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ABSTRACT 

High pole count machines offer high torque density, making them suitable for various industrial applications. Closed-loop field- 
oriented control is commonly used to maximize the efficiency and dynamic performance of sensored drives. Furthermore, flux 
weakening can extend the operational speed range, leveraging the lower short-circuit current characteristic of these motors (that 
is lower than the nominal one), although this feature is often underutilized. This work introduces a new deadbeat current control 
method designed to overcome the limitations of modulated model predictive control. The approach enhances robustness against 
electrical parameter errors and dead-time effects. Simulation and experimental results are presented from a low-power hybrid 
stepper motor with a high number of rotor teeth, showcasing the benefits of the proposed control in terms of extended speed 
range and improved 𝑑𝑞 current tracking. 
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 Introduction 

igh pole count machines offer increased motor torque capacity
 1 ]. Examples include direct drive motors (or torque motors) [ 2 ]
nd hybrid stepper motors (HSMs) [ 3 ]. A limitation of these
achines is the high maximum electrical frequency, 𝑓el , encoun-
ered in the middle-to-high speed range. High-speed drives can
e categorized into two types: those with high mechanical speeds,
sed in applications such as compressors and fans [ 4 ], and those
ith a high number of pole pairs, employed for precision control
n applications such as laboratory equipment for accurate dosage
 5 ], micro-surgical manipulations [ 6 ], and robotic grippers [ 7 ]. 

or HSMs, the mathematical 𝑑𝑞 model is the same as a surface
ermanent magnet synchronous machine (SPMSM), with addi-
ional no-idealities as high cogging torque ripple [ 8, 9 ] and with a
igher capability for flux weakening (FW) thanks to short-circuit
urrent lower than the nominal one [ 10 ]. This characteristic is
ommon in case of machines with large winding inductance and
onsequently an infinite constant power speed ratio [ 11 ]. 
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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This issue related to high speed region and fast dynamic controls
have been widely covered in scientific literature, in particular
applying different current controls based on model predictive
controls (MPCs) and deadbeat controls. Finite control set-MPC
(FCS-MPC) has fast dynamic response with a simple inclusion
of multiple objectives and constraints without introducing extra
control loops [ 12 ]. The application of FCS-MPC on architectures
with many states of the inverter is challenging due to the heavy
computational burden. Additional issues are the design of output
filters due to the variable switching frequency 𝑓sw and the
presence of high torque ripples since FCS-MPC applies only one
vector during the entire control period. 

To reduce torque ripples, different MPC strategies are introduced
such as continuous control set (CCS)-MPC, which takes actions
into a continuous set [ 13 ], model-free predictive current control
that can avoid reliance on motor parameters [ 14 ] and constant
switching frequency MPC which is applied to the current con-
trol of a three-phase active rectifier [ 15 ]. The latter technique
allows maintaining the advantages of MPC, ensuring a constant
se, which permits use, distribution and reproduction in any medium, provided the 
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TABLE 1 Comparison of predictive current control methods under low carrier ratio conditions. 

Control method 
High electrical 
frequency 

Flux weakening 
region 

Electrical 
parameters errors 

Deadtime 
influence 

CCS-MPC [ 13 ] ✓ × ✓ ×
M2 PC [ 17 ] ✓ × ✓ ×
Deadbeat PCC [ 23 ] ✓ × ✓ ✓

Deadbeat PCC [ 30 ] × × ✓ ×
Proposed control ✓ ✓ ✓ ✓
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witching frequency of the space vector modulation (SVM) and
ncreasing the performances in terms of power quality. This
ontrol strategy, also known as modulated MPC ( M2 PC ), has been
pplied to PMSMs with low electrical frequency [ 16 ] and high-
peed PMSMs [ 17 ], but the flux weakening region is not studied
n case of isotropic motor. 

owever, M2 PC evaluates two active vectors at a time to find the
est sector of the SVM, so computational burden is high even with
his control. 

ontributions evaluating predictive controls on high pole count
achines are already known comparing PI, sliding mode control,
ncremental deadbeat control and FCS-MPC for HSMs [ 3 ], but
he flux weakening region is not studied. This manuscript has the
ollowing goals: 

∙ analysis of M2 PCs controls. M2 PCs and deadbeat controls for
surface-mounted PMSMs are used with 𝑖⋆ 

