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Abstract: Nowadays, stepping motors are usually used as precise actuators in various new scientific
fields, such as syringe pumps, blood analyzers, and bio-3D printers. Controlling rotation of the
stepping motor without speed fluctuation under no-load conditions plays an important role in
improving the accuracy of the machine’s drive. This paper proposes a digital control method for a
five-phase hybrid stepping motor. The proposed controller includes an original control loop and a
PI adaptive integration gain control loop. The original digital control loop is redesigned from the
analog controller by using the direct PIM method. The PI adaptive control loop is added to the
original control loop in a parallel way to remove a steady deviation of the motor and suppress a
physical saturation factor inside the plant. Lyapunov stability theory is used to prove a stability
condition of the PI regulator gains. Experimental results show that the proposed controller can
suppress the chattering caused by the switching structure and gives performances as good as that of
the commercial analog controller in a high rotation speed range without fluctuation.

Keywords: stepping motor; adaptive control; digital control; uneven rotation; chattering

1. Introduction

A stepping motor is an actuator that can rotate precisely in a feed-forward manner
responding to an input pulse signal [1]. As a result, the stepping motor is usually used in
precision instrument systems such as syringe pumps, ink-jet bio-printers, and biochemical
analyzers. These systems play an important role in high-tech sectors such as micro-fluid,
bio-engineering, and laboratory testing and are attracting a great deal of attention in both
industry and research [2–5].

Since the applications of the stepping motor require high accuracy for control of
position and speed, a control method that can suppress speed fluctuations of the motor
in a high-speed range is an important research topic [6,7]. Li et al. show that each ripple
observed at an ultra-low interfacial tension in a syringe pump system is caused by step-
wise speed fluctuation of the stepping motor [8]. Zeng et al. show that fluctuation of the
stepping motor in the syringe pump generates flow fluctuations, which causes pressure
fluctuations in the microfluidic channel [9]. In order to improve the performances of micro-
fluid devices, it is necessary to develop a stepping motor system that can suppress the
speed fluctuation while controlling the position and speed with high accuracy.

A method, which delays the turn-off instant of the current flowing through the coil
winging of one phase before switching to the next phase has been proposed for suppressing
the speed fluctuation [10,11]. Another method reverses a phase of excitation damping to
generate a torque in an opposite direction and breakes the speed fluctuation before the
final stopping position has also been proposed [12,13]. These methods can suppress the
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speed fluctuations at a low-speed range without using mechanical loads, such as a damper.
However, at a high-speed range, these methods may increase the stopping time of the final
step. Furthermore, a time of switching and exciting a gate drive can only be determined by
trial and error or by qualitative analysis in the phase plane of a model, where the system is
approximated to a second-order system. These processes tend to increase the development
cost of the system.

An open-loop control using a hysteresis current control method, which is usually
implemented by a digital controller with a high sampling frequency, has been proposed to
reduce the position errors [14]. An FPGA may be suitable for implementing such a high-
sampling frequency digital controller [15]. However, these so-called digital controllers are
just an implementation of the conventional analog controllers on a computer. Recently, Yagi
et al. proposed a digital current control method for a stepping motor using an adaptive gain
tuning [16]. This method allows a control system designer to focus only on the transient
response of the plant output to remove the steady-state deviation, without considering
the internal model principle [17] for the closed-loop system. This method makes it easier
to adjust the transient response during the development process than with conventional
analog controllers.

As a result of this study, the stabilization control and constant current control are
digitalized and implemented in commercial processors. However, this method may lead
to an undesired speed fluctuation characteristic. In order to suppress a windup of the
plant input, this method employs an algorithm switching structure based on a threshold
value of plant input saturation. This switching causes an oscillatory phenomenon called
chattering in the variable gain [18]. This chattering affects the plant input, the pulse-wide-
modulation (PWM) generator circuit and, eventually, leads to speed fluctuation on the
rotor of the stepping motor.

Various countermeasures against the chattering have been proposed in the framework
of sliding mode control [19–21]. In general, the chattering can be suppressed by decreasing
the integral gain. However, this may worsen the performance of the controller on the
transient response, the acceleration characteristics, and the back electromotive force (EMF)
of the motor, when the plant varies due to the reference input. In this study, we propose
a digital control algorithm to compensate for the variation in plant characteristics of
the stepping motor using a method called Model Reference Adaptive Control System
(MRACS) [22,23]. The proposed controller aims to eliminate the trade-off between the time
response and the speed fluctuation characteristic of the motor. The contributions of the
paper are as below.

