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Abstract: The demand for the high-performance and low-cost position control actuators in many
applications promotes the development of three-phase hybrid stepper motors. The torque ripple,
loss, and pullout torque of the motor are the key factors to be considered in the motor application. In
order to solve the problems of the open-loop control mode, this paper proposes a new “sensorless
closed-loop” control mode to significantly improve the performance of three-phase hybrid stepper
motors. This control mode is developed by estimating the rotor position with the Extended Kalman
filter observer, thereby realizing the closed-loop control of the motor with sensorless technology. This
paper illustrates the effects of this control mode by analyzing motor noise, losses, and pullout-torque.
The results show that the use of the “sensorless closed-loop” control mode presented can effectively
improve the performance of the stepper motor while maintaining the advantages of the motor in
terms of cost and size. These results have positive significance for the development, application, and
promotion of high-performance three-phase hybrid stepper motor systems.

Keywords: three-phase hybrid stepper motor; sensorless closed-loop; Extended Kalman filter
observer; copper loss; noise; pullout torque

1. Introduction

Hybrid stepper motors (HSMs) are used in a wide range of applications due to their
advantages in performance and cost. Compared to the two-phase hybrid stepper motor
(2P-HSM), the three-phase hybrid stepper motor (3P-HSM) is expanding its market share
and will play an increasingly important role in the market due to its high resolution, low
noise, and simple control [1].

HSMs are often used as actuators for position control, and its common control mode is
open-loop control without additional physical sensors [1,2]. The performance of 3P-HSM
is related to its electromagnetic (EM) structure, motor material, and manufacturing process.
However, the performance of the motor is also closely related to its controller. How to
use the control method to make the motor show better performance is the focus of many
applications. Under the open-loop control mode, in order to prevent the occurrence of a lost
step, the controller must drive the motor with a large current to increase the amplitude of
its “Torque-Angle Characteristic” (TAC). The strong vibration and noise are thus induced,
and the copper loss is thus certainly increased in motor operation. Moreover, with the
increase of motor speed, the “Pullout-Torque” of the motor will drop, and the motor speed
is thus limited. To solve these problems, some researchers have proposed the subdivision
control modes to subdivide the drive current; the motor performance can thus be improved
in terms of stability, vibration, and noise [2]. However, the subdivision control mode cannot
effectively solve the problem of large drive current.

The Field Oriented Control (FOC) mode is a highly regarded control technique for
permanent magnet synchronous motor (PMSM) applications today [3,4]. This control mode
can effectively reduce the drive current and running noise of the motor. However, the
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suitability of this control mode for many other motors, including stepper motors, is subject
to further research work [5,6]. The results of this paper show that the characteristics of
a 3P-HSM are adapted to the FOC mode. In order to realize the sensorless closed-loop
control (SCLC) of stepper motors, this paper present the results from using sensorless FOC
mode for 3P-HSM and “Extended Kalman filter” (EKF) position observer for replacing the
physical position transducer.

In the steady-state operation, the noise source of HSMs can be divided into three
aspects: mechanical noise, aerodynamic noise, and the noise induced by EM sources [7,8].
The mechanical noise and aerodynamic noise are caused by the moving parts and working
environment of the motor and will not be discussed in detail in this paper. The EM noise
is caused by EM factors such as unbalanced magnetic pull (UMP), torque ripple, the
magnetostrictive effect, and the forces in current-carrying conductors. EM noise is closely
related to the control mode of HSMs [9–11]. This paper focuses on the issues generated by
the control mode.

The vibration and noise are inseparable in the motor operation. The noise caused by
torque ripple certainly contains the information of the ripple in its spectrum [12]. Therefore,
the influence of control mode on the EM torque can be revealed by detecting the motor
noise. For 3P-HSM, due to the large number of magnetic pole-pairs, it is difficult to measure
directly the torque ripple with a contact measuring device such as the torque transducer.
However, the non-contact noise test method for measuring motor noise can provide a clear
picture of motor torque pulsation [12,13].

The loss of a motor mainly includes the copper loss of armature winding, the iron loss,
and the mechanical loss of bearings and air ducts [14]. The loss discussed here is mainly
the copper loss as it is closely linked with the control mode.

The pullout torque of a stepper motor is associated with many factors, including the
drive mode. Traditionally, subdivision open-loop control mode is used to increase the
pullout torque by increasing the drive current. Such control mode inevitably leads to an
increase in the copper consumption of the motor. The technology to increase the pullout
torque with a small drive current is of great interest in the application of stepper motors.

