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An Advanced Closed-Loop Control to Improve the
Performance of Hybrid Stepper Motors

Kien Minh Le, Hung Van Hoang, and Jae Wook Jeon, Member, IEEE

Abstract—This paper presents an effective closed-loop control
approach for a stepper motor. The proposed approach consists
of motor parameter identification, closed-loop current control,
closed-loop position control, and damping control. The presented
implementation achieves accurate position, high torque, and
smooth speed. By using an improved proportional-integral
current control algorithm, this approach not only guarantees the
current tracking performance but also increases the bandwidth
during the speed response. The advanced position controller
achieves both high torque and the synchronous condition of the
motor after a loss of synchronism occurs. In addition, this method
applies an effective speed damping method to remove resonance
at low speed and reduce vibration at high speed. All the proposed
algorithms were implemented on an industrial test-bench. The
experimental results demonstrate the validity of the proposed
approach for practical applications.

Index Terms—Damping, phase advance control, proportional-
integral (PI) controller, stepper motor, step-out.

I. INTRODUCTION

TEPPER motors are widely used in commercial and indus-
S trial applications such as robotic systems, CNC machines,
printers, and domestic appliances [1]. The requirements of a
stepper motor drive are fast acceleration, smooth speed, accu-
rate position, and high torque.

Stepper motors can generally be operated in open-loop mode
or closed-loop mode, and they have been heavily studied. In
open-loop mode, controlling the currents in the coils of the mo-
tor is the heart of the control in stepper motor drives. Various
effective control schemes, such as conventional proportional-
integral (PI) control [2], intelligent control [3], and fuzzy con-
trol [4], have been investigated for closed-loop current control.
However, in these schemes, the current controller coefficients
are determined based only on the motor parameters, or the com-
putations are complex. In this paper, an advanced PI current
controller is proposed whose coefficients are calculated based
on the motor parameters and the operating speed.
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Open-loop drives are low cost and have simple control algo-
rithms because they do not require an additional position sensor.
However, a problem of this scheme is step-out when the load
torque varies, especially at high speeds, and this problem can
occur from even a small torque disturbance.

The step-out can be avoided by using a closed-loop control
algorithm. Various control methods based on phase advance con-
trol have been studied for closed-loop drives [5]-[7]. In these,
the phase advance angle was calculated considering the pro-
duced torque, the motor speed, and compensation for the back
electromotive force (EMF) [7]. Using this method, the motor
can be operated at high speed with high-produced torque. How-
ever, this method requires complex computations. Furthermore,
closed-loop drives with phase advance control are very effective
for avoiding step-out in low-speed range. At high speeds, if aloss
of synchronism occurs, the motor may not follow the command,
or a large overshoot may be produced. This leads to nonguar-
anteed position and speed tracking performances. In this paper,
we propose an advanced closed-loop position control method
based on phase advance control to overcome this problem.

For a stepper motor to operate perfectly over its full speed
range, an important problem is how to avoid or overcome res-
onance at low speeds and vibration at high speeds. Several
schemes using microstepping or combining of microstepping
with a closed loop have been discussed in [8]-[10]. These ap-
proaches have improved speed performance. However, they are
effective at either low speeds [8] or medium and high speeds
[10], but not over all speeds. To improve the speed performance
of stepper motor drives, many damping algorithms using nonlin-
ear control have been applied, such as the Kalman filter, adaptive
approach, sliding mode control technique, model-based control,
Jacobian linearization observer, harmonic injection scheme, and
optimal control [5], [11]-[19]. These schemes effectively elim-
inate torque ripples caused by the nonlinear characteristics of
the stepper motor. Moreover, intelligent control algorithms have
been used to damp out the resonance and vibration of the step-
per motor, including genetic algorithms [20], learning schemes
[21], fuzzy logic algorithms [22], and artificial neural network
techniques [23]. These methods improve the stability in tran-
sient dynamics and the tracking characteristics during the speed
response by reducing torque ripples and disturbances. However,
these nonlinear control and intelligent control approaches nor-
mally require complex calculations and a high computing load.
In addition, they do not work effectively over the whole speed
range. In this paper, we propose an effective damping control
method to smooth the motor speed over the full speed range.
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Nowadays, many sensor-less control techniques of permanent
magnet synchronous motors have been developed for industrial
drives. Generally, sensor-less control methods to estimate the
position of the motor shaft are commonly based on either the
back EMF for medium- and high-speed applications or the high-
frequency pulse injection for low-speed applications [24]. Most
of the sensor-less estimation methods for stepper motors were
based on the back-EMF effect because the high-frequency pulse
injection method is complicated for control applications [25].
Furthermore, in comparison to other kinds of motors, the stepper
motor has a special torque specification that is high at low speed
and low at high speed. Therefore, most applications use stepper
motors in the low-speed range to achieve good characteristics
and high positional accuracy. Since a sensor-less control ap-
proach is not reliable enough to apply for industrial applications
using stepper motors, a mechanical sensor is applied for the
stepper motor control system in this study.