• Proposes an MRACS, which adds an adaptive gain to a digital control system designed
by the direct Plan Input Mapping (PIM) method, for the stepping motor.

• Gives proof for the stability of the proposed controller by using Lyapunov’s direct
method.

• Gives proof based on the Principle of Equivalent Areas (PEA) theory [24] that an inte-
gral proportional adaptive system can remove stationary deviations. The proposed
adaptive control structure allows correction of the convergence speed and back EMF
with proportional gain, while the removal of steady-state deviations is guaranteed by
the integral gain.

• Conducts an actual experiment using an integral proportional adaptive law in a
constant current control arithmetic unit of a stepping motor driver. The experi-
ments confirmed that the unevenness of the rotational speed at constant speed can
be removed by adjusting the parameters of the integral proportional adaptive law
appropriately.

The paper is organized as below. The discrete time used in the constant current control
arithmetic part of the digital stepping motor driver. Section 3 describes the method of
determining the plant and the constant current control calculation part of the driver, which
is the target of control is presented in Section 2. Section 4 presents mathematical proof for
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the stability condition of the PI regulator gains. Section 5 presents the experimental results
and gives some discussions. Conclusions are presented in Section 6.

2. Discrete-Time and PIM Digital Redesign Method
2.1. Discrete-Time Operator

In this paper, unless otherwise noted, discrete-time signals at the k-th step are denoted
as rk, and we use the Laplace operator s to represent a continuous-time system and the
Euler operator ε [25,26] to represent a discrete-time system. Let T be a sampling period.
Then, the Euler operator ε is defined by

ε =
z− 1

T
, (1)

where z is an operation of Z-transform. The Euler operator represents the forward differ-
ence, while the Laplace operator represents the differentiation. A relationship between the
operations ε and s is given by

ε =
esT − 1

T
. (2)

The stable region in the ε-plane, which is a circle with a radius of 1/T, approaches
the stable region (the left-half) in the s-plane as the sampling period T decreases. In other
words, for a sufficiently small sampling period, a discrete-time system represented by the
Euler operator can be treated like a continuous-time system.

2.2. Step-Invariant Model

Consider a continuous-time single-input-single-output (SISO) transfer function G(s).
A step-invariant discrete-time model of G(s) is given by

G(ε) =
ε

Tε + 1
∆
[

G(s)
s

]
, (3)

where ∆[F(s)] : s→ ε refers to the delta transformation [25] of the inverse Laplace transform
of F(s) by the sampling period T.

Although the step-invariant model given by Equation (3) does not preserve the poles
and the zeros of the continuous-time transfer function, it is able to represent the time and
frequency response of the continuous-time plant exactly. Thus, from the viewpoint of
digital control, the step-invariant model is not preferred to discretize compensators, which
are designed by specifying the pole and zero configurations. However, it is a suitable
discrete-time model representing a continuous-time plant, which connects to a digital
controller through an analog/digital converter (ADC).

2.3. PIM Method

There are two major methods for designing digital control systems, such as digital
stepping motor drivers: the emulation method and the direct design method. In the emula-
tion method, at first, an analog control system is designed to have a desired performance
for the control target. Then, the digital controller is derived by discretizing the designed
analog controller. As an advantage of this method, when the sampling period changes,
the impact of this change on the entire procedure is small because the sampling period
affects only the discretization process. Another advantage of this method is that various
conventional analog control system design methods can be applied to design the analog
controller in the first step.

Among the emulation methods, the PIM digital controller design method [27] is
known as a rare method, which can preserve the stability of the closed-loop continuous-
time system even for a large value of sampling period T, i.e., a low sampling frequency. The
PIM method focuses on the continuous-time plant input transfer function (CT-PITF) [28],
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which represents the characteristics of the reference input to the plant input of the closed-
loop system. The analog controller is discretized such that the digital controller preserves
the characteristics (poles and zeros) of the CT-PITF. As a disadvantage of the emulation
method, because the controller is designed in the continuous-time domain, it is not easy to
understand the relationship between parameter adjustment and performance of the digital
control system.