𝑑 
equal to 0 and low

electrical frequencies (see for example [ 14, 16, 18–22 ]). Even
with high-speed motors, the PMSM is driven with 𝑖⋆ 

𝑑 
equal

to 0 [ 13, 17 ]. Alternatives to classical deadbeat current control
for high-speed motors adopt deadbeat with stator flux vector
in the stationary frame to achieve the tracking of 𝑑𝑞 currents
[ 23 ]. However, the behaviour is outside the FW region. The
HSM can be successfully applied in FW region thanks to the
large winding inductance and has high electrical frequencies
due to the high number of rotor teeth [ 24 ]. In this scenario,
M2 PC shows limitations in FW region due to the simultaneous
action of multiple constraints of voltage and current [ 25 ]; 

∙ proposal of a robust deadbeat control (RDC) able to save
computational burden with improved control performance
and robustness of M2 PC in low speed region and with the
ability to extend the speed range in FW region. In [ 26, 27 ]
the current loops use the conventional deadbeat control and
the FW region is addressed modifying the flux weakening
controller, whereas [ 28 ] proposes a deadbeat-based direct flux
vector control (DFVC) for SPMSMs working in FW region.
The same approach can be generalized for interior permanent
magnet synchronous machines [ 29 ]. In this manuscript, an
analysis of the impact of the dead-time and of the errors on
electrical parameters is exposed and tested during simulations
and experimental; 

∙ final comparison on pros and cons of the proposed control
with respect to a traditional PI control under low carrier ratio
condition. Table 1 reports a comparison between predictive
current controls (PCCs) and the proposed strategy under low
carrier ratio. 
of 11

i

An HSM with 50 rotor teeth is chosen as reference machine
for simulations and experimental results. A SVM for two-phase
machines is employed [ 31 ]. The performance analysis is carried
out at standstill considering the step response and the bandwidth
of the current loops, whereas when the rotor moves the total
harmonic distortion (THD) of the phase currents in FW region
and the regulation of the 𝑑𝑞 currents with high speeds are taken
into account. 

The paper is organized as follows: Section 2 describes the adopted
mathematical model of HSM, whereas Section 3 exhibits the
proposed robust deadbeat control with space vector modulation
for two-phase machines. Sections 4 and 5 report simulations and
experimental results, followed by Conclusions. 

2 Mathematical Model 

The dynamic of a two phase hybrid stepper motor in the ( 𝑑, 𝑞)
reference frame, according to [ 3, 24 ], is given by: 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

𝑢𝑑 = 𝐿0 
𝑑𝑖𝑑 
𝑑𝑡 

+ 𝑅s 𝑖𝑑 − 𝑖𝑞 𝑁r 𝜔𝐿0 

𝑢𝑞 = 𝐿0 
𝑑𝑖𝑞 

𝑑𝑡 
+ 𝑅s 𝑖𝑞 + 𝑖𝑑 𝑁r 𝜔𝐿0 + 𝑘M 𝜔 

𝜃̇ = 𝜔 

𝐽𝜔̇ + 𝐹𝜔 = 𝑘M 𝑖𝑞 − 𝑇L − 𝑇c 

𝑇c = 𝑁r 𝐹
2 
m 

𝑚 ∑
𝑗= 1 
4 𝑗 𝑃4 𝑗 sin (4 𝑗 𝑁r 𝜃) 

(1)

where: 𝜃 is the (mechanical) rotor angle, 𝜔 is the (mechanical)
rotor speed, ( 𝑖𝑑 , 𝑖𝑞 ) are the stator currents and ( 𝑢𝑑 , 𝑢𝑞 ) are the
stator voltages. The variables ( 𝜃, 𝜔, 𝑖𝑑 , 𝑖𝑞 ) are the state variables,
while ( 𝑢𝑑 , 𝑢𝑞 ) are the control inputs and the load torque 𝑇L is the
unknown disturbance input. 

The other model parameters are: the viscous friction coefficient
𝐹, the number of rotor teeth 𝑁r , the moment of inertia 𝐽, the
stator winding resistance 𝑅s , the stator inductance 𝐿0 and the
torque constant 𝑘M equal to 𝑁r ΦPM where ΦPM is the flux linkage
provided by the permanent magnet. 