The main contributions of this paper are as follows.

1) We propose a new model for stepper motor analysis based
on the cogging torque and the torque caused by the reluc-
tance effect. This model clearly represents the oscillation
characteristics of the stepper motor in the low frequency
domain.

2) We provide an improved current control scheme based on
a conventional PI algorithm to adapt to changes of motor
parameters and operating speed. This scheme increases
the operating bandwidth of the stepper motor.

3) We propose an advanced position control method to obtain
high produced torque and recover the speed when a loss
of synchronism occurs.

4) We provide an effective method for damping speed to
eliminate motor resonance and vibration. This enables
the stepper motor to operate smoothly over full operating
speed range.

5) Finally, we conduct an experiment using a digital sig-
nal processor (DSP)-based stepping motor drive platform
used for industrial applications to verify the effectiveness
of the proposed approach.

The rest of this paper is organized as follows. The proposed
dynamic model is introduced briefly in Section II. The proposed
identification technique is described in Section III. Section IV
explains the design of the proposed current controller. The po-
sition control loop is introduced in Section V. Section VI de-
scribes how to perform the proposed speed damping method.
Section VII presents the implementation and experimental re-
sults verifying the proposed approach. Finally, the conclusions
are summarized in Section VIIL.

II. STEPPER MOTOR MODEL

A two-phase bipolar hybrid stepper motor is considered in
this research, with electrical equations given by Lee et al. [9]

dig ) .
L T v, — Ri, + K wsinf
diy, .
LE = vy, — Riy — Kyweosh. ()
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TABLE I
VARIABLE AND PARAMETER DEFINITIONS

Variable Description Unit
Vg, Vp Phase Voltages A\

Qg iy Phase Currents A

w Mechanical Speed of Rotor Shaft rad/s

[4 Electrical Position of Rotor rad
Parameter Description Unit

R Resistance Q

L Inductance H

K, Torque Constant N-m/A
J Rotor Inertia N-m - s?/rad
D Damping Coefficient N-m - s/rad
T Load Torque N-m
Ky Amplitude of jth harmonic N-m

oy Phase Shift of jth harmonic rad

Generally, the motor torque consists of three different compo-
nents: an electrodynamic component (1), a cogging torque
component (7¢), and a component (I) created by the reluc-
tance effect [1]. T is caused by the interaction between the
stator currents and the permanent magnet rotor field, and it is
dominant

Ty = —K;i,sin6 + K, i,cosf. 2)

Te is caused by the multitoothed construction and predicted
as follows [26]:

o0
To == Kqjsin(4;6) 3)
j=1
where j is a positive integer and Kg; is the amplitude of the jth
harmonic.
Here, T, is generally very small in stepper motors, so it can
be ignored.
However, in this paper, both T- and T are proposed to
produce harmonics with various frequencies

To +Tp = - Kqsin(jo + ¢;) )

Jj=1

where ¢; is the initial phase of the jth harmonic.
Finally, the equations of motion are given by [8]

dw L ) - .
JE = (—Kigsinf + Kyipcost) — ; Ky;sin(jo + ¢;)
— Dw — 1T, ®)
do
Y~ Now. 6
at w (6)

All variables and parameters are listed in Table I.

III. MOTOR PARAMETER IDENTIFICATION

In this study, a simple and effective technique is proposed to
identify two motor parameters, the resistance R and inductance
L, in the standstill condition. Because each phase of the motor
is considered as an RL-circuit, the parameters identification is
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Fig. 1. Block diagram of the proposed stepper motor control system.
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Fig. 2. Block diagram of current control loop.

based on the current step response, which is given as

it) = % (1 _ e*%t) . (1 —e ) %)

where U is the amplitude of the commanded step voltage,
and [, = %. The current step response is divided into two
separate parts for the transient and steady-state regions.

In the steady-state region, the resistance I? is obtained as

Uy

IIH‘()X

R
ft

R =

®)

In the transient region, I is the measured current at a given
time 7', and then the inductance L is approximately derived
based on (7) as follows:

TR

# () + ()

This identification scheme is performed to solve two problems
in the control of stepper motors in real applications, as follows:

1) Solution 1: When connecting an unidentified motor, the
drive can work well without the input of the motor param-
eters.
Solution 2: When the stepper motor system is operated
in different environments, such as under a high tempera-
ture or high magnetic field, the motor parameters change.
The proposed method can easily solve this problem by
restarting the system to reidentify the motor parameters
to always ensure optimal control for that system.

)]
Ir

T ax

It

L ax

Ir

Linax

2)

IV. CURRENT CONTROL LOOP

The electrical equations in (1) are considered to design the
current controller for the stepper motor, and the designs of cur-
rent control for both phases of the motor are the same. Fig. 2
shows the current control loop of phase B of the motor. The
improved PI current controller is proposed as

K).

el
S
Compared to the conventional PI control algorithm, the pro-
posed improved PI current controller has one more gain called

PI(s) = K, (K,, + (10)

the speed compensation gain K. In this study, both gains K,
and K; depend on the motor parameters (R and L), whereas the
gain K. is determined by the motor operating speed. Therefore,
the improved PI current controller adapts to changes of motor
parameters and operating speed.

