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Abstract: With their cost-effective manufacturing process, hybrid stepper motors (HSMs)
are a popular choice for position control in low-power industrial applications. These versa-
tile motors offer a compelling solution for reducing system costs and size since at stand-
still/low speeds, HSMs typically have higher torque density with respect to low-power
permanent magnet (PM) motors. This higher torque density determines a reduced use of
rare-earth PMs and, therefore, a lower environmental footprint. In practical applications,
the commonly used microstepping control faces low efficiency, low dynamic performance,
vibrations, and a variable maximum continuous torque depending on the working point.
In this paper, the operating region of an HSM is extended in the field-weakening (FW)
region, showing how field-oriented control (FOC) with FW allows one to strongly increase
the drive performance with a slight cost increase thanks to the availability of low-cost
magnetic encoders. Due to the fact that FOC provides only the requested current, the
HSM faces lower temperatures, lower insulation degradation, and lower permanent mag-
net demagnetization issues. An experimental evaluation comparing the commonly used
microstepping and the proposed FOC with FW is performed on four commercial HSMs
with different DC voltage power supplies using an industrial test bench. In particular, the
experimental campaign has a focus on steady-state conditions in the case of the maximum
continuous torque, showing the advantages of FOC with FW because the advantages in
transient conditions are well known.

Keywords: hybrid stepper motors; microstepping; field-oriented control; field-weakening
region; speed range extension; maximum continuous torque

1. Introduction

High-pole-count machines such as direct-drive motors (or torque motors) [1] and
hybrid stepper motors (HSMs) [2] are characterized by higher motor torque capacity with
respect to machines with lower pole counts [3].

A hybrid stepper motor is used in incremental motion drives because, when powered,
it locks itself in a very precise angular position. The rotation occurs through the passage of
successive equilibrium positions. One of the key advantages of HSMs is their ability to be
controlled in an open loop using input step pulses [4]. Stepper motors are widely utilized in
a variety of low-power industrial applications as a cost-effective solution. They are capable
of providing accurate positioning and high torque at low speeds thanks to their enhanced
torque density [5] compared to traditional permanent magnet (PM) machines [6]. Such a
motor’s combination of low cost, high torque density, and positioning accuracy make it a
popular choice for different medical, industrial, and consumer applications. Some examples
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of applications are (i) medical applications, such as micro-surgical manipulations [7-9],
laboratory equipment for precise dosage control through pipettes [10], or exoskeletons to
restore motion ability [11], (ii) robotic arms and grippers for industrial uses, where they
can efficiently drive integrated drives to ensure high position accuracy [12-14], industrial
equipment calibration [15], and sun tracking [16], (iii) consumer applications, including
ink-jet printers and 3D printers [17,18], (iv) wireless applications that eliminate wires and
the need for controllers and sensors on the secondary side [19], and (v) nuclear applications
with long cables driving an axis of a large hadron collider (LHC) collimator [20,21] and a
scintillator-based fast-ion loss detector (FILD) [22].

The applications mentioned above necessitate a robust actuator capable of withstand-
ing vibrations while promptly and precisely responding to command signals and over-
coming dynamic torque loads. However, due to motor inertia, the rotor tends to oscillate
around the desired final position before stabilizing. Microstepping techniques can help
achieve smoother behavior [23], but step losses due to unexpected load torque variations
remain a concern. These step losses can be mitigated by supplying the stepper motor with
a phase current higher than the minimum required. Yet, this approach leads to increased
power losses [24]. In summary, the stepper motor’s open-loop control capability is a sig-
nificant benefit, but the challenges of rotor oscillation and step losses must be addressed
through techniques such as microstepping and careful current control to ensure reliable
performance in these demanding applications. Improved microstepping techniques that
measure the rotor angle can be found in [25]; these techniques adjust the stator excitation
angle and the current simultaneously on the basis of the feedback angle, while the authors
of [26] use a variable-frequency controller based on a hyperbolic tangent function instead
of the classical proportional-integral (PI) control method, and the authors of [27] combine
the precision of PI and the robustness of sliding mode control with a weight adjustment
based on the operating conditions.

