstepping method using
a proximate in-phase current estimator (PIpCE) to reduce

torque ripple and achieve precise position control even in high
speed operation using only current sensors. If we use the cur-
rent estimator defined by:

>

~

2

= k(i, — 1)+

(18)

>

k
L = k(i, —1,)+1f

~

where k is the filtering gain, i, and i, are the estimated cur-

rents, and the current tracking errors e, and e, are defined as:

d .
e, =i, —1
‘ [; ‘ (19)
&=l ~L
where i¢ and if are the desired phase currents, it is shown

that the current estimator becomes PIpCE. Let us define the
estimated current tracking errors €, and é,, and the estimated

errors i, and 7, as:

A d 0
€, =l

A od )

e =1 —1

b b b

B} . (20)
i,=i,—1

b ==L

The current tracking errors (19) should be transformed to
the estimated current tracking errors €, and é, because the es-

timated currents /, and i, are required instead of the meas-
ured currents i, and i, .
Theorem 3 (Lee et al., 2016): Given the phase currents dy-

namics of (1), suppose that the PIpCE and proportional-inte-
gral feed-forward(PIFF) controllers are designed as:

€2y
~ f/\

€, =‘[Oeb dr

v, =Ri, +Li' + ke, +ké,

ot :q A A
v, =Ri, + Li, +kpe, +ke,

where k, > L—R and k, > L—k, are the controller gains,
ande, and ¢, are integral terms of the current tracking er-

rors. Then, e, and e, are uniformly ultimately bound.
Proof: refer to (Lee et al., 2016).
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Fig. 5. Reference Position Profile. Adapted from (Kim et el., 2012b)
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Fig. 6. Position tracking errors €, of Lyapunov-based control, FOC, and

FWC. (a) Lyapunov-based control. (b) FOC. (c) FWC. Adapted
from (Kim et el., 2012b)

IV. EXPERIMENTAL RESULTS

To validate the performance of the advanced control
technique for PM stepper motors, we show the experiment re-
sult and discuss the characteristics of each advanced control.
The detail experimental setup is well described in each related
paper.

1. Microstepping With Nonlinear Torque Modulation
Technique

: : : :
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Fig.7. i,,i, for FOC and FWC. Adapted from (Kim et el., 2012b)

Experiments were performed for three cases to verify the
performance of the microstepping with nonlinear torque mod-
ulation and Lyapunov current controller with passivity state
observer. Figure. 5 is the position profile. The PM stepper
motor is commanded to move from O[rad] to 4 7 [rad]. To con-
duct a comparative study, we perform the experiment with
three cases.

1) Case 1 (Lyapunov-based Control): Lyapunov based cur-
rents control with passivity based currents estimation.
2) Case 2 (FOC): Field-oriented control (FOC) with nonlin-
ear torque modulation.
3) Case 3 (FWC): Field-weakening control (FWC) with non-
linear torque modulation.
The position tracking error of the Lyapunov based control,
FOC and FWC are plotted in Fig. 6. We observed that the
steady-state response was enhanced with the nonlinear torque
modulation technique with FOC and FWC compared to con-
ventional microstepping. In the steady-state period, the inevi-
table position ripples are observed due to the resonance fre-
quency of the system. Additionally, to validate the FOC and
FWC techniques mentioned above, we compare the direct and
quadrature currents. The results are illustrated in Fig. 7. Over-
all, the FOC/FWC methods (cases 2 and 3) showed a little
more accurate transient behaviors than the Lyapunov based
control method (case 1). The tracking errors of all three meth-
ods were nearly zero during the steady state period.

2. Linear Parameter Varying H> Control

To verify the performance of the LPV H2 controller, exper-
iments were performed for three cases. For the detail
experiment environment, please refer to (Lee et al., 2017).

1) Case 1 (LPV 1): Nonlinear H; controller with low state

(tracking error) weighting and high-input weighting.