The term 𝑇c models the disturbance torque due to cogging ( 𝐹m 

is the magneto-motive force of permanent magnet and 𝑃4 𝑗 is the
amplitude of the 𝑗 harmonics [ 8 ]). The electrical speed and angle
are 𝜔e = 𝑁r 𝜔 and 𝜃𝑒 = 𝑁𝑟 𝜃, respectively. The derivation of the
IET Power Electronics, 2026
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FIGURE 1 Dead-time voltages with 𝑇𝑑𝑡 = 1 μs and 𝑉DC = 70 V in 
FW region at 140 rad ∕s with load step from 0 to 1 Nm . 
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FIGURE 2 Proposed robust deadbeat control (RDC) with parame- 
ter extraction, flux weakening and space vector modulation for two-phase 
machines. Red boxes are presented in detail in Section 3 . 

FIGURE 3 Simulation results of ̂𝑖𝑑,𝑘 − 𝑖𝑑,𝑘 (top) and ̂𝑖𝑞,𝑘 − 𝑖𝑞,𝑘 (bot- 
tom) with classical deadbeat when the HSM parameters suddenly change 
in FW region. 
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 articles are governed by the applicable C
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odel above is obtained under the assumptions that self and
utual inductance of the two windings are constant respect to
. 

he focus of this work is the proposal of a new control strategy
n the current loops, so the first two equations of the model are
iscretized with forward Euler approximation: 

𝑖𝑑,𝑘+ 1 =
( 

1 − 𝑇s 
𝑅s 
𝐿0 

) 

𝑖𝑑,𝑘 + 𝑖𝑞,𝑘 𝜔e ,𝑘 𝑇s +
𝑇s 
𝐿0 
𝑢̂𝑑,𝑘 

𝑖𝑞 ,𝑘 + 1 =
( 

1 − 𝑇s 
𝑅s 
𝐿0 

) 

𝑖𝑞,𝑘 − 𝑖𝑑,𝑘 𝜔e ,𝑘 𝑇s +
𝑇s 
𝐿0 
𝑢̂𝑞,𝑘 + 

−
𝑘M 𝜔𝑘 
𝐿0 
𝑇s 

(2)

here 𝑇s is the sampling time. The quantities 𝑢̂𝑑,𝑘 and 𝑢̂𝑞,𝑘 are
he voltages that are physically applied to the motor. They are
qual to 𝑢⋆ 

𝑑,𝑘 
+ Δ𝑢𝑑,𝑘 and 𝑢⋆ 𝑞,𝑘 + Δ𝑢𝑞,𝑘 , respectively 𝑢⋆ 𝑑,𝑘 and 𝑢

⋆ 
𝑞,𝑘 

he optimal voltages computed by the control strategy and Δ𝑢𝑑,𝑘 ,
𝑢𝑞,𝑘 the components of the dead-time voltages. Figure 1 reports
he dead-times voltages Δ𝑢𝑑,𝑘 and Δ𝑢𝑞,𝑘 in FW region during a
oad step. The dead-time voltages are taken into account in the
ollowing parameter extraction. 

 Proposed Deadbeat Control 

he proposed robust deadbeat control is reported in Figure 2 . To
ave computational burden, the strategy uses deadbeat control
instead of M2 PC ) for the reference voltages computation. The
xtraction of Δ𝐿0 and Δ𝑘M is able to improve the accuracy of the
otor model and the space vector modulation is adopted in place
f the dwell times optimization based on minimizing the voltage
rror [ 17 ] or the current error [ 25 ] to save computational cost. 

.1 Predicted Currents with Delay 
ompensation 

he PWM delay compensation proposed in [ 32 ] is used to predict
he currents at the instant ( 𝑘 + 1)th as 
ET Power Electronics, 2026
𝑖𝑑,𝑘+ 1 =
( 

1 − 𝑇𝑠 
𝑅𝑠 

𝐿̂0 

) 

𝑖𝑑,𝑘 + 𝑖𝑞,𝑘 𝜔𝑒,𝑘 𝑇𝑠 +
𝑇𝑠 

𝐿̂0 
𝑢⋆ 
𝑑,𝑘 

𝑖𝑞 ,𝑘 + 1 =
( 

1 − 𝑇𝑠 
𝑅𝑠 

𝐿̂0 

) 