2.4. Direct PIM Method

In contrast with the emulation method, the direct method designs the digital controller
directly based on a discrete-time model, which is derived by discretizing the continuous-
time plant previously. The direct design method allows us to design the digital controller
with more degrees of freedom without being constrained by the structure of the analog
control controller.

In order to improve the disadvantage of the original PIM method, a direct PIM, one of
a direct design method, has been proposed [29]. While the PIM method can only digitalize
the analog current control circuit, the direct PIM method enables us to design the digital
controller such that the closed-loop system responds as the desired reference model. In
this study, we use an adaptive control structure with feed-forward adaptive gain. By using
this design as a reference model, we can remove stationary deviations.

3. Control Target
3.1. Stepping Motor Driver

In this study, we consider a system consisting of a 5-phase HB (Hybrid) stepping mo-
tor (PK566H-B: Oriental Motor Corporation) and a driver (ADB-5410: Melec Corporation).
The system configuration is shown in Figure 1.

Figure 1. Connection between 5-phase stepping motor to the analog driver (The current controller is
implemented by the DSP in the digital controller).

The ADB-5410 driver is commercially available and mainly consists of an excitation
sequencer, a reference generator, and a current controller. The excitation sequencer deter-
mines the rotation angle and angular velocity of the motor by distributing the currents
flowing to the coils, which is used to rotate the motor, in response to the input pulses. The
reference generator compensates for the effect of the back EMF caused by the rotational
speed and is designed to reduce the unevenness in torque. It is also composed of analog
elements inside the ADB-5410.

The motor system has separate I/O (Input/Output) terminals connecting to a PC
via a DSP (Digital Signal Processor) board (DS1103: dSPACE Corporation). The DS1103
board is equipped with I/O terminals and an ADC (Analog/Digital Converter), which
allows us to implement the digital control algorithm for the current control unit designed
by Matlab/Simulink directly without manual coding.
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3.2. Current Controller

The current controller is used to control the current of the coil at an appropriate value
to obtain a user-specified torque. This is because the coil of each phase in the stepping
motor is an inductive load, which composes a series of inductances and resistance. The
inductive load delays the rise time of the current, which is determined by the excitation
sequencer. This delay time between the actual current flowing through the coil winding of
the motor and the input pulses increases when the frequency of the input pulse increases.
As a result, the response of the motor is usually poor in the high-speed range. In addition,
the excess of the excitation current in the high-speed range may cause the motor and the
driver to generate ineffectual heat [30]. Thus, controlling the current accurately plays an
important role in improving the accuracy of the motor.

3.3. Plant and Current Controller

A five-phase stepping motor and driver are a multi-input-multi-output (MIMO), non-
linear system. However, we treat the area indicated by the dotted line as a plant, as shown
in Figure 2.

Figure 2. The plant diagram of the constant current control circuit.

The motor driver ADB-5410 uses the all-phase batch driving system, in which the input
voltage of the five phases of the motor coils is centrally controlled by the output capacitor.
By using this method, the plant can be considered as a single-input-single-output (SISO)
system from the viewpoint of the current controller.

The output voltage y(t) is expressed as the product of the shunt resistance and the
current flowing in the excitation coils of all five phases. When the motor rotates, the output
voltage y(t) decreases due to the effect caused by the coil inductance and the back EMF,
which depends on the speed of the motor. In this study, the motor with the variable rotation
speed can be considered as a time-varying system. The control target is to keep the output
voltage y(t) tracking a reference voltage r(t), which is generated by the reference generator.

The plant model G(s) of the motor system is derived by using a system identification
method as [31]

G(s) =
2.5× 104s2 + 8.8× 106s + 1.8× 1010

s3 + 4.5× 103s2 + 8.2× 106s + 4.3× 109 . (4)

It should be noted that all poles and zeros of this identified plant model are stable.
This stability enables us to use the inverse model of the plant as part of a discrete-time PITF
while redesigning the digital controller.