By using a zero cancellation technique and comparing the
closed-loop characteristic polynomial of the current control loop
shown in Fig. 2 to the standard second-order system with damp-
ing ratio ¢ and natural frequency wy, we obtain the coefficients
of the proposed improved PI current controller as

2wy L—R

wiL
K, '

K
K.

I and K; =

1D

It should be noted that w, determines the bandwidth of the cur-
rent loop. On the other hand, for stepper motors using microstep-
ping algorithm, the motor operating speed is directly related to
the excitation frequency of the reference current. Therefore, in
order to enlarge the bandwidth of the motor operating speed
the bandwidth of the current loop needs to be increased. From
(11), the gain K. is changed following the operating speed to
maintain the current performance. In general, the speed of most
stepper motors is in a range of [0:5 00 000 pulses per second
(pps)] (equivalent to [0:3000 r/min]). Through our experience
in this study, K is selected in the range [1:12] and given by

11

Ko=-——w
500000

+ 1. (12)

At low speed, the current controller does not require high
gain to reduce the motor vibration and noise. Otherwise, the
controller requires a high enough gain to follow the current
command at high speed. Our proposed scheme effectively sat-
isfies these requirements.

The back EMF feature of the motor is also an important term.
Especially in the high-speed range, the current in the coil is
reduced because of the large back EMF, and the motor torque
is therefore reduced. It is not easy to eliminate the back EMF.
However, the proposed current controller improves the motor
performance over a large operating speed range.

V. POSITION CONTROL LOOP

In previous phase advance control methods, by determin-
ing an appropriate phase excitation scheme, the motor can
be operated in the closed-loop control mode with the highest
torque, even with a variable load [5]-[7]. In addition, because
these methods only consider the feedback position, the mo-
tor operates well at low speed or when the position error be-
tween the reference and feedback positions is small (the loss of
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synchronism occurs during only a short time). Furthermore,
there is vibration when the motor is stopped.

To overcome all these problems, we propose an advanced
position control method in this study. This method is shown
in Fig. 3 and is based on phase advance control considering
not only the feedback position, but also the position error and
the speed error between the reference and feedback speeds. The
control law is shown in Fig. 4. The position controller is operated
in either open-loop mode or closed-loop mode, depending on
the comparison value between the position error Af, and the
threshold value 6y, given in (13).

O = Kpew + /2. (13)

In open-loop mode, the phase excitation angle 6., is similar
to the reference position 6,.s. However, in closed-loop mode,
two PI controllers are used to adjust the phase excitation angle.
These two controllers are described in (14) and (15) and are used
to eliminate the position error and the speed error, respectively,

Ky
S
Kiw

Pl (8) = er + (14)

PL,(s) = Ky, +

15)

In Fig. 3, when the synchronism is lost, the position error
A0, is increased, and the output 6; of the upper PI controller
is correspondingly increased. This leads to an increase in the
phase excitation angle 6., and the motor speed w is therefore
increased. During this time, the position error has a very large
value, so ¢, dominates. The motor is operated at a high speed
until the position error becomes small, and the ¢ term is reduced
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Fig. 5. Block diagram of damping control.

to as small as possible due to the integral term of the PI controller.
Finally, the motor speed tracks the reference speed. The same
explanation applies to the lower PI controller for the speed error.
The proposed method achieves speed recovery when a loss of
synchronism occurs and reduces vibration when the motor is
stopped. The experimental results provided later demonstrate
the effectiveness of this method.

VI. DAMPING METHOD

The proposed control law is almost the same as that described
in [8], but the actual electrical position 6 is replaced by the ref-
erence electrical position 0, (or 6., in the closed-loop position
control mode), as follows:

ia = Imaxcos(aref) - AISin(eref)

1y = Lnaxsin(@rer) + Alcos(6er) (16)

where I, is the microstepping gain, and AT is a compensation
function.

The proposed current compensation algorithm above con-
sists of two separate parts. The first terms on the right hand
side of (16) are reference current parts that are exactly the same
traditionally sinusoidal signals used for microstepping the step-
per motor. The second terms are compensation current parts that
are fundamental for performing the damping method introduced
below.

A block diagram illustrating the proposed damping method
is shown in Fig. 5. The compensation function AI, which is
controlled to remove resonance in the low-speed range and to
reduce vibration in the high-speed range, is divided into two
separate components, as follows:

AI:AIL-i-AIH (17)

where Al and Aly are low- and high-speed compensation
functions for damping at low speed and high speed, respectively.

Substituting (16) and (17) into (5), a resulting equation of mo-
tion considering low- and high-speed compensation functions
is obtained

Jw+ Dw+ Ty, = (K LnaxsinAf + K; AlycosAf)

+ | KiAILcosAD — Y Kqjsin(j6 + ¢;) (18)

Jj=1
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This study shows the two following important features:

1) Feature 1: In the low-speed range, Al is dominant and
strongly removes the resonances caused mainly by the
cogging torque and the reluctance torque. Hence, in this
speed range, (17) becomes Al ~ Ay .

