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ABSTRACT Generally, the position closed-loop control of stepper motors requires high-precision models,
however stepper motors are complex nonlinear systems, and high-precision models are difficult to obtain.
In order to solve this problem, a variable frequency controller based on hyperbolic tangent function is
proposed. Similar to the proportional integral (PI) control method, this method does not require an exact
model of the plant. The experimental results show that when tracking the sinusoidal signal 180° sin(0.628¢),
the tracking error of the Tanh control algorithm is reduced by nearly 60% compared with the PI control
algorithm, which provides a new idea for the position closed-loop control of stepper motor.

INDEX TERMS Closed-loop control, stepper motor, hyperbolic tangent function, proportional integral (PI),

pulse frequency control.

I. INTRODUCTION

The stepping motors [1], [2], [3] have the advantages of low
cost, high power density, long service life and high reliability,
so they are widely used in robot control and other fields [4],
[5], [6]. Currently, stepper motor control technology and drive
technology have also been studyed and developed.

Li [7] proposed a robust control algorithm based on neural
networks for stepper motor. In order to reduce the number of
sensors and costs, Defoort [8] proposed a robust third-order
sliding-mode controller for a stepper motor. Kim et al. [9]
proposed a field-oriented control (FOC) control method that
does not require direct axis and quadrature axis (DQ) trans-
formation. Bendjedia [10] proposed a sensorless FOC control
method. Kim et al. [11] proposed a nonlinear gain position
control method that only requires position sensors. Kim and
Ahn [12] and Li et al. [13] used active disturbance rejection
control (ADRC) for motor control and achieved good results.
Tran et al. [14] proposed an adaptive current controller
based on neural network and double phase compensator.
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Le et al. [15] proposed an advanced closed-loop con-
trol to improve the performance of hybrid stepper motors.
Lee et al. [16] proposed a nonlinear H, control for stepper
motor control.

All of the aforementioned techniques need accurate models
of stepper motors. However, due to the nonlinearity of stepper
motors [17], obtaining an accurate model of a stepper motor
is difficult [18], [19], [20], [21]. The traditional PI controller
is widely used, but the control performances can not satisfy
the requirements in some application. So a high performance
none-model based control method is needed.

With the development of stepper motor micro-stepping
drive technology [22], [23], [24], [25], [26], [27], [28], [29],
common used stepper motor drivers are based on pulse fre-
quency control, which do not require an accurate model of
the motor and are easy to use. The typical control structure
of a stepper motor is an open-loop control. A sequence of
voltage pulses is fed to the motor to change the rest position
with accurate steps. The last position is kept once the supply is
disconnected [30]. Fig.1 shows the torque-frequency (torque-
speed) characteristics of a stepper motor. According to the
torque-frequency characteristics, it can be seen that the output
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FIGURE 1. Pull-out torque characteristics of stepper motor.

torque of the stepper motor decreases with the increase of
speed, so stepper motor will lose steps when the load is too
large or the speed is too fast [31], [32], [33].

In order to improve the dynamic response of the step-
per motor, Zhou et al. proposed a sine-type acceleration
and deceleration method [34], and Wang et al. proposed a
parabolic-type acceleration and deceleration method [35].
Comparing with the uniform acceleration and deceleration
method, their dynamic characteristics are better, and are more
in line with the torque-frequency characteristics of stepper
motors. And the increase of position closed-loop can also
prevent inaccurate positioning caused by step loss. However,
the above methods are based on the total number of running
steps for speed planning, and are not suitable for closed-
loop position control based on position error. At present,
the closed-loop control of stepper motors based on variable
frequency is rarely studied.

In order to solve the position closed-loop control problem
based on the variable frequency of stepper motor, this paper
realizes the high-performance position control of a stepper
motor without using the model. A tanh controller based on
the hyperbolic tangent function is designed to control the
input frequency and the direction signal of the motor driver,
and the high-performance control of the stepper motor is
realized. In order to verify the performance of the algorithm,
the tanh controller is compared with the fuzzy controller and
PI controller [36], [37], and the experimental results show that
the tanh controller has faster convergence, higher position
closed-loop accuracy and robustness.