The analog control system for the motor current in the driver ADB-5410 is shown in
Figure 3. A digitalization of this analog controller is described in Section 3.4. An integrator
in this current control system is designed to remove the deviation between the steady-state
of the output voltage y(t) and the reference voltage r(t). In the conventional analog driver,
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the acceleration performance and the speed fluctuation suppression performance are tuned
by adjusting the gain of the integrator via a capacitor within the range of 600–10,000
physically. Figure 4a,b shows the step responses of plant input u and the output voltage
y with the integrator gain of 600 and 10,000, respectively. It can be seen that achieving
high performance for both acceleration and speed fluctuation suppression characteristics
simultaneously is a challenge and is a trade-off of the analog controller.

Figure 3. Block diagram of the constant current control circuit of the ADB-5410.

(a) For integration gain of 600. (b) For integration gain of 10,000.

Figure 4. Step response of the analog controller.

3.4. Digital Control System Design by Direct PIM Method

In this study, a digital controller is redesigned from the analog controller by using the
direct PIM method, as shown below [32]. Figure 5 shows a structure of the digital controller,
where G(ε) is a step-invariant discrete-time model of the continuous-time plant, where
G(s), A(ε), B(ε), and C(ε) are discrete-time control blocks that need to be determined.

Applying the transformation given by Equation (3) to the continuous-time plant G(s)
given by Equation (4), we can derive the step-invariant discrete-time model G(ε) as

G(ε) =
1.5× 104ε2 + 7.6× 106ε + 1.0× 1010

ε3 + 4.0× 106ε2 + 5.7× 106ε + 2.5× 109 . (5)

The stepping motor usually rotates in synchronization with a pulse signal. How-
ever, unreasonable acceleration/deceleration or a change of load torque may cause a
phenomenon called “loss of synchronism” [1], in which the synchronized rotation is lost.
In practice, the loss of synchronism often occurs during the acceleration and deceleration
processes. A lack of torque during a rise time of the voltage has been pointed out as a cause
for the loss of synchronism [31]. Thus, the controller needs to be designed such that the
input voltage of the stepping motor has a sufficiently fast rise time.

At the same time, in order to lengthen the lifespan of electronic elements such as an
operational amplifier, an inadvertent overshoot or undershoot is undesired. Thus, a time
response close to that of the reference model can be considered as an ideal response of the
closed-loop in the stepping motor system.
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Figure 5. Structure of controller design by the PIM method.

There are various methods for determining the characteristic polynomial, such that
the closed-loop system has a behavior close to that of the reference model. In this study,
the Bessel polynomial [33] is used to determine the characteristics of the discrete-time PITF.
The Bessel polynomial is determined with a band-width of 400 (Hz), which is 1/10 of the
sampling frequency. At this frequency, the group delay is approximately constant. As a
result, the discrete-time PITF is obtained as

M(ε) =
u(ε)
r(ε)

=
1.5× 106

ε3 + 8.8× 103ε2 + 2.7× 107ε + 2.9× 1010 G(ε)−1. (6)

Following a design process of the PIM method, by solving a Diophantine equation,
we can obtain the control blocks A(ε), B(ε), and as C(ε) as

A(ε) =
1.5× 106

λ(ε)
, (7)

B(ε) =
0.33ε2 + 1.5× 103ε + 1.8× 106

λ(ε)
, (8)

C(ε) =
λ(ε)

ε2 + 5.1× 102ε + 6.8× 107 , (9)

respectively, where λ(ε) is an arbitrary stable observer polynomial. In this study, λ(ε) is
determined such that the observer poles are placed at ten times the sampling period T in
the Euler plane and given by

λ(ε) = (ε + 4.0× 102)2. (10)

Figure 6 shows the step response of the closed-loop system with the above controller
designed by the direct PIM method. The response has a fast rise-time without overshoot.

Comparing Figures 4b and 6, it can be confirmed that the closed-loop system obtained
by the direct PIM digital design method has better performance in settling time and
transient characteristics than the analog controller.

In applications, if the motor system is driven at a low-speed range, the position
accuracy is a high priority, while the acceleration performance may not be a required index.
On the other hand, if the system needs to be driven in a high-speed range to reach to
the target speed as soon as possible, it is required to prevent the system from stalling
during acceleration. Since the requirement for the acceleration and speed fluctuation
characteristics of the system may be changed due to the applications of the motor, the
digital controller needs to be designed again to achieve that requirement. This process may
increase the cost of the development phase. Therefore, it is desirable to separate the design
of the closed-loop system to compensate for the stability from the change of the required
characteristics of the system while achieving constant current control.