2) Feature 2: In contrast, in the high-speed range, the motor
quickly accelerates over the resonance region, so Aly
dominates and effectively reduces the vibration, and (17)
becomes Al ~ Aly.

A. In Low-Speed Range

In the low-speed range, the resonance problem is natural and
always occurs with all stepper motors [27]. In this study, Al
is used to remove all resonances, and (18) now becomes

Jw+ Dw + Ty = K Iy SinA6

+ | K;AILcosAfO — Z Kq;sin(jo + ¢;)

Jj=1

19)

The damping procedure involves two steps, as follows:

Step 1: The motor is accelerated to a consistent speed to
clearly observe all resonances. Next, all the harmonics in (4) are
identified at the corresponding resonant frequencies at which
the speed error oscillates strongly. Specifically, only the am-
plitude Kjy; is determined according to (20), obtained from an
approximation of (5), while the phase shift ¢; is assumed to be
Zero

de ~ DAWJ‘ (20)
where Awj is the speed error corresponding to the jth harmonic.
Step 2: Al is given by

I & L .
Al = A E Kiisin(j0cer + ¢7) (2D
i=1

where K j; and ¢; are the amplitude and the phase shift of the
jth-harmonic compensation function, respectively. Each har-
monic in (21) is used to remove one corresponding harmonic
expressed via the last term on the right hand side of (19). Both
parameters (K j; and ¢7) are found and optimized by the integral
of absolute error (IAE)
IAE; :/ |Aw;|dt — min. (22)
0
Specifically, for each jth harmonic, the procedure of optimiz-
ing Kj; and ¢ is performed as follows:
1) First, the motor is operated with Kg; obtained in Step
1 (K§; = Kqj), and ¢] is varied from 0 to 27 rad. The
optimal phase shift ¢7 is obtained through (22).
2) Next, operating the motor with the optimal value ¢
obtained above, K jj is varied within the range of
[ Gjmins K gjmax] determined by the requirement that
|Af| < /2, in order to avoid step-out. After using (22),
the optimal amplitude Kj; is acquired.
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B. In High-Speed Range

In the high-speed range, the most important objective is to
reduce the vibration of the stepper motor.
The high-speed compensation function is given by

Alg = K,Aw + Ky A6 (23)
where Aw and A are speed and position errors, respectively,
24

(25)

Aw = Wref —w
AO =0, — 0.

where K, and Ky are speed and position gains, respectively.
Both are used to regulate the speed and position errors via
modulation of Ay. The dynamic response of the system is
shaped by the choice of gain values, K, and Kj.
Substituting (23)—(25) into (18), we obtain
Jw+ Dw+ T, = KilyasinAd
+ KicosAO[K, Aw + KyAf]. (26)
From (24) and (25), we have
Aw = Wyef — W (27)
A = N, Aw. (28)

Taking the derivative of both sides of (26), assuming 77, is
constant (i.e., 77, = 0), and combining this with (28), we have

J& + Dw = [(Imax + Ko) K NcosA0] Aw

+ (KK, cosAf)Aw — K;N,sinAf[K, Aw? + KgAwAd).
(29)

Because Aw and Af are small, Aw? and AwAG are also
small. Combining this with (27), and noticing that, at steady
state, wyor = 0 because w,.f = const, the transfer function of the
motor speed is

w

Wref
(Imax + K{))Kf,NrCOSAa

Js?2 + (D + KK, )cosAO)s + (Imax + Ky)K; N,cosAO
(30)

Comparing (30) to the standard second-order system, which
has a natural frequency (wp) and a damping ratio (£), we obtain

2w ] — D
K, =20l 2 1
¢ K,;cosAf GD
2
Ky wo S 32)

- N, K;cosAO — I ax

To determine the two coefficients (K, and Kj), unless both
wy and & are easily obtained from the desired performance re-
quirement, it is also necessary to know Af.

At steady state, AT = 0, w = wyef, and w = 0. Consequently,
an approximation is applied to (26) to obtain

Dwres + T = Ky Iy 0 sinAG. (33)
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Fig. 6.

Experimental system.

Therefore

Af = sig-1 (M) _ (34)

Ktlmax

A0 depends on the value of the steady-state load torque (77).
This means that the dynamic characteristics given by (30) are
also dependent on the steady-state value of the load torque.
In practical implementations, (34) can be performed through a
lookup table with w,s as an index. Moreover, stepper motors
generally operate with |Af| < 7/2 to avoid step-out, so the
validity of (31) is guaranteed.