2) Case2 (LPV 2): Nonlinear H; controller with high state

(tracking error) weighting and low-input weighting.
3) Case 3 (FOC): Field-oriented control (FOC)

The position tracking error of both the FOC and the proposed
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Fig. 9. Energy consumption of the three methods with seventh-order pro-
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Fig. 10. Position tracking errors of the three methods with a sinusoidal
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method is plotted in Fig. 8. We observed that the transient re-
sponse was degraded in the FOC method for current tracking.
On the other hand, the proposed methods (cases 1 and 2) re-
duced the peak phenomenon in the transient because the con-
trol gain was scheduled. When the acceleration period started,
the large peaks of tracking error were observed due to static
friction regardless of the control method. In the steady-state

25 T T T T T T
—Case 1 (LPV 1)

20 F| — — —Case2(LPV2) A
_____ Case 3 (FOC) 18.37 = )/ 2

Energy [J]

0 0.5 1 1.5 2 2.5 3
Time [sec]

Fig. 11. Energy consumption of the three methods with a sinusoidal pro-
file. Adapted from (Lee et al., 2017).

period, the inevitable position ripples are observed due to
the resonance and frequency of the system. In Fig. 9, we can
analyze that there is a trade-off between maximizing tracking
performance and minimizing energy consumption since the
cost function takes both state errors and inputs into account.
The position tracking of the three methods is compared in Fig.
10. At time 0.2 [s], a peak-phenomenon in the tracking errors
was observed for all methods because of static friction. Over-
all, the proposed methods (cases 1 and 2) showed more accu-
rate transient behaviors than the FOC (case 3).

The tracking errors of the three methods were all nearly zero
during the steady state period. Fig. 11. shows the energy con-
sumption of the three methods. The proposed methods (cases
1 and 2) were more energy efficient than the FOC method. By
incorporating greater input weighting, energy consumption
was minimized in case 1.

3. Proximate In-Phase Current Estimator (PIpCE)

To evaluate the performance of the proposed method, we
performed experiments for two cases as follows:

1) Case 1 (PIFF with conventional LPFs)

2) Case 2 (PIFF with proposed PIpCE).

The current tracking performances for both cases are illus-
trated in Fig. 12. In case 1, we see that the conventional LPFs
result in a greater phase lag than the proposed PIpCE.

Both methods use the same control structure, which imple-
ment the feedforward and feedback control law. Furthermore,
the proposed method provides better current tracking perfor-
mance in terms of the magnitudes of currents. It is worth no-
ticing that the tracking error was not removed, which is a result
of the non-constant back-emf effect. The position tracking er-
rors for both cases are shown in Fig. 13. The ripple width of
case 1 was more than double that of case 2. A slightly im-
proved transient response was also observed in the position
tracking of case 2. During the steady-state period, a low-fre-
quency ripple (approximately 2—3 Hz) resulted from a flexible
coupler between the motor and the sensor. We performed an-
other experiment to analyze the resonance mode under high-
speed operation with a small step angle. In the constant ve-
locity period, the maximum velocity changed from 11.8 to
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Fig. 12. Current tracking performance of both methods during accelera-
tion velocity period ( o, =11.8 rad/s), (a) Case 1: PIFF control-
ler and conventional LPF, (b) Case 2: PIFF controller and pro-
posed PIpCE. Adapted from (Lee et al., 2016).
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Fig. 13. Position tracking performance of both methods ( @, =11.8
rad/s). Adapted from (Lee et al., 2016)

17.7 rad/s. The current tracking performances of steady-
state periods are shown in Fig. 14. The proposed PIpCE still
had better current tracking performances than the conventional
method, which provided poor current tracking performance at
high speed including noticeable harmonics. On the other hand,
harmonics were not evident in the current tracking of the pro-
posed PIpCE. The position tracking performance of both
methods is illustrated in Fig. 15. The position tracking perfor-
mance in case 2 was uniform even at high speed, whereas the
results in case 1 were due to the system being on the verge of
step-out.
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Fig. 14. Current tracking performance of both methods during accelera-
tion velocity period ( w,,x =17.7 rad/s), (a) Case 1: PIFF control-
ler and conventional LPF, (b) Case 2: PIFF controller and pro-
posed PIpCE. Adapted from (Lee et al., 2016)
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methods

V. CONCLUSION

In this survey paper, we explain the advanced control meth-
ods for Permanent Magnet (PM) stepper motors to enhance po-
sition tracking performances. First, we introduce basic princi-
ples of open-loop control of PM stepper motors including mi-
crostepping, then explain various advanced feedback control
techniques based on Lyapunov stability. Second, we briefly
summarize how a PM stepper motors can be modelled as a lin-
ear parameter varying system and its tracking performance op-
timization based on sense is made with the nonlinear torque
modulation. Third, we show equivalency of field orient con-
trol and field weakening control to microstepping with
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nonlinear torque modulation. Then we introduce Proximate
In-Phase Current Estimator (PIpCE) for PM stepper motors
and a phase compensated Phase-Compensated Microstepping
for PM stepper motors. Their performances are illustrated by
experiments on PM stepper motors.
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