In this paper, as a countermeasure to this problem, we use a control structure that is
an extension of the constant current control method with variable adaptive gain proposed
by Yagi et al. [16]. This control structure is a two-degrees-of-freedom system, and after
creating a stable closed-loop system, the characteristics of the entire system can be changed
by adjusting the gain in the adaptive mechanism, which is the outer loop. A detailed
description of this control structure is given in Section 4.
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Figure 6. Step response of the digital controller designed by the PIM method.

4. Removal of Steady Deviations by Adaptive Gain Based on PI Regulator
4.1. Proposed Control Structure

The dynamics of a plant degenerates depending on the motor speed. In the analog
controller, the change in the characteristics is controlled by an integrator in the current
controller, which follows the target value without deviation. The direct PIM method, on the
one hand, is a global digital design method, and therefore, the characteristics of individual
analog controller blocks are not preserved. Therefore, the digital controller designed by the
direct PIM method does not include an integrator, and when the digital controller is used
as is in the control calculation section, the desired control can only be achieved around
the rotation speed at which the model for direct PIM design was created. Therefore, the
digital controller must be designed for each rotation speed, and the direct PIM design
model required for the direct PIM method must be different for each rotation speed.

In this paper, we propose a PI adaptive control structure to remove the steady devi-
ation of the motor. In this method, the closed-loop system is a two-degrees-of-freedom
structure, where adaptive gains are used as feed-forward compensators. In general cases,
the steady deviations can be removed by adding an integral element into the feedback
control system following the principle for the internal model [17]. However, in this method,
the removal of the steady deviation is achieved by the variable adaptive gain despite the
characteristics of the feedback system.

Figure 7 shows the structure of the proposed control system, where the adaptive gains
are added to the digital control system designed by the direct PIM method. The adaptive
mechanism is designed to ensure that the deviation between the steady-state of the output
and the reference input converges to zero by tuning adaptive gain online.

In the analog control system shown in Figure 3, the transfer function H(s) of the
closed-loop system can be calculated as

H(s) =
0.5G(s)

s
104 + 1.84G(s)

. (11)

By noting that the integral gain is set at a relatively large value of 104, the transfer
function H(s) can be approximated as

H(s) ≈
0.5G(s)

1.84G(s)
=

0.5
1.84

, (12)

when the response is considered in a low-frequency region. Equation (12) means that the
transfer function of the analog circuit used in the experiment can be treated as a gain in
the low-frequency region. The low-frequency region in this study is defined as less than
100 (Hz). The analysis of the power spectrum of the reference voltage shows that it is
almost flat over the entire frequency range. In this case, the power spectrum of the output
signal is equal to the gain characteristic of H(s). Therefore, gain approximation is achieved
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by configuring the control system with the output signal through a first-order low-pass
digital filter, which is given by

F(ε) =
(1.0× 102)

(ε + 1.0× 102)
. (13)

Thus, the reference model of the closed-loop system, which is the ideal transfer
function from rk to yk, can be approximated as

HM =
0.5

1.84
. (14)

The output signal is affected by the back EMF depending on rotation speed. In this
case, the value of the output, which can be obtained for the same value of the reference
signal, is reduced. If the gain approximation is realized, this effect can be treated by
decreasing the closed-loop steady-state gain. In the designed digital current controller, the
adaptive gain is added to the closed-loop system in a feed-forward manner. It compensates
for the decrease of the steady-state gain.

Figure 7. Structure of the proposed controller.

4.2. Adaptive Gain Update Rule

In the plant of the motor shown in Figure 2, the comparator, to which the output
uk of the controller is the input, has a physical saturation factor. When the input uk is
saturated, the control deviation accumulates and leads to a divergence phenomenon called
windup. As a countermeasure to this problem, the integral adjustment law of the adaptive
mechanism suppresses the windup by using a switch with a threshold value of usat, the
saturation value of the plant input. This switching structure prevents the adaptive gain
from diverging [16].