VII. IMPLEMENTATION AND EXPERIMENTAL RESULTS

A. Implementation

A block diagram of the overall stepper motor control sys-
tem is shown in Fig. 1, and a photograph of the corresponding
hardware platform for the experiment with the proposed algo-
rithms is shown in Fig. 6. The controller is based on one DSP
TMSF2811, which handles all the motor parameter identifica-
tion, the current control, the position control, and the damping
algorithms. The controller is programmed and commanded by a
standard PC through the joint test action group (JTAG) interface.
In addition, the experimental system also contains a stepper mo-
tor and an optical encoder. The hybrid stepper motor, Fastech
model EzM-56L, is a two-phase permanent stepper motor with
50 rotor teeth, giving a step angle of 1.8°. The motor is driven in
microstepping algorithm with 1/50 step, resulting in a resolution
of 10 000 steps per revolution (or pulses per revolution). This
means that 1 revolution per second (rps) corresponds 10 000 pps.
The optical encoder having 2500 lines or 10 000 pulses/rev is at-
tached to the motor. The commanded voltages are supplied by a
40-kHz pulse width modulation (PWM) amplifier. The max-
imum output voltage of the PWM is +40 V. The maximum
current for the motor is 2 A. The parameters for the experimen-
tal system are shown in Table II. All of the parameter identi-
fications, the current control, and the damping algorithms are
executed at a rate of approximately 40 kHz. The speed is ob-
tained using w(kTy) = [0(kTy) — 0((k — 1)Ty)]/ T}, with the
fresh frequency 7' set to 1 kHz. At the beginning of the con-
trol program, the motor is maintained at standstill to identify
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TABLE II
EzM-561. MOTOR PARAMETERS

Parameter Value

Phase Resistance (R) 230
Phase Inductance (L) 7.35 mH
Torque Constant (K;) 0.83 N - m/A

0.0000269 N - m - s? /rad
0.0013 N - m - s/rad

Rotor Inertia (.J)
Damping Coefficient (D)

Load Torque (77, ) 0.029N-m
Number of Poles (N, ) 50
Source Voltage (V') 40V
Current Rate (/) 2A
U=40v
u=1r .
________________ R Transient
L ' t
Steady-state '\ I | <_> \‘\‘
~ > I‘—I T=200us | T~
T=20ms ' U . L
-
' U
(a) (b)

Fig. 7. Voltage pulses for resistance and inductance identification. (a) Resis-
tance identification. (b) Inductance identification.

the resistances and inductances of the two coils of the motor.
Two different voltage pulses are consequently commanded to
the same coil of the motor. Specifically, the first voltage pulse
shown in Fig. 7(a) with amplitude 1 V and width 20 ms is
used to identify the resistance in the steady state of the phase
current response. Similarly, to identify the inductance in the
transient of the phase current response, the second voltage pulse
shown in Fig. 7(b) with amplitude 40 V and width 200 us is
used. Moreover, to increase the accuracy of calibration for the
analog—digital converter (ADC), two positive and negative volt-
age pulses are generated, as shown in Fig. 7, to produce the two
corresponding positive and negative phase currents. After that,
the average value given by (35) of the amplitudes of these phase
currents is used for calculations in (8) and (9). The same scheme
is applied to the other coil of the motor:

A
5 .
After completely identifying the motor parameters, the motor

drive is switched on to simultaneously execute current control,
position control, and damping control programs.

I (35)

B. Experimental Results

First, an experiment was performed to identify the stepper
motor parameters. Second, the current controller was tested.
Next, the position controller was tested. Finally, the damping
method was tested.

1) Motor Parameter Identification: Table III shows the per-
formance of the proposed identification technique. Compared
to the nominal values given by the manufacturer, the average
resistances of the phase A and the phase B of the motor are
within 18.69% and 16.08%, respectively. Similarly, the average
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TABLE III
MOTOR PARAMETER IDENTIFICATION RESULTS

Phase A Phase B
Parameter ~ Nominal Estimate Error Estimate Error
R 23Q 2.73Q 18.69% 2.67 Q2 16.08%
L 735mH  6.59 mH 10.34% 6.37 mH 13.34%

b

i

I

=
Ref. Curr
Sl Act. Curr
0 20 40 60 80
[ms]
(b)

Fig. 8. Motor speeds and phase currents with the conventional PI controller
when the motor operates at 40 000 pps. (a) Reference and actual speeds.
(b) Reference and actual currents.

% 10
: — 2bo Ty pim ™
o P H rt — . ¥
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1 / Ref. Vel [\~ ; ; ‘L Ref. Curr
ok Act. Vel |2 ) e e Act. Curr
0 a0 100 150 200 0 20 40 60 80
[ms] [ms]
(a) (b)
Fig.9. Motor speeds and phase currents with the proposed PI controller when

the motor operates at 40 000 pps. (a) Reference and actual speeds. (b) Reference
and actual currents.

inductances of these two phases are within 10.34% and 13.34%,
respectively. These average resistance and average inductance
values are qualified for effectively designing the current con-
trollers. They were later used in doing the next experiments for
the current control and damping methods.

2) Current Controller: Next, we compare the proposed im-
proved PI current controller of the phase B of the motor to the
conventional PI current controller.