This paper is organized as follows: In section II,
the mathematical model of stepper motor is introduced.
In section III, Tanh algorithm is proposed, and the stability is
analyzed. Section IV provides the experimental results. The
summary is drawn in Section V.

Il. MATHEMATICAL MODEL OF STEPPER MIOTOR
The mathematical model of two phases hybrid stepper
motor is [1]:

6 =w
1
» = 7 [—Kniq sin (pO) + Kypip cos (p) — Bw — 1]
. 1
iq = Z [Va — Rig + Ky sin (pf)]
. 1
ip = 3 [vb — Rip — Kjnw cos (p0)] (1)
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FIGURE 2. The structure of stepper motor control.

where i, and i}, v, and v} are the voltages and currents of
phases A and B, respectively. @ is the rotor position, w is the
rotor velocity. B is the viscous friction coefficient. J is the
inertia of the motor. K, is the motor torque constant. R is
the resistance of phase winding. L is the inductance of phase
winding, and p is the number of rotor teeth. The load torque
perturbation is t;.

From equation (1), it can be seen that the relationship
between the output angle of the stepper motor and the input
voltage is nonlinear. However, in actual engineering, the most
common control method of stepper motor is controlled by
PWM pulse frequency. The two-phase hybrid stepper motor
is controlled by pulse frequency as shown in Fig.2.

The controller generates the corresponding PWM pulse
and direction signal to the stepper motor driver according
to the received instructions, and the stepper motor driver
completes the current loop and micro-stepping control. For
a stepper motor with n phases and p rotor teeth the step
length is 2 /np and so the stepping rate is related to the rotor
velocity by:
2xf

np
In which f is the stepping rate. When the micro-stepping of
stepper motor drivers is N and the controller pulse frequency

is fpwm. the relationship between the motor output speed and
the controller pulse frequency is:

2
lw| = M 3)
npN

lo| =

@

For two-phase hybrid stepper motors, constant current
chopping and sinusoidal micro-stepping control are usually
adopted. And if the number of micro-stepping is N, the step
length of stepper motor become 1.8°/N, so the larger N, the
smaller each step of the stepper motor, and the higher the step
resolution of the stepper motor. The value of micro-stepping
N is binary or quinary, N = 1, 2, 4, 5, 8, 10, 16, 20, 25, 32,
40, 50, 64, 100, 128, 200, 256, - - -, the value of N is chosen
according to the actual demand.

Therefore, when the micro-stepping N is fixed, the rotation
speed of the stepper motor can be controlled by controlling
the pulse frequency fp,;, and the differential ., of is related
to the acceleration of the motor. Changing the direction signal
can change the direction of rotation of the motor.

IIl. DERIVATION OF TANH ALGORITHM
A. TANH CONTROLLER DESIGN

As we all know, tanh(x) = %, and its first and second

derivative of the function are shown in Fig.3. From Fig. 3,
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FIGURE 3. tanh(x) function and its derivatives.

we can see that ranh(x) and its first and second derivatives
are smooth and bounded. It is an odd fuction, we can get
tanh (—x) = — tanh (x). It has the following properties:

1, x > 3.5
tanh (x) = yx, —-03<x<0.3 4
-1, x<-=-35

When —3.5 < x < =03 or 0.3 < x < 3.5, the output
of tanh(x) is nonlinear. From (4) and Fig.3, we can see
that if tanh function is used as the stepping rate controller,
the output of the controller is smooth. According to the
torque-frequency characteristics of the stepper motor, when
the stepper motor starts, the starting frequency cannot be too
high, otherwise the stepper motor will lose step. Therefore,
the control frequency is gradually increased from the lower
start-up frequency to a higher frequency. So the controller is
divided into 3 segments: acceleration section, constant speed
section, deceleration section. To achieve the maximum speed
as quickly as possible, the acceleration section adopts uni-
form acceleration, and to reduce the oscillation and improve
the positioning accuracy, the hyperbolic tangent function is
adopted in the deceleration section. The controller is divided
into 3 segments, the stepping rate closed-loop controller is:

f}zwm(k - 1) +fup,

if (|69 (k)| > e and frwm(k — 1) <fmax)§
JSmax;

if (leg (k)| > e and foum(k — 1) > fiax);
Jmax tanh (k,, |eg (k)1),

if (leg (k)| < eo);

f})wm (k) =

&)