This paper presents a control mode that can significantly improve the performance of
3P-HSM: the “position sensorless closed-loop” control mode. This control mode signifi-
cantly reduces the copper consumption of the motor, increases the pullout torque of the
motor, and reduces the noise of the motor. Test results also confirm the effectiveness of this
control method.

2. Analysis of the Characteristics of 3P-HSM
2.1. Torque Angle Characteristic of 3P-HSM

Ignoring the influence of high-order torque harmonics, the EM torque of HSM gener-
ated by single-phase current can be expressed as

Tp = pΨ f Is sin β (1)

where, p is the number of poles of the motor (i.e., the number of rotor teeth of the motor), Ψf
is the rotor flux, Is is the input current, β is the angle between the stator and rotor magnetic
fields. When the current is constant, the torque represented by Equation (1) is also known
as the “TAC” of stepper motors [15].

In fact, for a commercial stepper motor, its TAC contains not only the fundamental
component as shown in Equation (1), but also high-order harmonic components.

When all 3-phase windings are energized, in a linear state, the combined torque of the
motor can be calculated by superposing the EM torque generated by each phase current,

Tabc = Tea + Teb + Tec =
3
2

pΨ f Im cos α (2)
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where, Im is the amplitude of drive current, α is the phase difference between the current
and the back-emf.

Since the magnetic field generated by the stator winding is directly related to the drive
current, and the back-emf of the motor winding has a 90◦ difference with the rotor flux
linkages, Equation (2) can be changed to:

Tabc =
3
2

pΨ f Im sin δ (3)

where, δ is the angle between the stator flux linkage and the rotor flux linkage.
Equations (2) and (3) show that, when the stator flux linkage is orthogonal to the rotor

flux linkage, i.e., the phase difference α between the current and the back-emf is zero, the
EM torque can be maximum under the same drive current. In this case, the stator flux
linkage is orthogonal to the rotor flux linkage and the copper loss of the motor can be
minimized.

For the 3P-HSM tested in the authors’ research, its TAC is shown in Figure 1, which
contains a few high-order harmonic components.

Energies 2022, 15, x FOR PEER REVIEW 3 of 18 
 

 

where, Im is the amplitude of drive current, α is the phase difference between the current 
and the back-emf. 

Since the magnetic field generated by the stator winding is directly related to the 
drive current, and the back-emf of the motor winding has a 90° difference with the rotor 
flux linkages, Equation (2) can be changed to: 

3 sin
2abc f mT p Iψ δ=  (3)

where, δ is the angle between the stator flux linkage and the rotor flux linkage. 
Equations (2) and (3) show that, when the stator flux linkage is orthogonal to the rotor 

flux linkage, i.e., the phase difference α between the current and the back-emf is zero, the 
EM torque can be maximum under the same drive current. In this case, the stator flux 
linkage is orthogonal to the rotor flux linkage and the copper loss of the motor can be 
minimized. 

For the 3P-HSM tested in the authors’ research, its TAC is shown in Figure 1, which 
contains a few high-order harmonic components. 

 
Figure 1. Testing result: the TAC of the motor. 

The TAC of the stepper motor moment angle characteristic also reflects the 
relationship between the EM torque and the angle β between the stator and rotor magnetic 
fields of the motor. From the stability analysis, when β is in the region of dTP / dβ > 0, the 
rotor is in the stable region [16,17]. For the ideal stepper motor, its TAC is shown in 
Equation (1), i.e., the stable region of the stepper motor is in (0°, 90°) in the motor operation 
state. When β is outside of the region, the operation of the motor is unstable, and it will 
lose a step or even stall. Therefore, when the FOC mode is used in motor control, the 
controller can adjust the EM torque timely according to the rotor position, so that the rotor 
can be kept in the stable region and generate the required EM torque with a smaller 
current. 

2.2. Characteristics of Motor Armature Inductance 
In terms of EM characteristics, a 3P-HSM has similar characteristics to PMSM. EM 

analysis showed that, for the hybrid stepper motor used in the test, the main magnetic 
field component responsible for the saturation effect is the magnetic field generated by 
the permanent magnet mode of NdFeB on the rotor. The 3P-HSM used in the authors’ 
research is a commercial product with a typical EM structure of 3P-HSM. Figure 2 shows 
the curve of the motor’s armature inductance as a function of rotor angle. Figure 3 shows 
the back-emf curve of the armature winding in the time domain during steady state 
operation of the motor. 