𝑖𝑞,𝑘 − 𝑖𝑑,𝑘 𝜔𝑒,𝑘 𝑇𝑠 +
𝑇𝑠 

𝐿̂0 
𝑢⋆ 
𝑞,𝑘 
+ 

−
𝑘̂𝑀 𝜔𝑘 

𝐿̂0 
𝑇𝑠 

(3)

where 𝑖𝑑,𝑘+ 1 and 𝑖𝑞 ,𝑘 + 1 are the predicted stator currents, 𝑖𝑑,𝑘 and
𝑖𝑞,𝑘 are the measured currents. With respect to Equation ( 2 ) the
quantities 𝐿̂0 , 𝑘̂𝑀 , defined as the estimated values of 𝐿0 and 𝑘M ,
equal to 𝐿0 + Δ𝐿0 and 𝑘M + Δ𝑘M , respectively, are used to improve
the model accuracy. Furthermore, the speed is considered as
slowly varying, that is, 𝜔𝑒,𝑘 ≈ 𝜔𝑒,𝑘+ 1 . 

3.2 𝚫𝑳𝟎 and 𝚫𝒌𝐌 

Extraction 

The errors of ̂𝑖𝑑,𝑘 − 𝑖𝑑,𝑘 (where ̂𝑖𝑑,𝑘 is the predicted 𝑑-axis current
at 𝑘th sampling instant) and ̂𝑖𝑞,𝑘 − 𝑖𝑞,𝑘 (where ̂𝑖𝑞,𝑘 is the predicted
𝑞-axis current at 𝑘th sampling instant) when the parameters sud-
denly augment/decrement using classical deadbeat (i.e., without
Δ𝐿0 and Δ𝑘M extraction) are displayed in Figure 3 , highlighting
the influence of the model parameters. In the simulation, the
3 of 11
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FIGURE 4 Response to a load step from 0.5 to 1.5 Nm under 
constant speed of 140 rad ∕s with 𝑇𝑑𝑡 = 1 μs for different values of the cut- 
off frequency 𝑓c ,𝐿0 . The blue trace is the output of the integrator, whereas 
the orange trace is the output of the filter. 
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FIGURE 5 Response to a load step from 0.5 to 1.5 Nm under 
constant speed of 140 rad ∕s with 𝑇𝑑𝑡 = 1 μs for different values of the cut- 
off frequency 𝑓c ,𝑘M . The blue trace is the output of the integrator, whereas 
the orange trace is the output of the filter. 
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SM runs in flux weakening region with a dead-time equal to
ero. It is worth noting that when the resistance mismatch occurs,
urrent errors are less influenced even in flux weakening region,
hereas the stator inductance 𝐿0 and the torque constant 𝑘M
xhibit a critical behaviour. So, it is important to extract precise
nformation about 𝐿0 and 𝑘M . 

he computation of the 𝑑-axis current prediction error 𝑒𝑑,𝑘 =
𝑑,𝑘 − 𝑖𝑑,𝑘 is here reported considering the voltage 𝑢̂𝑑,𝑘− 1 = 𝑢⋆ 

𝑑,𝑘− 1 +
𝑢𝑑,𝑘− 1 and the estimated quantities 𝑅̂𝑠 , 𝐿̂0 and 𝑘̂M in Equation ( 2 )

𝑒𝑑,𝑘 = 𝑇s 

( 

𝑅̂𝑠 

𝐿̂0 
−
𝑅𝑠 
𝐿0 

) 

𝑖𝑑,𝑘− 1 + 𝑇s 

( 

𝑢̂𝑑,𝑘− 1 

𝐿0 
−
𝑢⋆ 
𝑑,𝑘− 1 

𝐿̂0 

) 