Spwm 1s the input frequency of the motor driver, fyqx is the
maximum frequency of the motor, k,, is the tuning parameter
and k, > 0, eg = Oer — 0, Oy is the desired position, 0 is the
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FIGURE 4. Uniform acceleration and deceleration method.

measurement position of encoder. f,, is the pulse frequency
that increases during each control cycle of acceleration. e is
the deceleration zone, when the position error is less than the
deceleration zone, the deceleration begins. Where tanh (x) =
% is the hyperbolic tangent function.

So the rotor velocity output is:

22 foum (1) .
() = % sign (eq (1)) ©)

sign (eg (1)) is the sign of the position error.

. 1, if eg(t) >0
sign (eg (1)) = f (N
-1, ife(t) <0
It also represents the direction of angular velocity, so the
position output is:

t t
0 (1) = / wdt = / Msign(eg ) der  (8)
0 o npN

The discrete form of 8 (k) is:

) 27[f})wm (k)
npN

ok+1)=rt sign (eg (k)) + 6(k) 9

7 is the sampling period, usually 7 < 0.001s.

To illustrate the characteristics of the tanh controller, we
compare it with the uniform acceleration and deceleration
method. Fig.4 is the position, velocity and acceleration curve
of the constant acceleration and deceleration method. Fig.5 is
the position, velocity, and acceleration curves of the method
in this paper. Comparing Fig.4 and Fig.5, it can be seen
that the constant deceleration method has zero velocity when
reaching the desired position, but the acceleration is not zero,
jerk (differential of acceleration) will be infinity, and the
motor will oscillate when it stops, and the position error
increases. The tanh method changes smoothly in the decel-
eration section, and the jerk is smooth, which is more in
line with the torque-frequency characteristics of the stepper
motor. When the desired position is reached, the speed and
acceleration are just zero, the jerk is zero, and the motor runs
smoothly.
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FIGURE 5. Tanh control method.

B. STABILITY ANALYSIS OF TANH
The Lyapunov function is designed as follows:

1
V (k) = Eeg (k) (10)

When the position closed-loop control is stable, with
hm ep (k) > 0,weneed AV (k) =V (k+1)—V (k) <0,

accordlng to (9) and (10) :

AV (k)
1 2 1 2
1 27 foim () 2
- E(eref - %r - sign (eg (k) — 0<k>)
1, r
—569( )
1 2 fum (k) 2
= 5(60 (k) — %r - sign (eg (k))) -5 (k)

1, Zﬂf})wm (k) . ? 1,
=21 - = o K)) — =é(k
269( )( N - e (k)f sign (eg (k)) 269( )
1
= 3eb k) (~20+ ) (1)
In which p = 20 pum (k) -sign (eg (k)). When0 < p < 2, we

npN -eg (k)
have AV (k) < 0 khm eg (k) = 0.

According (5), we can get:

2w (fpwm(k -1 +fup) .
N e (6) T - sign (eg (k)),
if (leo (k)| > e and fpum(k — 1) < finax);
27 fax

o= MT - sign (eg (k)),

if (leo (k)| > eo and fpym(k — 1) > finax);
27 fmax tanh (k, |eg (k)]) © - sign (eg (k)
npN - e (k) ’
if (leg (k)| < eg);

12)
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According (7), we have:
sign (eq (k))
eg (k)

Soif k, > 0, we can get p > 0.
According (3), we know that:

27 finax

>0, ep(k)£0 (13)