The mathematical dg model of an HSM used for control design is the same as a
surface-mounted PM synchronous machine (SPMSM), with additional no-idealities as
high-cogging torque ripple [2,28]. In this scenario, field-oriented control (FOC) becomes
a valid alternative that is able to maximize the performance [2]. Recent contributions
with FOC where mechanical quantities (i.e., rotor position/speed) are measured can be
found in [29], where the minimization of the cogging torque with a discrete-time synthesis
is proposed, whereas the reader can refer to [30] for sensorless control (i.e., control that
relies on the measured currents and on the reference voltages without measuring the rotor
position/speed) of HSMs comparing the extended Kalman filter and the stator flux observer
commonly used for synchronous machines.

A characteristic not yet exploited for HSMs is the higher capability for field weak-
ening (FW) thanks to a short circuit current that is lower than the nominal one [31]. This
characteristic is common in the case of machines with large winding inductance, and, con-
sequently, using maximum torque per voltage (MTPV) control, an infinite constant-power
speed ratio can be obtained [32-34]. Accurate knowledge of the rotor flux orientation is
essential for the FOC of synchronous machines with permanent magnets. This orientation
is typically measured using position sensors such as encoders or resolvers mounted on the
machine’s shaft. The performance of these sensors is crucial, as the position measurement
directly impacts the quality of the torque produced by the machine [35]. It is important to
note that even high-end, expensive sensors with high resolution, precision, and accuracy
can exhibit position errors. These errors can arise from various factors, such as non-ideal
mechanical installation [36] or interference from the system and environment, such as
vibration and temperature, which can affect the measurement accuracy of optical and
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magnetic encoders [37,38]. With low-resolution encoders, proper techniques are used for
the position and speed extraction [39].

The purpose of this study is the comparison between classical microstepping control
and FOC enforced with FW control. To perform FOC, a low-cost magnetic encoder with
5000 ppr is adopted. A very deep experimental evaluation is performed on four commercial
HSMs (with rated torques from 2 to 8 N m) and with different DC voltage power supplies
using an industrial test bench to show the improvement in terms of efficiency, speed range
extension, and torque capability in the field-weakening region.

This paper is organized as follows: Section 2 describes the adopted mathematical
model of an HSM in the stationary («, B) reference frame. Sections 3 and 4 report the imple-
mented control strategies; in particular, classical microstepping is discussed in Section 3,
with a focus on the mechanical resonance, whereas field-oriented control with field weak-
ening is shown in Section 4. Section 5 verifies the strategies with an experimental test,
followed by conclusions.

2. Hybrid Stepper Motor Model

The dynamic of a two-phase hybrid stepper motor in the stationary (a, §) reference
frame under the assumption of sinusoidal flux distribution is given by [30]

0=w

Jw+ Fw = ky (—i,x sin(N,0) + ig COS(N79)> - T, - T,

m
Te = NyFy, Y 4jPy;sin(4jN,0) )
j=1
dia . .
Uy = LOE + Rsiy — kypw sin(N,0)

di
ug = Loch + Rsig + kpw cos(Ny0)

where 6 is the (mechanical) rotor angle, w is the (mechanical) rotor speed, (in, i 5) are the
stator currents, and (u,, ug) are the stator voltages in the fixed (a, B) reference frame. The
variables (0, w, iy, i ﬁ) are the state variables, while (u,, u 5) are the control inputs, and the
load torque Ty is the unknown disturbance input. The other model parameters are the
viscous friction coefficient F, the number of rotor teeth N,, the moment of inertia |, the
stator winding resistance R, the stator inductance Ly, and the torque constant ky; equal
to N;®pyp, where ®py is the flux linkage provided by the permanent magnet. The term
T. models the disturbance torque due to cogging (F;, is the magneto-motive force of the
permanent magnet, and Py; is the amplitude of the j harmonics [28]). The derivation of the
model above is obtained under the assumptions that the self and mutual inductance of the
two windings are constant with respect to 6.

3. Microstepping Control

Microstepping is reported in Figure 1, and it is usually employed to improve the
motion stability and resolution of a hybrid stepper motor.

For two-phase HSMs in the control method, two sinusoidal inputs shifted by 90° are
given for position tracking. The reference currents i; and il*3 are given by

ix = Iy cos(N,6%)

e . . ()
ip=1IN sin(N,6%)
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where Iy is the amplitude of the nominal current, and 6* is the desired position. Hysteresis
controllers are used on the current loops. Microstepping control can be optimized by chang-
ing the hysteresis. If the hysteresis’s window is larger, the average switching frequency on
the devices is reduced at the cost of worst results on the regulation of the currents due to in-
creased ripple. If the window is smaller, the regulation of the currents in the fixed reference
frame is better at the cost of a higher switching frequency. The drive performance at high
speed is affected by the increased back EMF, so the current-loop performance is dependent
on the microstepping frequency. As noted by [40], when increasing the microstepping
frequency, the current amplitudes decrease with the available torque.

ok «
0* (3 t la > ua
3 urren > —
Generator — HYSTERESIS
™ <
lﬁ . u,B |
A\ 4
. H-BRIDGE
la
ig
Yv Yy

HSM

Figure 1. Classical microstepping with hysteresis control in the stationary («, 8) reference frame.