It can be seen from Figure 2 that the motor inductance varies by less than 0.8% of its 
average value over an electrical cycle, so the inductance of such motors can be treated as 
a constant value during motor operation. It can also be seen in Figure 3 that the motor has 
good sinusoidality of the back-emf curve. These EM characteristics show that this hybrid 
stepper motor can be analyzed and controlled as a PMSM with a surface mounted magnet 

 

Figure 1. Testing result: the TAC of the motor.

The TAC of the stepper motor moment angle characteristic also reflects the relationship
between the EM torque and the angle β between the stator and rotor magnetic fields of the
motor. From the stability analysis, when β is in the region of dTP/dβ > 0, the rotor is in the
stable region [16,17]. For the ideal stepper motor, its TAC is shown in Equation (1), i.e., the
stable region of the stepper motor is in (0◦, 90◦) in the motor operation state. When β is
outside of the region, the operation of the motor is unstable, and it will lose a step or even
stall. Therefore, when the FOC mode is used in motor control, the controller can adjust the
EM torque timely according to the rotor position, so that the rotor can be kept in the stable
region and generate the required EM torque with a smaller current.

2.2. Characteristics of Motor Armature Inductance

In terms of EM characteristics, a 3P-HSM has similar characteristics to PMSM. EM
analysis showed that, for the hybrid stepper motor used in the test, the main magnetic
field component responsible for the saturation effect is the magnetic field generated by the
permanent magnet mode of NdFeB on the rotor. The 3P-HSM used in the authors’ research is
a commercial product with a typical EM structure of 3P-HSM. Figure 2 shows the curve of the
motor’s armature inductance as a function of rotor angle. Figure 3 shows the back-emf curve
of the armature winding in the time domain during steady state operation of the motor.

It can be seen from Figure 2 that the motor inductance varies by less than 0.8% of its
average value over an electrical cycle, so the inductance of such motors can be treated as a
constant value during motor operation. It can also be seen in Figure 3 that the motor has
good sinusoidality of the back-emf curve. These EM characteristics show that this hybrid
stepper motor can be analyzed and controlled as a PMSM with a surface mounted magnet
rotor, and that many of the control modes which were effective for PMSM should also be
available for use in hybrid stepper motors, including the FOC mode [18].
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Figure 2. Testing result: the line inductance curve of the 3P-HSM.
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Due to the inductance of the armature, winding hardly changes with the position of
the rotor and the reluctance torque of 3P-HSM can be ignored in motor control. For this
kind of synchronous motor with sinusoidal back-emf, the FOC mode is undoubtedly very
effective. The use of the FOC mode and the estimation of the motor rotor position by means
of an observer for closed-loop control [19,20], and the use of the direct axis current Id to
zero, allows to realize the SCLC of the motor.

2.3. FOC of a Permanent Magnet Synchronous Motor

The principle of the FOC mode is to drive a synchronous motor with a sinusoidally
symmetrical current and, during the drive, to adjust the angular difference between the
flux-linkages of stator rotor so that the performance of the motor is optimal [21]. The
FOC mode enables “closed-loop control” of the motor position as the angle of the rotor is
detected and controlled in the operation of the motor [22]. As the closed-loop control of
the rotor position is realized by the “angle observer” algorithm instead of the “physical
position sensor” [23], this control mode is defined here as the SCLC mode. The overall
control block diagram for the constant speed control is shown in Figure 4.

From Equation (3), when the reluctance torque of the motor is negligible, the torque
generated by the unit current can be maximum when the stator flux-linkage is orthogonal
to the rotor flux-linkage. In this case, for the same load, the drive current can be mini-
mum [24,25]. The reduction of current will certainly lead to the reduction of acoustic noise
and cupper loss during the motor operation.

The existing FOC mode often uses additional physical sensors, such as optical encoders
or Hall sensors, to observe and control the angle between the magnetic fields of the motor
stator and rotor [26]. However, the use of the sensors makes the stepper motor lose
its superiority in terms of cost and size. In addition, the sensor is easily affected by its
environment, which also limits the application of the motor [27]. Since most position
sensors use a local effect, such as local light or local magnetic field, in detecting the rotor
position, the motor performance should be affected by the error of the local effect. The use
of a “sensorless” mode can avoid the use of physical sensors, and the problems induced
by the sensor can thus be avoided. As the EM torque is a global effect of the motor, and
the overall EM effect of the motor is used in the sensorless FOC to estimate the angle
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between the stator and rotor fields, the angle obtained by the observer of the mode is more
meaningful in the generation of EM torque. In this way, the relative angle between the
stator and rotor flux-linkages can be adjusted effectively and timely, so that the maximum
EM torque of the motor per unit current can be realized [28].