Figs. 8 and 9 show the motor speeds and currents when the
motor is operated at 40 000 pps. The performances of the two
current controllers are almost the same. The actual currents track
the corresponding reference currents well, and all of the currents
are shown in Figs. 8(b) and 9(b). The motor works normally at
this speed, as shown in Figs. 8(a) and 9(a).

At a higher speed of 1 90 000 pps, the motor speeds and
currents are shown in Figs. 10 and 11. With the conventional PI
current controller, the stall problem shown in Fig. 10(a) occurs
when the motor speed reaches to 1 30 000 pps, and the motor
therefore does not work at this speed or higher. Moreover, as
Fig. 10(b) shows, the actual current is not stable and is decreased
in amplitude. In contrast, with the proposed improved PI current
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Fig. 10.  Motor speeds and phase currents with the conventional PI controller
when the motor operates at 1 90 000 pps. (a) Reference and actual speeds.
(b) Reference and actual currents.
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Fig. 11.  Motor speeds and phase currents with the proposed PI controller
when the motor operates at 1 90 000 pps. (a) Reference and actual speeds.
(b) Reference and actual currents.

controller, as shown in Fig. 11(a), the stall problem is overcome
and the motor runs easily over the stall point at 1 30 000 pps
and then settles to the reference speed 1 90 000 pps. The current
tracking performance and the stability, shown in Fig. 11(b), are
better than those shown in Fig. 10(b) for the conventional PI
current controller. However, the amplitude of the current still
decreases from 2 to 0.5 A. This is normal when the stepper
motor is operated at a high speed with microstepping of the
current regulator without compensating for the back EMF.

Overall, with the adaptive capability of the proposed im-
proved PI current controller to changes of the motor parameters
and the operating speed, a good current characteristic is ob-
tained. Furthermore, the bandwidth of the speed response is
expanded, and the motor can work over a large operating speed
range. However, the motor speed still oscillates strongly. This
drawback is overcome by using the damping method presented
later in this paper.

3) Position Controller: Next, the performance of the posi-
tion controller is demonstrated. Fig. 12 shows the reference and
actual speeds and the corresponding position error when a loss
of synchronism in speed occurs. The motor operates normally
until about 250 ms. At that moment, an external torque is applied
to hold the rotor for 50 ms. This causes a loss of synchronism in
motor speed. In addition, during this interval, the actual speed,
shown in Fig. 12(a), decreases while the position error, shown in
Fig. 12(b), increases to a very large value of 7900 pulses (close
to one revolution). At a time of 300 ms, the external torque
is removed, releasing the rotor to continue rotating. The actual
speed increases to above the reference speed of 1 20 000 pps,
reaching up to 1 50 000 pps. After that, the actual speed slows
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Fig. 13.  Resonances when the motor is accelerated from 0 to 80 000 pps
without damping. (a) Reference and actual speeds. (b) Speed error.

down and then tracks the reference speed at 720 ms. Thus, the
position error is reduced to a very small value. Eventually, the
synchronous condition in speed is recovered.

4) Damping Method: Finally, we compare the proposed
damping method to the LA technique presented in [7]. The
LA directly affects the motor torque, and is given by

A6 = tan”! (N';L) +sin”! <Zqu + M) (36)

zZV

where A@ is the LA [the same position error described in
(25)], R and L are the identified motor parameters, Z =

R? 4+ (N,wL)? is the impedance of the winding of the motor,
V' is the supplied voltage to the motor, ¢,, is the magnetic flux
of the motor, and i, is the g-axis current. All motor parameters
are listed in Table II.

Here, i, is calculated via Park’s transformation as follows:

ig | | cos(8) sin(6) iq
[iq ] o {sin(&) Cos(ﬂ)] x {ib } ‘
The first experiment demonstrates common resonance phe-
nomena for the studied stepper motor. The reference speed, the
actual speed, and the speed error are shown in Fig. 13 as the
motor is accelerated from 0 to 80 000 pps in 1200 ms, in open-
loop control and without damping. Fig. 13(a) clearly shows the
actual resonances that occur at speeds of 7500, 15 000, and
30 000 pps, corresponding to driving currents at 0.75, 1.5, and
3 Hz, respectively. Fig. 13(b) shows the corresponding speed er-
ror, which reveals three corresponding harmonics. Among these
harmonics, the oscillation at 3 Hz is the strongest.
Measuring the cycle time of each harmonic shows that these
three harmonics oscillate with the mechanical natural frequency

(37
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Fig. 14.  Comparison between the lead-angle (LA) technique and the proposed
damping method when the motor is accelerated from 0 to 80 000 pps. (a) Actual
speed and speed error with the LA technique. (b) Actual speed and speed error
with the proposed damping method.

of the motor (f,, = 3.2 Hz). The results also reveal that the 1st,
2nd, and 3rd resonances are caused by the 4th-, 2nd-, and 1st-
harmonics, respectively (corresponding to j =4, 2, and 1 in (5),
respectively). In addition, Fig. 13(b) shows the maximum am-
plitude peak values of the harmonics, which are 2200, 3200, and
12 400 pps for the 4th-, 2nd-, and 1st-harmonics, respectively.
These result in the corresponding amplitudes of (20) K44 ~
0.0018 N - m, K42 ~ 0.0026 N - m, and K4; ~ 0.0101 N - m,
respectively.