Mechanical Resonance

Furthermore, the HSM is subject to mechanical resonance, which significantly impacts
its performance. The system’s response to each single-step input is highly oscillatory in
nature. This oscillatory behavior limits the operating speed of the HSM, as the system must
settle within the required accuracy at each position before the next step can be executed.
The natural frequency of rotor oscillation about the equilibrium position, denoted as f;,, is
given by the following equation assuming an undamped system [41]:

1 |k
fn:27r\/; (3)

where k represents the stiffness of the torque—position characteristic, and | is the inertia
contribution from the motor and load. A small amount of viscous friction is present,
resulting in lightly damped oscillations. This means that the rotor will eventually settle
at the equilibrium position, but not without passing through several cycles of oscillation.
One significant consequence of the highly oscillatory single-step response is the occurrence
of resonance effects at stepping rates up to the natural frequency of rotor oscillation,
fn. This resonant behavior of the system leads to a loss of motor torque at well-defined
stepping rates. To address this issue, additional techniques and design considerations may
be required. Further details on mitigating the effects of this mechanical resonance with
open-loop control such as microstepping can be found in the referenced literature [41,42].

4. Field-Oriented Control with Field Weakening

Field-oriented control with a field-weakening strategy is reported in Figure 2. With
respect to microstepping control, the use of an encoder is mandatory to measure the
angle and the speed of the machine, causing a slight increase in the costs of the drive.
Considering the stepper motor model in the stationary («, §) reference frame in (1), the
" "

Park transformation is introduced; in this way, the vectors u = i, ug and i = [iy, ilg
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in the stationary («, ) frame are transformed into vectors expressed in the rotating (d, q)

[wd] _ [cos(NVG) sin(N,H)] [wa] )

wy —sin(Ny0) cos(N:0) | |wg

reference frame:

With the transformation introduced in (4), the dynamic of a two-phase hybrid stepper
motor in the (d, ) reference frame, according to [2], is given by

0=w
J& + Fw = kpig — T — T¢
u; = Lo iit + Rsig —igNywLg ®)
dig
=Ly—+ T + Rslq +igNywLy + kpyw

where (iy, i;) are the stator currents, and (i, u,) are the stator voltages in rotating (d, q)
reference frame. The variables (0, w, iy, i;) are the state variables, while (u4,u,) are the
control inputs. The term T, has the same meaning as model (1).

— *2 *2
Py [« LPF 4—?4—\/ ug +ug
U

ld,c
max
— i
d,ol wa,ol w
d fw
LPF 0, f o
w. .
ff 113 [dq u;
+ * * *
= u PWM
P, w : q,sat ~ Pl uq g B
w . H-BRIDGE
d la

dq
aff =

I 1o HSM

Figure 2. Field-oriented control with field-weakening control. The red switch uses FOC (with 7} equal
to 0) or FOC with FW (with i} equal to iy, fw) depending on the measured speed.

The model in (5) is suitable for control design. The rotor speed dynamics in the
(d, q)-coordinates are, as for DC machines, linear with respect to the stator current vector
g-component i; and can be controlled by it, with the stator current vector d-component
iy being freely assignable to match additional control requirements, such as the field-
weakening control.

The classical field-weakening control based on output voltage regulation is avoided
due the well-known problems of large sixth harmonic current, windup, and even instability
problems [43,44]. In this study, the field-weakening control is implemented by adding an
open-loop component and a closed-loop component. The open-loop component named
ig,01 is considered equal to Kfy, (W — wN)/ (Wmax — wN), where K¢y, o is a proportional
gain, wy is the base speed, and wmax is the maximum speed of the HSM. The closed-
loop component is obtained by closing another loop on the error between the available
voltage U;ax and the demanded voltage module , /ug2 + ugz. This error is filtered by a
first-order low-pass filter (LPF) and regulated with a proportional gain Ky, ¢;. The result is
the closed-loop current called i; ;. Summarizing, the field-weakening current iy r,, equal to