Figure 4. The overall control diagram of SCLC mode for the constant speed control.

Figure 5 shows the three-phase current waveform under the FOC mode in the authors’
test. It shows that the three-phase currents are sinusoidal, and this is desired for the motor
with the TAC described by Equation (1). Therefore, using the FOC mode should be more
effective in reducing the vibration and noise of the 3P-HSM.
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Figure 5. Testing result: current waveform of FOC mode.

3. Mathematical Model and Observer Design of 3P-HSM
3.1. Mathematical Model of 3P-HSM

The motor stator voltage equation of 3P-HSM in the α-β coordinate system is [15][
uα

uβ

]
=

[
RS
0

0
RS

][
iα
iβ

]
+

d
dt

[
LS
0

0
LS

][
iα
iβ

]
+

[
eα

eβ

]
(4)

where, uα and uβ are the stator voltages, iα and iβ are the stator currents, in the α-β
coordinate system; RS is the stator phase resistance; LS is the stator phase inductance; eα
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and eβ are the back-emf of the armature winding of the motor. It is well known that the
back-emf can be further expressed as,[

eα

eβ

]
=

[
cos θ
sin θ

]
E = 4.44NskNsφm

[
cos θ
sin θ

]
f1 (5)

where, E is the motor back-emf constant, NS is the number of turns of the stator winding in
series, kNS is the stator fundamental winding coefficient, φm is the air gap magnetic flux per
pole, f1 is the stator current frequency, θ is the position angle of the rotor.

The values id and iq of the drive current in the d-q coordinate system can be obtained
from the values iα and iβ of the current in the α-β coordinate system,[

id
iq

]
=

[
cos θ sin θ
− sin θ cos θ

][
iα

iβ

]
(6)

The EM torque Tem balance equation is:

Tem = J
dω

dt
+ Bmω + TL (7)

where, ω is the mechanical speed of the motor; J is the moment of inertia; Bm is the friction
coefficient of the motor; TL is the load torque.

By controlling the straight axis current with id = 0, the stator current is all torque
current, so that the motor can produce the required torque with the minimum current,
which also minimizes the cupper losses in the operation of a stepper motor.

3.2. EKF Position Observer

Rotor position estimation is an important part of determining the sensorless FOC
mode and its effect determines the quality of SCLC. After analyzing and researching a
variety of observers, the authors decided to use the “EKF Observer” to realize the SCLC of
3P-HSM.

The 3P-HSM model in the α-β coordinate system was rewritten as [29]:{
uα = RSiα + dΨα/dt
uβ = RSiβ + dΨβ/dt (8)

{
Ψα = LSiα + Ψr cos θ
Ψβ = LSiβ + Ψr sin θ

(9)

where, Ψα and Ψβ are the flux-linkages of the motor excitation winding in the α-β coor-
dinate system, Ψr is the flux-linkage generated by the permanent magnet on the motor.
Substituting Equation (9) into Equation (8):{

uα = RSiα + LS · diα/dt−Ψr · pω · sin(pωt)
uβ = RSiβ + LS · diβ/dt + Ψr · pω · cos(pωt) (10)

In the actual system, the mechanical constant of 3P-HSM is much larger than the
electrical constant, and ω can thus be considered as constant in a sampling period, i.e.,
∆ω = 0. Then, the corresponding nonlinear equation of the system is [29]:{ d

dt x = f (x) + Bu
y = Cx

(11)

Here: 
x = [ iα iβ ω θ ]

T

u = [ uα uβ ]
T

y = [ iα iβ ]
T

(12)
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f (x) =


− RS

LS
iα + ω Ψr

LS
sin θ

− RS
LS

iβ −ω Ψr
LS

cos θ

0
θ

 (13)

B =


1

LS
0
0
0

0
1

LS
0
0

 C =

[
1
0

0
1

0
0

0
0

]
(14)

and the discrete model obtained by using the EKF algorithm is:{
x(k + 1) = f [x(k)] + B(k)u(k) + V(k)
y(k) = C(k)x(k) + W(k)

(15)

where, V(k) is the system noise, w(k) is the measurement noise.
Assuming that V(k) and W(k) are both zero-mean white noise [29]:{