Then, the optimal phase shift ¢} and the optimal amplitude
K, are determined by using the procedure described in Step 2
of Subsection A of Section V. Specifically, ¢; = 2.618 rad and
K}, = 0.0012 N - m for the 4th-harmonic; ¢5 = 2.879 rad and
K}, = 0.002 N - m for the 2nd-harmonic; and ¢} = 5.759 rad
and Kj; = 0.012 N - m for the 1st-harmonic.

The second experiment compares the performances of the
motor speed between using the LA technique and using the
proposed damping method when the motor is accelerated from
0 to 80 000 pps in 1200 ms. The reference speed is shown in
Fig. 13(a), and the corresponding actual speeds and the speed
errors are shown in Fig. 14. Specifically, Fig. 14(a) indicates
the corresponding actual speed and the speed error with the LA
technique. Three resonances still exist but are probably reduced
compared to without damping. The actual speed and the speed
error with the proposed damping method are shown in Fig. 14(b).
The three resonances are completely removed, and the speed
error is reduced to almost zero. This means that the proposed
damping method significantly removes all the resonances.

The next experiments show the ability of the proposed damp-
ing method when the motor speed is steady and the motor oper-
ates over the full speed range, which is divided into four separate
regions, as follows:

1) very low speed region: w < 5000 pps;

2) low-speed region: 5000 pps < w < 80 000 pps;

3) medium-speed region: 80 000 pps < w < 2 00 000 pps;

4) high-speed region: w > 2 00 000 pps.

Case 1) The very low speed region: This speed region is
below the resonant speeds. A speed of 4000 pps is selected
for testing. Without damping, the actual speed oscillates
quite strongly as can be seen in Fig. 15(a). The correspond-
ing absolute maximum speed error is about 1000 pps,
as shown in Fig. 15(b). The LA technique, shown in
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Fig. 15(c) and (d), seems not to affect the motor speed
performance at this speed. The absolute maximum speed
error, shown in Fig. 15(d), is the same value 1000 pps com- 15000}
pared to without damping. Fig. 15(e) and (f) shows the per-

5000
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a‘?ﬁ‘ ......

formance with the proposed damping method. The oscilla- & P N p—yry Speéd Ll = :

tions are significantly reduced, and the absolute maximum ol... Ref. Speed | ™ i : Speed Eror
speed error is decreased to 500 pps, shown in Fig. 15(f). 0 100 200 300 400 0 100 200 300 400
Overall, the proposed damping method achieves the best el [ms]

speed performance at this speed region. (a) (b)

Case 2) The low-speed region: Three resonances occur in 5000 ; ; : ;
this speed region. Figs. 16— 18 show the motor speeds 5
and the speed errors at the three different resonant speeds 0000 N R Ny ™ T*lll[\[‘mlil']!i%\]ﬁllwll llllm"i'
in three different cases without damping, with the LA 5000 |-/ | —— Act. Speed | = H;fr e 51"1
technique, and with the proposed damping method. ol Ref Speed 'n% o § l?pma?
Without damping, because 7500, 15 000, and 30 000 pps 0 100 200 300 400 0 100 200 300 400
are mostly near the middle of the resonance regions, the el ()
oscillations of the motor are rather large, as shown in (c) (d)

Figs. 16(a)-18(a), respectively. The corresponding abso-

lute maximum speed errors are 2000 pps [Fig. 16(b)], ] : : _______ i .

3000.pps [Fig. 17(b)], and 10 000 pps [Fig. 18(b)], re- 10000 T g WM’IHWW Nwﬁrw
spectively. . . = ol — Emed] il = ;

In contrast, at these three speeds, the LA technique is b Ref Speed | ™ 5 lm
rather effective at the speed 30 000 pps [Fig. 18(c)] with 0 100 200 300 400 0w 20w 4w
the absolute maximum speed error 6000 pps [Fig. 18(d)], [ms] i}

is acceptable at 15 000 pps [Fig. 17(c)] with the absolute (e) (0

maximum speed error 2500 pps [Fig. 17(d)], and seems
Fig. 17. Motor speeds and speed error at 15 000 pps. (a)—(b) Without damp-
I[IFOt tol g(ffgbft tltlg tElOt?)r S]P ied per.formance gt 75002(1))(1))8 ing. (¢c)—(d) With the LA technique. (e)—(f) With the proposed damping method.
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pps [Fig. 16(d)].
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ing. (¢)—(d) With the LA technique. (¢)—(f) With the proposed damping method.