= 14
(Wmax npN (14)
Bring (13) and (14) into p:
[ 27 (fpwm(k =D +fup)
. i k),
o e sien (e (0)
if (Iee ()| > eoandfpumk — 1) < fimax);
Om
X 7 - sign (ep (k)),
P Pkt
if (leo (k)| > eo and foum(k — 1) > finax);
®max tanh (k,, |eg(k)|) .
T - sign (eg (k)),
e (k)
if (leg (k)| < ep);
(15)
Further:
OmaxT lea ()] = e
)< leg (k)| (16)
tanh (k k
®max tanh (ky, |eq (k)|) .1, lf (leg (k)] < o)
leg (k)|
According (4), we have that:
1, ko leg(k)| > 3.5
tanh (ky, leg(K)]) = { ko leg(K)], ke lea(k)| < 0.3 (17)
0, ky leg(k)] =0
Thus, (16) can be further simplified to:
Wmax T
p < €0 (18)
ko®maxT
When:
e > maxt (19)
2
And:
0<ky < (20)
Wmax T

0 < p < 2is satisfied, so the stability of the system can be
guaranteed.

C. PARAMETER TURNING METHOD
In order to ensure the smooth of the output frequency fyym
under different position error eg, according (5), we need:

Jmax tanh (ky, - €0) = fmax 2D

However tanh (3.5) ~ 1, so k,, can be calculated according
to the ¢g.

3.5
ky = —
eo

(22)
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FIGURE 6. Uniform acceleration and deceleration.

The deceleration zone ey is related to the maximum speed
of the motor wpax and the maximum acceleration dmax.
In order to obtain the value of deceleration zone ey, we can
derive it by the uniform acceleration and deceleration method,
as shown in Fig.6, the area of the shadowed part is the value
of eg, and the derivation can be seen:

a)2

ep = —2&% (23)
2amax
At any speed the maximum permissible acceleration is

given by the equation:

Acceleration = (motor torque — load torque) /inertia
24

If the maximum torque of the motor, load torque and total
inertia are known, we can calculate the maximum accelera-
tion from these parameters.

The tuning parameters eg and k,, can be calculated accord-
ing to the maximum speed of the motor wm,x and the maxi-
mum acceleration amax:

2
eo ~ @max (25)
2amax
7
ko o (26)
wmax

Therefore, the adjustable parameters eg and k, are set
according to the actual requirements.

IV. EXPERIMENT

A. EXPERIMENT AND PARAMETERS SETUP

The experiment setup is shown in Fig.7. The isolated power,
control unit and motor driver are installed inside the box.
The control unit is a DSP TMS320F28379D based board,
which completes the encoder data acquisition, position loop
calculation. The operation frequency of position loop is 1kHz.
An position encoder is installed at ends of the motor axis, and
the resolution is 4000PPR(pulse per revolution), the encoder
resolution is 0.09°. The data recorded by the host computer
and the recording frequency is 100Hz. The stepper motor
is two phases hybrid stepper motor, the model name of the
stepper motor is AM23HS3454, encoder model is E1000D.
The parameters of the stepper motor are shown in Table 1.
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TABLE 1. Parameters of the stepper motor.

Symbol | Quantity Values

I Phase current 2.2A

JIm Motor inertia 4.6 X 10_5l<:g -m?2
p Pole number 50

Rm Resistance 2.9Q /phase

05 Step length 1.8°

Tmax | Maximum peak static torque 1.8N-m

In this experiment, a fuzzy control, proportional integral
(PD) control and tanh control are tested respectively. The
parameters of Pl are k, = 200, k; = 20. The separation value
is eg = 6.66°. The parameters of Tanh are k,, = 0.52. Other
parameters are the same f,, = 50, wmax = 216°/s. Stepper
motor driver current is / = 1.0A, micro-stepping N = 200.
Therefore, it can be calculated that the stepper motor will
rotate 11'\,—80 = % = 0.009° degrees for each pulse received.
So the angular resolution of stepper motors is 0.009°. The
position sampling period is T = 1 x 107 3s.

B. EXPERIMENT RESULTS

1) SINUSOIDAL SIGNAL TRACKING TEST

In order to test the performance of the algorithm, we chose
different sinusoidal signals to track according to the max-
imum speed. In this experiment, when the reference signal
is By = 45°sin (0.0628¢), the maximum speed of tracking
signal is 2.826° /s, the results are shown in Fig.8 and table 2.
When the reference signal is 6,,r = 180°sin (0.314¢), the

VOLUME 11, 2023
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FIGURE 9. 6, = 180° sin (0.314t).