E{V(k)} = 0
E{W(k)} = 0

(16)

where, E {} is the expected numerical value.
In the recursive calculation of the EKF algorithm, instead of using the noise vectors V

and W directly, the covariance matrix Q of V and the covariance matrix R of W are used.
The basic consideration in choosing the parameters Q and R is to ensure convergence of
the filtering algorithm and to enable the algorithm to quickly track the actual state of the
system. In the actual selection of the parameters, experiments should be carried out in
advance for the specific motor to select the best overall performance. The values chosen in
this paper are as follows:

Q =


0.1 0 0 0
0 0.1 0 0
0 0 25 0
0 0 0 0.4

 (17)

R =

[
0.2 0
0 0.2

]
(18)

According to the internal state variables and input feedback of the motor, the 3P-HSM
state equation can be established,

diα
dt = − RSiα

LS
+ Ψr

LS
pω sin(pωt) + uα

LS
diβ

dt = − RSiβ

LS
− Ψr

LS
pω cos(pωt) +

uβ

LS
dθ
dt = pω

(19)

compared with electrical variables, the change of mechanical ones is much slower. In order
to construct the rotor position observer, Formula (19) can be transformed into:

d
∧
iα

dt = − RS
∧
iα

LS
+

∧
eα
LS

+ uα
LS

+ K1(
∧
iα − iα)

d
∧
iβ

dt = − RS
∧
iβ

LS
−

∧
eβ

LS
+

uβ

LS
+ K1(

∧
iβ − iβ)

d
∧
eα
dt = −pω

∧
eβ + K2(

∧
iα − iα)

d
∧
eβ

dt = pω
∧
eα + K2(

∧
iβ − iβ)

(20)
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where, îα and îβ are the estimated currents, K1 and K2 are the coefficients of the EKF
observer, êα and êβ are the estimated back-emf. Based on these results, the motor rotor
position angle can thus be obtained:

θ = pωt = arctan(êβ/êα) (21)

In an actual control system, the rotor position of the stepper motor can be estimated
by Equation (21). Figure 6 shows the simulation results of the actual rotor position and
estimated rotor position during the steady-state operation of the motor. It can be seen that
the estimation error of motor rotor position is quite small in the stable operation of the
motor. Therefore, by adjusting the appropriate controller parameters, the sensorless control
technology based on the EKF observer can be applied to the actual closed-loop control of
3P-HSM.
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4. Effect of SCLC Mode on Performance of 3P-HSM
4.1. Noise Analysis

The relationship between the rotating speed of the stepper motor n and the frequency
of the drive current f 1 is,

f1 = p× n
60

(22)

In the operation, the stepper motor is energized and operated in a certain logic state
according to the pulse of the control signal [30,31]. Therefore, the pulse frequency fcp of the
control signal and the current frequency have the following relationship:

fcp = N × fi (23)

where, N is an integer of a multiple of 6, i.e., the number of pulses for the 3P-HSM to rotate
a tooth pitch.

From Equations (1) and (22), the EM torque generated by the drive current should
have the same fundamental frequency of the drive current, and the torque ripples that
are integer multiples of the fundamental frequency should also be accompanied by the
current. For the same reason, the noise at the frequency point of Equation (23) should also
be pronounced in the motor operation.

In addition, there is another EM cycle in the operation of the motor: the switching cycle
of power semiconductors, and it is also known as a chopping cycle [32]. It is determined by
the design of the controller and is independent to the motor speed. However, the chopping
affects the current waveform to a certain level, and the noise spectrum should contain the
information of the chopping.

4.2. Loss Analysis

It was mentioned that the hybrid stepper motor can be classified as a PMSM, and the
losses of this kind of motor are mainly divided into winding copper loss, mechanical loss,
and motor iron loss [33].
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Winding copper loss, pcu, refers to the loss of motor winding caused by resistance.
When the phase current is sinusoidal, it can be expressed as:

pcu = m · I2R (24)

where, m is the number of motor phases; I is the effective value of the phase current, R is
the phase winding resistance. It can be seen from Equation (24) that pcu is related to the
winding current and resistance. In order to simplify the analysis, the winding resistance is
assumed to be constant. pcu of the motor is thus related to the control modes as a different
mode could generate a different current for the same load.

The mechanical loss of a motor is mainly divided into two parts: windage loss and
friction loss. The former is caused by the windage between the rotor and the surrounding
air of the rotor during the operation of the motor; the latter is caused by friction between
the stationary and rotating parts of the bearing. Motor iron loss is the eddy current loss
generated in the iron core due to the variation of the motor magnetic field and the loss
caused by the hysteresis effect in the iron core [33]. The iron loss is mainly affected by
motor structure, silicon steel sheet used, and installation quality, and is not related to the
control mode [34]. In this paper, one of the focuses is analyzing the impact of the control
mode on motor loss, i.e., the impact on copper loss.