—idel — 14,01 1S
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: w — WN
ld,fw = —wa,Ol . (a)_a]N) — wa/d . LPF(Umx — W) (6)
max

where the LPF has a form of the type wy/ (s + wp), wy is the cutoff pulsation, and s is the
Laplace operator. The classical FOC on the speed loop enforced with field-weakening
control is designed as

i — 0, for w < wy
id,fwr for w > wy

t
iz = Kpgs (w* - w) +Kis (w* - w('r)> dr
0

N sign(ig)./lf\] — %2, for lig| > 13— %2
i

), for [i] < /13 — i2?
ig| | cos(N:8) sin(N;0) | |ia 7)
ig|  |—sin(N;8) cos(N;0) ig

t
w5 = Ky <i; _ id) e <i; - id(1)>dr

t
up = Kpe (i;,sm —~ iq) +Kic | (i;,sm - iq(T))dT
A0 = 1.5TsN,w

uy|  |cos(Ny8+ AB) —sin(N,0 + Af)
up|  |sin(N,6+A0)  cos(N;6 + A)

The control depends on the positive control parameters Kj,c, Ki ¢, Ksuw o1, Kfuw,e1, Kp,s,

*
Uy

*
Ug

and K;,. FOC is optimized using the Ziegler-Nichols method to find the values of the
parameters for every control loop. The strategy imposes the currents i; with respect to the
voltage error and to the speed and i; with respect to the desired torque; then, the current
loops are closed considering the measured currents i; and i;. The output reference voltages
uj and uj are transformed into the stationary (a, B) reference frame and applied to the
machine. The value of i is subject to a variable saturation given by i;. When the HSM
is outside the FW region, i} is equal to zero, and the maximum value of ij is the nominal
current Iy. Otherwise, in FW region, 7} is different from zero, and the maximum allowed

current i is saturated by 4/ I — i

Following the volt-second principle in [2], the relationship between the actual voltage
and the original voltage output by the current regulator is delayed by 1.5 Ts due to the
pulse width modulation (PWM) delay. According to this consideration, the term Af in (7)
is the rotor position compensation that adds A8 to the electrical rotor angle N, to take into
account this delay. This compensation cannot be neglected in the high-speed region; for
the motor under test, N; is equal to 50, and the sampling period T; is equal to 40 ps; as a
consequence, Af is equal to 33.73° considering the maximum speed of 314 rad/s. To allow
position control on 6*, the strategy in (7) is designed as

d
WEF = LPF <dt9*>

(8)
wr = Kp,9 (9* - 9) + WEF

with the positive control parameter K,y and the cut-off pulsation wy of the LPF in the
feedforward computation wgr.
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5. Experimental Results

The aforementioned HSMs are installed on a test bench (see Figure 3) comprising
an induction machine as a brake, as well as a torque transducer. The control schemes in
Figures 1 and 2 were finally tested in experiments. The controllers were implemented in
their discrete version on a commercial STM32H743ZI DSP controller, running at a sampling
frequency of 40 kHz. The DSP was used to implement the proposed controls, as well as
to generate the PWM signals and to acquire the two motor phase currents. A commercial
programmable logic controller (PLC) manufactured by Beckhoff was used to compute the
position/speed references and communicate with the DSP. The hybrid stepper motors are
two-phase salient stepper motor (manufactured by System Electronics, Fiorano Modenese,
Italy) with the NEMA34 standard, 50 rotor teeth, and a step angle of 1.8°, employing an
incremental magnetic encoder with 5000 ppr; see Table 1 for further details. Stepper 1 and
Stepper 2 had similar values, and the only visible difference was the weight of the HSMs,
whereas Stepper 3 and Stepper 4 were smaller. In the following, the results with different
values of DC-link voltage Vpc are reported.

Table 1. Stepper motors’ nameplate parameters.

Parameter Stepper 1 Stepper 2 Stepper 3 Stepper 4
Nominal phase current IN [Apk] 10 10 9 9
Rotor teeth N, [Adim.] 50 50 50 50
Stator resistance Rs [OY] 0.23 0.22 0.16 0.12
Stator inductance Lo [mH] 2.3 2.3 1.5 0.85
Torque constant kv [Nm/A] 0.8 0.74 0.51 0.25
Nominal torque Tr, [Nm] 7.2 6.5 4.2 2.1
Nominal speed (with Vpc of 70 V) wy [rad/s] 30 35 50 100
Maximum speed Wmax [rad/s] 314 314 314 314
Weight M [kg] 52 4.2 3 2

Figure 3. Test bench with HSM (Stepper 1, orange box), power board (cyan box), PLC (red box),
torquemeter (magenta box) and induction machine as brake (IM, purple box).