Let ζk be an error between the output of the real closed-loop system yk and the output
of the reference model yk, defined by

ζk = yk − yk. (15)
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The steady deviation tuning gain φk is updated adaptively by the following law

φk = −
(

ΓPζk +
ΓI
ε

sgn(|usat| − |uk|)ζk

)
, (16)

where ΓP, ΓI are positive gains of the PI regulator, and sgn(|usat| − |uk|) is a sign function
defined by

sgn(|usat| − |uk|) =
{
+1, (|usat| − |uk| ≥ 0),

−1, (|usat| − |uk| < 0).
(17)

Theorem 1. When the gains ΓP and ΓI satisfy the following condition, for the non-saturated input,
the closed-loop system showed in Figure 7 is stable

ΓI <
2(1 + ΓPH||rk||∞)

TH||rk||∞
, (18)

where T is sampling interval and ||rk||∞ is a supremum of the system input rk.

Proof. Following the block diagram shown in Figure 7, the error between the outputs
of the real closed-loop system and the reference model given by Equation (14) can be
written as

ζk = φkHrk − HMrk

=

(
φk −

HM

H

)
Hrk (19)

= ηkHrk, (20)

where ηk is defined as

ηk = φk −
HM

H
. (21)

Consider a Lyapunov candidate function Vk, given by

Vk = η2
k. (22)

Then, Vk is a positive definite function. The derivative of Vk is given by

δVk =
η2

k+1 − η2
k

T
. (23)

By noting that

δηk =
ηk+1 − ηk

T
, (24)

Equation (23) can be written as

δVk = δηk(Tδηk + 2ηk). (25)

Taking derivative both sides of Equations (16) and (20), we have

δφk = −(ΓPδζk + ΓI sgn(|usat| − |uk|)ζk). (26)

δζk = Hrkδηk. (27)



Electronics 2021, 10, 1335 11 of 16

Substituting Equations (20) and (27) into (26) gives

δφk = −Hrk(ΓPδηk + ΓI sgn(|usat| − |uk|)ηk). (28)

By noting that HM
H is constant, from Equation (21), we obtain

δφk = δηk. (29)

Substituting Equation (29) into Equation (28) gives

δηk = −Hrk(ΓPδηk + ΓI sgn(|usat| − |uk|)ηk). (30)

Solving for δηk in Equation (30) , we have

δηk = − ΓI Hrkηk
1 + ΓPHrk

sgn(|usat| − |uk|). (31)

Substituting Equation (31) into Equation (25), we have

δVk =
ΓI Hrkηk

(1 + ΓPHrk)
sgn(|usat| − |uk|)

{
T

ΓI Hrkηk
(1 + ΓPHrk)

sgn(|usat| − |uk|)− 2ηk

}
(32)

=
ΓI Hrkηk

2

(1 + ΓPHrk)2

{
TΓI Hrk − 2(1 + ΓPHrk) sgn(|usat| − |uk|)

}
. (33)

For the non-saturated input, i.e., |uk| ≤ |usat|, we have

δVk =
ΓI Hrkηk

2

(1 + ΓPHrk)2

{
TΓI Hrk − 2(1 + ΓPHrk)

}
(34)

=
ΓI Hrkηk

2

(1 + ΓPHrk)2

{
(TΓI − 2ΓP)Hrk − 2)

}
. (35)

Since rk ≥ ||rk||∞, when the control gains ΓP and ΓI satisfy the condition given by
Equation (35), we have

(TΓI − 2ΓP)Hrk − 2 ≥ (TΓI − 2ΓP)H||rk||∞ − 2 < 0. (36)

By noting that ΓI Hrk/(1+ΓP Hrk)
2 > 0 and ηk

2 ≥ 0, we can derive that

δVk = 0 for ηk = 0,

δVk < 0 for ηk 6= 0. (37)

The function Vk defined by (22) is positive definite and its derivative is negative
definite, thus, Vk is a Lyapunov function, and ηk → 0, i.e., ζk → 0 is guaranteed. Therefore,
satisfying with the condition of |uk| < |usat| and using (16) as the executable of the variable
gain update rule defined in (26), the convergence of (15) to 0 is guaranteed for all T.

Figure 8 shows areas where the closed system is stable with regard to the control
parameters ΓP and ΓI with various values of the sampling interval T. For a given supremum
of the system input ||rk||∞, the smaller the sampling period is, the wider the stability area
becomes.
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Figure 8. Stability area of the gains ΓP and ΓI .