TABLE 2. Position error comparision.

Fuzzy PI Tanh
PV RMS | PV RMS | PV RMS
y = 45°sin(0.0628¢) | 1.26 |0.26 |0.18 [0.01 |0.18 |0.01
y = 180°sin(0.314¢) | 1.71 |0.31 |0.90 [0.22 |0.36 |0.07
y = 180°sin(0.628¢) [2.16 [0.39 |1.62 [048 |0.72 |0.15

PV stands for peak to peak value, RMS stands for root mean
square. The unit is degree.

eref

maximum speed of tracking signal is 56.25°/s, the results
are shown in Fig.9 and table 2. When the reference signal
is 0of = 180° sin (0.628¢), the maximum speed of tracking
signal is 113.04°/s, the results are shown in Fig. 10 and
Table 2.

We can see that the tracking error is reduced by using tanh
control method.

It can be concluded that, by using the tanh controller,
when tracking low-speed sinusoidal signal 45° sin(0.0628¢),

VOLUME 11, 2023
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the control performance of the PI controller and the tanh
controller is not much different. However, when tracking the
faster sinusoidal signal 180° sin(0.628¢), the control perfor-
mance of the tanh controller is better than that of the PI
controller, the PV error is reduced by 55% and the RMS error
is reduced by 60%.

2) STEP SIGNAL TRACKING TEST

Step signal tracking results are shown in Fig.11 and Fig.12.
The step response results show that although the response
of the tanh controller is not as fast as that of the fuzzy
controller, it does not have overshoot and stabilizes faster. The
PI controller also doesn’t have overshoot, but responds more
slowly than the tanh controller.

3) STEP SIGNAL TRACKING TEST WITH DISTURBANCE

Different from other types of motors, stepper motors still
have a holding torque when stop rotating if they are powered
on, so stepper motors have an innate anti-disturbance ability.
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TABLE 3. Parameters of current.

Operation current | Holding current
Motorl 1A 0.5A
Motor2 1.6A 0.3A

Motor 2

{ Motogal

FIGURE 13. Experiment procedures.

The holding torque of a stepper motor is determined by the
holding current. The larger the holding current, the greater
the holding torque. However, the holding current should not
be too large, because it will cause the motor coil to heat up
and the temperature of the motor to rise.

In order to test the robustness of the algorithm, as shown
in Fig.13, Motor2 is used as a load, and a “disturbance” is
added by changing the output torque of Motor2. The current
of the stepper motor are shown in Table 3.

The test procedures are:

Step 1: The initial position of Motor 1 is 0°, and the desired
position is set to 360°. Control Motor 1 to run to the desired
position.

Step 2: After Motorl reach the desired position, Motor2
begin to work, to act as a “disturbance” to pull Motorl
away from the desired position 15°. (The operating current
of Motor2 is 1.6A which is greater than the operating current
of Motorl, so the output torque of Motor2 is greater than the
output torque of Motorl.)
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FIGURE 14. Step signal tracking with external disturbance results.

Step 3: Motor2 will stop after running 15° and enter the
holding state, the holding current is 0.3A, at this time, because
the operating current of Motorl is 1A, the output torque is
greater than the holding torque of Motor2, and Motorl will
drag the load to the desired position 360°.

Using the above testing strategy, three control algorithms
are tested separately. The test results of three control algo-
rithms are shown in Fig.14. From the disturbance test results,
it can be seen that the dynamic performance of the Tanh
controller is the best and the fastest recovery.

V. CONCLUSION

This paper solves the problem of closed-loop control of
positions that do not require stepper motor models. This
method is based on stepper motor pulse frequency control,
a tanh algorithm is used in the position loop. The experiment
results show that the proposed algorithm can improve both
tracking accuracy and response performance. The algorithm
does not need accurate mathematical model, and only has
one parameter to be tuned, is easy to adjust parameters and
use in engineering. At present, this method has been used
in optical telescope dimming and focusing system, and has
achieved good control performances. In the further study,
tanh control method can be extended to the control of other
types of motors.
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