5.1. Results with Vpc Equal to 70 V

Stepper 1 is considered as the reference machine. The results with different
speed /torque working conditions are reported for microstepping control and FOC with
FW using a DC-link voltage of 70 V.

Figure 4 reports the results in the low-speed region with a speed reference of 3.5 rad/s.
It is worth noting that microstepping exhibits the steps (in particular, the full step is digitized
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in eight micro-steps) given by the control, while FOC has a smooth and continuous behavior.
Furthermore, FOC applies only the requested current, whereas microstepping gives the
maximum current in every operating condition.

i [5A /div] T, [10 ms /div] i [5A /div] T, [10 ms /div] i, [0.5 A /div] T, [20 ms /div]

@)

iy [5A /div]

ix [5A /div]

(b) (c)

Figure 4. Stepper 1: Steady-state output current with microstepping control and FOC at w =3.5rad /s
with Vpc of 70 V. (a) Microstepping control with load torque of 7 N m. (b) FOC with load torque of
7 Nm. (c) FOC at no-load.

When the HSM enters the field weakening region, the results are displayed in Figure 5
with a speed reference of 70 rad/s at no load. It can be seen that the microstepping in
Figure 5a applies the maximum current even without load torque and the measured output
current has a strong distortion, while the FOC with FW in Figure 5b has a sinusoidal output
current with a lower peak because only the current required by FW is used. In fact, the root
mean square (RMS) of the output current is 2.02 Agyg for microstepping and 1.24 Agys for
FOC with FW.

Ts [2 ms-/div] i [5-A+ div] Ts [2 ms-/div]

(a) (b)

Figure 5. Stepper 1: Steady-state output current with microstepping control and FOC at w =70 rad /s
at no load with Vpc of 70 V. (a) Microstepping control at no load, Irys = 2.02 Agys. (b) FOC with
FW at no load, Igps = 1.24 ARwvs.

Imposing a speed reference of 174 rad /s in Figure 6, it can be noted that microstepping
presents a strong distortion, and it is not possible to apply the load torque; otherwise, the
step will be lost. FOC with FW maintains a sinusoidal shape of the output current, and it is
possible to apply a small load torque.

T, [0.5 ms /div] iy [5 A /div] T, [0.5 ms /div]

(@) (b)

Figure 6. Stepper 1: Steady-state output current with microstepping control and FOC at n = 174 rad /s
with Vpc of 70 V. (a) Microstepping control at no load. (b) FOC with FW with load torque of 0.6 Nm.

From the torque/speed characteristic displayed in Figure 7, it can be seen that FOC
with FW is able to reach higher speeds, extending the speed range of the machine with
respect to classical microstepping. Furthermore, the measured torque of FOC with FW is
higher in every working condition. Figure 8 summarizes the waveform of the dq currents
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with a speed step starting from a standstill and reaching the maximum speed of 314 rad /s
at no load with Vpc of 70 V. The minimum i; current is limited to —4 A. At the beginning
of the transient, the positive values of i; are due to the absence of the decoupling between
d and q axis.

8 +~Microstepping
-FOC with FW
6L i
El
Z.4r 1
2L i
0 I I . I I
0 50 100 150 200 250 300

[rad/s]
Figure 7. Stepper 1: Torque/speed characteristics with V¢ of 70 V with microstepping and FOC with FW.

Standstill Maximum speed

Transient

ig [4 A /div] |

" T [50 ms /div]

Figure 8. Waveform of the dq currents with a speed step from standstill to 314 rad /s at no load with
VDC of 70 V.

5.2. Results with Vpc Equal to 140 V

Stepper 1 is considered again as the reference machine. The results with different
speed/torque working conditions are reported for microstepping control and FOC with
FW using a DC-link voltage of 140 V.

Figure 9 reports the results in field-weakening region with a speed reference of
122 rad/s and a load torque of 4.5 Nm. It is worth noting that microstepping exhibits
distortion in the output current, while FOC has a smooth behavior by applying only the
requested i, to generate the electromagnetic torque and only the requested i, to reach the
FW region.