5. Experimental Results

The experiments were carried out to evaluate the proposed control method. Figure 9
shows the setup of the experiment. The stepping motor and its driver used in the exper-
iments were explained in Section 3. The analog current controller, a part of the driver,
was replaced by the proposed digital controller, which is implemented on a DSP with a
sampling frequency of 4 (kHz). The parameters for the trapezoidal drive are shown in
Table 1.

Figure 9. Experimental equipment.

The maximum reference voltage of the motor system used in the experiments is 2 (V).
Experiments were carried out to compare the responses of the proposed controller with
that of the commercial analog driver. The motor was controlled to have a rotation speed of
6 (rad/s).

Figure 10 shows the plant input uk, the drive voltage Vdc, and the rotational speed
vk of the motor for the analog driver. The integration gain of the analog driver was set
at 10,000. It can be seen that the plan input of the analog drive is saturated at 2.5 (V)
corresponding to the maximum reference voltage of the operational amplifier. The saw-
tooth wave compared with the operational amplifier in Figure 2 is 0.2 (V) at the lower
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end and 1.0 (V) at the upper end, indicating that the plant input exceeds the upper limit
of the saw-tooth wave. At this time, the operational amplifier is in a state of constant
amplification, which is not desirable considering the lifetime of the circuit element.

Table 1. The parameters for the trapezoidal drive.

Starting frequency 100 (Hz)
Maximum frequency 3000 (Hz)

Acceleration rate 18 (ms/kHz)
Deceleration rate 18 (ms/kHz)

Total number of pulses 2300 (−)
Hold current 0.204 (A/phase)
Drive current 0.51 (A/phase)

Step angle 0.72 (°)

Figures 11 and 12 show the plant input, the drive voltage, the rotational speed, and
the adaptive gain φk of the proposed method for I regulator (ΓP = 0, ΓI = 500) and the PI
regulator (ΓP = 0.5 and ΓI = 100), respectively. These control gains are tuned by trial and
error to derive the smallest speed fluctuation by referring to the direction of the Ziegler–
Nichols tuning method and satisfied the condition for the stability shown by Theorem 1.
It can be seen in Figure 11 that the proposed method with only I regulator can improve
the windup of the plant input that occurred with the analog controller. However, there are
harmonic oscillations appearing on the plant input and the drive voltage. As a result, there
is an oscillation accompanying the output rotational speed even for the steady-state.

Figure 10. Responses of the analog controller.
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Figure 11. Responses of the proposed method with the I regulator (ΓP = 0, ΓI = 500).

Figure 12. Responses of the proposed method with the PI regulator (ΓP = 0.5, ΓI = 100).

On the other hand, the proposed method with the PI regulator can suppress the
chattering of the drive voltage signal occurring with the P regulator and yield a stable
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rotational speed. By reducing the value of ΓI , the convergence of the output responding to
the reference voltage is slowed down and the torque at high-speed is reduced; however,
the convergence to the reference voltage can be compensated by introducing ΓP.

Table 2 shows standard deviations during the steady-state (the period from 0.2 (s)
to 0.75 (s)) and time constants of the rotation speed for the analog and the proposed
controllers. The time constant is defined by the period that the rotation speed reaches
63% of the steady-state at 6 (rad/s). The proposed method with the adaptive PI regulator
reduces about 43.5% of the standard deviation while raising the time constant of the analog
controller by about 8.3% .

Table 2. Standard deviation and time constant of the motor at the steady-state.

Proposer Method

Analog Controller with I Regulator with PI Regulator

Standard deviation 0.062 0.022 0.035
Time constant [s] 0.072 0.078 0.078

6. Conclusions

In this paper, a digital control method has been proposed for stepping motors. The
original digital control loop is designed by using the direct PIM method. A PI adaptive
control loop is added to the original control loop in a parallel way to remove the steady
deviation of the motor and suppress the physical saturation factor inside the plant. A
condition for the gains of the PI regulator ensuring the stability of the closed-loop is derived
and proven theoretically using Lyapunov stability theory. Experiments have been carried
out to assess the proposed controller. The experimental results show that the proposed
controller gives good performance in controlling the rotation speed and deceleration in
the high-speed range without affecting the acceleration performance of the given stepping
motor. The proposed controller is shown to be able to improve the saturation problem
occurring in the analog controller.
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