Furthermore, the proposed damping method shown in
Figs. 16(e—f)-18(e—f) works perfectly because it signif-
icantly removes all resonances. Particularly, at the speed
7500 pps, the value of the absolute maximum speed error
is 500 pps with the proposed damping method, which is
shown in Fig. 16(f). This value is the smallest compared
to 2,000 pps with the LA technique [Fig. 16(d)], and it
becomes 2,000 pps without damping [Fig. 16(b)]. At the
higher speed 15 000 pps, comparing to the value 2500 pps
with the LA technique [Fig. 17(d)], and 3000 pps without
damping [Fig. 17(b)], the value 800 pps [Fig. 17(f)] with
the proposed damping method is the smallest value. The
proposed damping method achieves the best performance
compared to the LA technique and without damping, at the
speed 30 000 pps. The absolute maximum speed error is a
small value of 1000 pps [Fig. 18(f) compared to a medium
value of 6000 pps with the LA technique (Fig. 18(d)], and
a large value of 10 000 pps without damping [Fig. 18(b)].
Obviously, the proposed damping method is better than
the LA technique in this speed region.

Case 3) The medium-speed region: The testing speed of
1 20 000 pps represents the medium-speed region. The
speed performances are shown in Fig. 19. The vibration of
the actual speed without damping, shown in Fig. 19(a), is
quite large. The corresponding absolute maximum speed
error is about 6500 pps, which is large and is shown in
Fig. 19(b). The actual speed responses with the LA tech-
nique, shown in Fig. 19(c), and with the proposed damp-
ing method, show in Fig. 19(e), are almost the same. They
both significantly suppress the vibrations in the constant
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Fig. 19. Motor speeds and speed error at 1 20 000 pps. (a)—(b) Without

damping. (c)—(d) With the LA technique. (e)—(f) With the proposed damping
method.

speed interval with the same absolute maximum speed er-
ror about 800 pps, as shown in Fig. 19(d) and (f). However,
in the acceleration and deceleration intervals, especially in
the low-speed region where the resonances occur, the pro-
posed damping method is considerably better than the LA
technique. The corresponding absolute maximum speed
error is 2000 pps with the proposed damping method,
shown in Fig. 19(f), compared to 3900 pps with the LA
technique, shown in Fig. 19(d). Moreover, with the pro-
posed damping method, the motor is stopped more stably
compared to the LA technique.

Case 4) The high-speed region: The system is tested at a
speed of 2 70 000 pps, which represents the high-speed
region. The comparison between without damping, with
the LA technique, and with the proposed damping method
at this speed is shown in Fig. 20. The same explanation is
given as for the speed of 1 20 000 pps discussed earlier.
Without damping, the motor vibrates strongly and is
shown in Fig. 20(a). In contrast, both the LA technique
and the proposed damping method perfectly suppress the
vibrations, as shown in Fig. 20(c) and (e), respectively.
Particularly, in the constant speed interval, the absolute
maximum speed errors are the same 700 pps, shown in
Fig. 20(d) and (f), compared to a large value of 7000 pps
without damping, shown in Fig. 20(b). The proposed
damping method makes the motor operate more smoothly
than the LA technique in the start-point and stop-point
vicinities, shown in Fig. 20(d) and (f). The absolute
maximum speed error with the proposed damping method
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TABLE IV
COMPARISON OF DAMPING PERFORMANCE BETWEEN WITHOUT DAMPING,
‘WITH THE LA TECHNIQUE, AND WITH THE PROPOSED DAMPING METHOD

Speed [pps] Absolute Maximum Speed Error [pps]

Without LA Technique Proposed Method
Constant ~ Acc—Dec Constant ~ Acc—Dec

4000 1000 1000 — 500 —
7500 2000 2000 - 500 -
15 000 3000 2500 - 800 -
30 000 10 000 6000 — 1000 —
120 000 6500 800 3900 800 2000
270 000 7000 700 4300 700 3500

is 3500 pps, as shown in Fig. 20(f), compared to 4300 pps
with the LA technique, shown in Fig. 20(d).

To summarize briefly the damping performances in
all four aforementioned cases, the absolute maximum
speed errors in the constant speed interval and in the
acceleration—deceleration interval are shown in Table I'V.
Overall, compared to the LA technique, the proposed
damping method is significantly better in very low- and
low-speed regions. In medium- and high-speed regions,
the two methods have almost the same performance in the
constant speed interval, but the proposed damping method
is better than the LA technique in the acceleration and de-
celeration intervals.
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VIII. CONCLUSION

We have proposed a control approach to improve the perfor-
mance of the stepper motor. The motor operates at high speed.
The high torque is generated to avoid step-out, and the syn-
chronism in speed is guaranteed. In addition, the motor operates
smoothly over the whole speed range. The speed performance
with the proposed damping method is probably better than that
with the LA technique, especially in low- and very low speed
regions. All the proposed algorithms are simple, reliable, and
effective; they do not require any transformation; and they are
performed within only one stationary frame.

Because the experiments were obtained on a DSP-based in-
dustrial setup, the results have a clear potential application to
industrial processes for improving performance and efficiency.
However, the damping scheme requires an identification proce-
dure for resonances. Moreover, this damping method is limited
to applications with varying loads. In the future, it may be feasi-
ble to upgrade the stepper motor control system by considering
online resonance identification techniques to adapt to varying
loads.
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