In Figure 10, the torque/speed curve is reported for every stepper motor considering
Vbc of 140 V for microstepping control and FOC with FW. It can be seen that using FOC
with FW, the torque remains constant until the nominal speed is reached, and then the
torque profile decreases, while with microstepping the torque profile has different dips
caused by the mechanical resonance, as discussed in Section 3. As already put in evidence
by the previous subsection, the speed range is extended with FOC with FW.
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A ;
ARANAALAA A A N
SRURVEVRTavRY VAR MRANTAAN AT ARATARNY:

\] NN j Mo Sl e N N
i [5A /div] . Ty[1ms/div] . i [5A/div] T,[05ms /div]
@) (b)

Figure 9. Stepper 1: Steady-state output current with microstepping control and FOC at w = 122 rad /s
with Vpc of 140 V. (a) Microstepping control with a load torque of 4.5 Nm. (b) FOC with FW with a

load torque of 4.5 Nm.
- - 8 = =
8 +~Microstepping +~Microstepping
-FOC with FW -FOC with FW
6 4
6F
g En
Zar z'
2t 2F
0 I I I I I I O I I I I I L
0 50 100 150 200 250 300 0 50 100 150 200 250 300
[rad/s] [rad/s]
(a) Stepper 1. (b) Stepper 2.
5 2.5

+Microstepping

" [«Microsteppin
-FOC with FW PP

-FOC with FW

2

—3r — 1.5
L g
N\

1t 0.5¢

0 I I I I 1 L 0 I I I I I I

0 50 100 150 200 250 300 0 50 100 150 200 250 300
[rad/s] [rad/s]
(c) Stepper 3. (d) Stepper 4.

Figure 10. Torque/speed characteristics of every HSM with Vpc of 140 V with microstepping and
FOC with FW.

5.3. Results with Vpc Equal to 48 V

The torque/speed curve is reported for every stepper motor in Figure 11 considering
Vpc of 48 V for microstepping control and FOC with FW. The behavior of the torque/speed
curve is the same as that seen with bigger values of Vpc. The region with constant torque
is reduced to a smaller DC bus voltage, and the FW region is reached with lower speeds.
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8
3 ~Microstepping +Microstepping
~FOC with FW -FOC with FW|
6 4
6 4
El El ]
Z.4 et
2 J 2 ]
O I I I L I O I I L L L
0 50 100 150 200 250 300 0 50 100 150 200 250 300
[rad/s] [rad/s]
(a) Stepper 1. (b) Stepper 2.
g Microsteppi 2.5 : :
+hucrostepping +~Microstepping
4 ~FOC with FW ) ~-FOC with FW
—3F 1 1.5 1
g )
—2F & 1 ]
1t - 0.5 J
0 1 1 L L L 0 I I I h h L
0 50 100 150 200 250 300 0 50 100 150 200 250 300
[rad/s] [rad/s]
(c) Stepper 3. (d) Stepper 4.

Figure 11. Torque/speed characteristics of every HSM with Vpc of 48 V with microstepping and
FOC with FW.

6. Conclusions

In this paper, a comparison between the commonly used microstepping control for
HSM and a robust FOC with an FW strategy is carried out using an industrial test bench
with different DC voltages with a particular focus on the behavior in high-speed regions.
Microstepping has the advantage of controlling the HSM in an easy way, dividing the steps
into smaller steps, but the strategy faces low efficiency and the possibility of losing the step
due to mechanical resonance. For these reasons, FOC with an FW strategy is implemented
to extend the speed range of the machine, obtain a smooth torque/speed curve, and reduce
the power losses because only the requested current is provided. It is well known that FOC
exhibits lower losses in practical applications and increased dynamic performances with
respect to microstepping control. The speed range extension is relevant with lower DC
bus voltage. For example, with 48 V, it can be seen that FOC with FW can provide torque
with higher speeds. Considering Stepper 3 as a reference, FOC with FW can provide torque
until 260 rad /s, while microstepping can work only in no-load conditions starting from
140 rad /s and starts to lose the step after 260 rad/s.

For these reasons, the comparison is mainly performed in steady-state condition with
the application of the maximum continuous torque from a standstill to the maximum
allowed speed. It is worth noting that FOC with FW is able to extend the speed range
of the machine and provide higher torques. Additional experiments are added to show
the smooth waveform of the dgq currents during a speed step from a standstill to the
maximum speed.
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