4.3. Pullout Torque Analysis

The torque that can effectively drive the maximum load at the same speed is known
as the pullout torque of a stepper motor. Therefore, it is desirable to have a stepper motor
with a large pullout torque over a wide speed range. This is because when there is a sudden
change in load torque, the motor will be unstable if the pullout torque of the motor is not
sufficient, resulting in a constantly increasing difference between load torque and motor
torque, which will eventually cause the motor to be out-of-step [35]. To ensure that a
stepper motor can be operated safely, the motor must be driven at a considerable current to
produce a sufficiently high torque, and this inevitably causes large cupper loss.

Increasing the speed of the stepper motor, the EM torque of the motor will decrease
during subdivision operation [35,36]. The main reasons include:

(1) High speed means the high frequency of current. Due to the effect of inductance,
the winding current rises relatively slowly in an electric cycle when the frequency
is increased, and the effective value of the current is thus reduced. Therefore, the
average EM torque of the motor is reduced.

(2) The winding back-emf is increased with the increase of speed, which limits the current
rising ability during open-loop operation.

If the stator magnetic field can be adjusted appropriately to change its relative position
with the rotor for making the motor run in its stable region, the phenomenon of out-of-step
can be avoided [17]. FOC mode has such an ability. Using this control mode, the controller
detects the relative position of the rotor through the sensored or sensorless method to
ensure that the rotor is in the stable region and tries to optimize the difference angle
between the stator and rotor fields. In this way, the motor can operate stably. Therefore,
FOC mode can effectively improve the pullout torque of the motor.

5. Motor Test

Figure 7 illustrates the EM structure of the motor used for the experiment. In order
to verify the effects of the sensorless FOC mode, the test platform shown in Figure 8 was
designed and built. In the experiment, the RTI1202 control platform of dSPACE company
was used. The motor and load were put in an acoustic chamber and the microphone was
connected to the host computer through the sound card for detecting the motor noise. The
acoustic noises at different motor speeds were recorded and their spectra were analyzed.
The equipment shown in Table 1 were used in the platform. Table 2 shows the main
indicators of the 3P-HSM used in the test.
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Table 1. The test equipment type.

Test Equipment Company Type

Controller dSPACE RTI1202
Sound card iCON MicU
Microphone Behringer ECM8000

Decibel meter Aihua AWA5661

Table 2. The test motor parameters.

Parameters Values

Rated current (Amp) 5.8
Holding torque (Nm) 1.4

Phase resistance (ohm) 4.13
Phase inductance (mH) 10.7

Rotor inertia (g·cm2) 460
Back-emf (V/1000 rpm) 46.2

5.1. Control Current

The current waveforms of the 3P-HSM at 120 rpm are shown in Figure 9.
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It can be seen from the Figure 9 that when the stepper motor is running in half-step
subdivision mode, its stator current contains rich harmonics, and the motor thus easily
enters the “out-of-step” state [37]. To ensure that the motor is in step, the controller has
to use a large current to increase the amplitude of the motor’s TAC and cause the rotor to
be located in the stable region. This certainly induces large copper loss and EM noise in
motor operation. With the FOC mode, the drive current is sinusoidal, when the stator field
is orthogonal to rotor field the current can be much smaller than the subdivision mode, and
all of these factors are important to reduce the copper loss and acoustic noise.

5.2. Noise Analysis with a Waterfall Plot

A waterfall plot is an effective tool for analyzing the vibration and noise of rotating
machinery. It superimposes the noise spectrum of different speeds into a plot to disclose
the relationship between the noise source and frequency spectra [33].

In the test, a host computer collected and analyzed the noise data of the 3P-HSM,
and built the noise waterfall plot of the motor. The waterfall plot for different control
modes and loading states is shown in Figure 10. In the plot, the noise is classified as low
frequency oscillation noise and harmonic noise part (ellipse-1) and chopping frequency
part (ellipse-2).
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Figure 10. Testing results. Waterfall of the acoustic noise of the motor: (a) half-step subdivision mode
in loaded operation; (b) sensorless FOC mode in loaded operation.

From Figure 10, in the low-frequency region, there is a lot of noise closing the ordinate
axis in the operation with both control modes. This part of the noise is chaotic and related
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to the mechanical structure of the motor and the test environment [38]. This part of the
noise is basically independent of the drive mode.

Figure 11 shows the noise induced by the current in idle and loaded operations. Taking
the results under 120 rpm as an example, the following conclusions can be obtained:
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Figure 11. Testing results. The effects of current harmonics on the waterfall: (a) half-step subdivision
mode in loaded operation; (b) sensorless FOC mode in loaded operation.

(1) Under the half-step subdivision mode, with the influence of the drive current with
a square wave the rotor does not run smoothly (see Figure 11a). The spectrum of the noise
at 120 rpm, and other speeds, contains many burrs. The vibration is obvious and the noise
amplitude is relatively large at many frequency points, especially at the points of the 6th,
12th, and 18th multiples of the current frequency. From Equation (22), the fundamental
current frequency at 120 rpm is

f1 = 50× 120
60

= 100 Hz (25)

all of the noise related to the current is indicated by the dotted line in Figure 11b.
(2) Under the sensorless FOC, the motor drive current is also sinusoidal and symmetric.

Since the EM torque of the motor is generated with the overall EM effect of the motor, the
sensorless FOC can adjust the angle between the stator and rotor fields with global EM
effect, and this is more meaningful to the EM torque generation. In the waterfall plot shown
in Figure 11b, the noise burr is significantly reduced, and the amplitude of the noise is also
reduced significantly at many spectrum points, especially in the high frequency region.

Comparing the waterfall plots under different modes, it can be seen that the EM torque
ripples are strong under the half-step subdivision mode, as its current harmonics are rich,
and large drive current has to be used in this control mode. As a comparison, the noise can
be reduced significantly in the use of the sensorless FOC mode.

Figure 12 shows the effects of chopping frequency on the waterfall. The dotted
line at 16.2 kHz represents the PWM chopping frequency of the controller used in the
test. As mentioned above, the chopping frequency is determined by the controller’s
own characteristics, and not linked to the motor speed and control mode. Therefore,
the chopping line exists in all of the waterfall plots built from the experiment data. The
influence of the chopping can be found from the mirrored lines around the chopping
line [39,40]. In addition, in the sensorless FOC mode, with the decrease of harmonics drive
current, it can be seen that the noise is reduced obviously in many points of the multiple
frequencies of the current. The waterfall shows also that, for the applications that are
sensitive to the acoustic effects of chopping noise, the PWM should be processed with a
frequency higher than audible range, i.e., higher than 20 kHz.
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Figure 12. Testing result: the effects of chopping frequency on the waterfall.

Figure 13 shows the comparison of Sound Pressure Levels (SPLs) of the motor noise in
idle operation under different control modes. Under the half-step subdivision mode, the
motor is always driven by the step-like current, and the harmonics of the current are much
stronger than that of FOC, resulting in the increase of motor noise. Under the sensorless
FOC mode, the motor is driven by sinusoidal current, and the current harmonics are much
weaker than that of half-step subdivision mode. From the plots, it can thus be found that
SPLs of the motor noise induced by the sensorless FOC mode are significantly lower than
the ones induced by the half-step subdivision.
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Figure 13. Testing result: the SPL spectrum of the motor at 120 rpm idle operation.

Figure 14 shows the comparison of SPL in loaded operation under two control modes.
A stepper motor is used as the actuator in the position control, and its load can certainly
affect the drive current and control effect of the motor. For the half-step subdivision mode,
when the load is increased, the rotor gradually moves to the unstable region. In order to
ensure the motor operates in stable state, the controller must drive the motor with large
current to increase the amplitude of the TAC, and the by-products of this measure ensure
that both the noise and loss of the motor are increased. The FOC mode can adjust the
field angle during motor operation timely to maximize the EM torque per unit current
and ensure the operation of the motor in stable state. In addition, under the sensorless
FOC, the field angle can be adjusted more accurately with the global EM effect of the motor.
Therefore, both the noise SPL and copper loss can be reduced with the sensorless FOC
mode in the motor operation.
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Figure 14. Testing result: the SPL spectrum of the motor at 120 rpm loaded operation.
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Figure 15 shows the noise waterfall of two control modes under idle and load con-
ditions at 120 rpm. It can be seen from the figure that the noise in idle operation is lower
than the loaded operation for the same control mode. Due to the rich harmonics and larger
current, the half-step mode is always the worst in the noise generation, and the sensorless
FOC is the best.
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Figure 15. Comparison of SPL spectra of idle and loaded motors: (a) 120 rpm SPL under half-step
subdivision mode; (b) 120 rpm SPL under sensorless FOC mode.

5.3. Motor Copper Loss Analysis

For a given motor, the copper loss generated in its operation is always an important
index to judge the performance of the controller. Tables 3 and 4 show the effective values
of the drive current and copper losses in idle and loaded (0.14 Nm) operations under the
two control modes, and the motor speeds are controlled at 120 rpm. The effective value of
the current Ieff is obtained by using the following equation,

Ie f f =

√√√√ 1
N

N

∑
k=1

i2k (26)

where, ik is the transient phase current sampled in the test, and N is the sampling number
in one current cycle.

Table 3. Copper loss in idle operation.

Idle Phase Current/A Ratio Copper Loss/W Ratio

Sensorless FOC 0.3 20% 1.107 4%
Half-step subdivision 1.5 100% 27.675 100%

Table 4. Copper loss in loaded operation.

Load (0.14 Nm) Phase Current/A Ratio Copper Loss/W Ratio

Sensorless FOC 0.5 29.4% 3.075 8.6%
Half-step subdivision 1.7 100% 35.55 100%

In Tables 3 and 4, the results of half-step subdivision mode are used as the benchmark.
The tables show that the sensorless FOC modes can reduce the drive current and copper
loss significantly. Taking the loaded operation, for example, 70.6% of the drive current and
91.4% of copper loss can be reduced with the use of the sensorless FOC mode. Reducing the
drive current is important to reduce the current redundancy of the controller, and the cost
of the controller can therefore be reduced. Copper loss is not only related to the efficiency
of the motor system, but also related to the heating, and further to the health, of the motor.



Energies 2022, 15, 804 15 of 17

5.4. The Maximum Speed of the Motor

Whether the motor is running in idle or loaded condition, its maximum speed is
closely related to the motor’s “pullout torque”. This torque is difficult to detect with the
direct torque measurement as the pullout torque is sensitive to the moment of inertia and
friction of torque transducer. In order to explore the influence of the control mode on the
pullout torque, the maximum speeds of 3P-HSM under the different modes were tested in
the authors’ research and the results are shown in Tables 5 and 6.

Table 5. The maximum speed in idle operation.

Operating States Max Speed/rpm Phase Current/A

Half-step for idle 185 1.5
Sensorless FOC for idle 670 0.3

Table 6. The maximum speed in loaded operation.

Operating States Max Speed/rpm Phase Current/A

Half-step for load
(0.14 Nm) 153 1.7

Sensorless FOC for load
(0.14 Nm) 630 0.5

It can be seen from the table that, whether the motor is running idle or load state, the
maximum speed of the motor under the sensorless FOC mode is significantly higher than
that of subdivision mode. The voltage of the control system is 24 V. It can be found from
the tables that the maximum speed of the motor under the sensorless FOC mode is about
3.4 times that of the half-step subdivision mode. The results reflect that the sensorless FOC
can always keep the angle between the rotor and stator fields in a stable region, and the
pullout torque of 3P-HSM can thus be increased, until the back-emf of winding rises to the
point where the controller loses the effective regulation of the drive current.

6. Conclusions

The performance of 3P-HSM is not only related to its EM structure and materials
used, but also closely related to its control mode. From the published literature, the study
on the drive mode of this kind of motor is essentially based on the open-loop control
mode. Since this control mode cannot significantly improve the performance of stepper
motor, this paper presented a “position sensorless closed-loop” control mode to greatly
improve the performance of 3P-HSM in steady-state operation. In order to realize the
“sensorless closed-loop” control, “EKF position observer” was presented to estimate the
rotor position of the motor, and then realize the closed-loop control of 3P-HSM. In the paper,
the testing results on the noise, copper consumption, and maximum speed of the motor
under different control modes were analyzed. The results show that the “EKF position
observer” has high accuracy and is suitable for the closed-loop control of 3P-HSM. The
testing results showed that the sensorless closed-loop control mode presented can reduce
the EM torque ripple of the motor in a wide speed range, and the running noise of the
motor can also be reduced significantly, especially the high-order harmonic noise. In terms
of losses, the copper consumption of the motor in the sensorless closed-loop control mode
is only 4~8.6% of that in the open-loop operation, which is of great significance to save
energy and prolong the service life of the motor. In addition, the sensorless closed-loop
control mode can ensure that the difference angle of the global stator and rotor magnetic
field of the motor remain orthogonal, which can make the motor run steadily, and greatly
improve the pullout torque and maximum speed of the motor. Because there is no need to
install additional physical sensors on the motor, the sensorless closed-loop mode has great
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advantages in terms of cost and size control. These are very important for broadening the
application of 3P-HSM.
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