Δ𝐿0 = 

{ 

2 𝜋𝑓c ,𝐿0 
𝑠 + 2 𝜋𝑓c ,𝐿0 

} 



{ 

𝐾i ,𝐿0 
𝑠 

} 

𝑒𝑑,𝑘 

(4)

here 𝑠 is the Laplace operator,  is the Z-transform, 𝑓c ,𝐿0 the
ut-off frequency of the first order low pass filter (LPF), 𝐾i ,𝐿0 
he integral parameter and Δ𝐿0 the extracted parameter. The
esistance error has no influence on current prediction error even
n flux weakening region as demonstrated in Figure 3 and the
orque constant is not a parameter of the equation, so the 𝑑-
xis predicted current is mainly influenced by the inductance
rror and the dead-time voltage Δ𝑢𝑑,𝑘 in 𝑢̂𝑑,𝑘− 1 . Changing the
utoff frequency of a low-pass filter directly shifts the boundary
hat separates the signals allowed to pass from those that are
rogressively attenuated. By reducing the cutoff frequency value,
he filter becomes significantly more restrictive and cuts out a
arger portion of the upper spectrum. In signal processing, it
leans the output of interference and sudden spikes, stabilizing
he reading at the cost of making it less responsive (see for
xample Figure 4 with cutoff frequency of 2 Hz ). Conversely,
hen this frequency is raised, the filter becomes more permissive
nd lets higher harmonic components through. In electronic
ensors, it allows the capture of very rapid variations, though
t exposes the system to a greater amount of high-frequency
ackground noise as it happens for example in Figure 4 with
utoff frequency of 500 Hz . 

he torque constant 𝑘M is included in the 𝑞-axis current, consid-
ring the voltage 𝑢̂𝑞 ,𝑘 − 1 = 𝑢⋆ 

𝑞 ,𝑘 − 1 + Δ𝑢𝑞 ,𝑘 − 1 in Equation ( 2 ) as well
s the estimated electrical parameters. The expression of the error
of 11
𝑒𝑞,𝑘 = 𝑖𝑞,𝑘 − 𝑖𝑞,𝑘 is 

𝑒𝑞,𝑘 = 𝑇s 

( 

𝑅s 
𝐿0 

−
𝑅̂𝑠 

𝐿̂0 

) 

𝑖𝑞 ,𝑘 − 1 + 𝑇s 𝜔𝑘 

( 

𝑘M 
𝐿0 

−
𝑘̂M 

𝐿̂0 

) 

+ 

+ 𝑇s 

( 𝑢⋆ 
𝑞 ,𝑘 − 1 

𝐿̂0 
−
𝑢̂𝑞 ,𝑘 − 1 

𝐿0 

) 

Δ𝑘M = 

{ 

2 𝜋𝑓c ,𝑘M 
𝑠 + 2 𝜋𝑓c ,𝑘M 

} 



{ 

𝐾i ,𝑘M 
𝑠 

} 

𝑒𝑞,𝑘 

(5)

where 𝑓c ,𝑘M is the cut-off frequency of the first order LPF, 𝐾𝑖,𝑘M 
is the integral parameter. The stator resistance mismatch Δ𝑅s 
has low influence as shown in Figure 3 and it can be neglected.
Considering the stator inductance already corrected by Equation
( 4 ), the expression of 𝑒𝑞,𝑘 is simplified as 

𝑒𝑞,𝑘 = − 𝑇s 𝜔𝑘 
𝑘̂M − 𝑘M 
𝐿0 

− 𝑇s 
𝑢̂𝑞 ,𝑘 − 1 − 𝑢⋆ 

𝑞 ,𝑘 − 1 

𝐿0 
(6)

The same observations made for Figure 4 also hold true for
Figure 5 . 

3.2.1 Low Speed Issues Under No-Load Condition 

Although the primary focus of this manuscript is on the flux
weakening operation of a machine with a high number of pole
pairs, the subsequent section will discuss its operation at very
low speeds under no-load conditions. When the machine operates
at very low speeds under no-load conditions, the extraction of
the parameter Δ𝐿0 induces an increase in the ripple of both
the 𝑑𝑞 currents and, consequently, a distortion on the output
currents. This behaviour stems from the fact that at small duty
cycle values, the 𝑑𝑞 voltages are inherently low, which hinders
the accurate extraction of the inductance. As a countermeasure,
it is recommended to enable the extraction of Δ𝐿0 only at higher
rotational speeds. 

Figure 6 shows the no-load 𝑑𝑞 currents with and without Δ𝐿0 
extraction, while Figure 7 reports the output current under a load
torque of 2 Nm . Both tests are conducted at a very low speed of 2
rad ∕s and confirm the previously discussed considerations. 
IET Power Electronics, 2026
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FIGURE 6 Response at no-load condition under constant speed of 
2 rad ∕s with 𝑇𝑑𝑡 = 1 μs . The blue traces are the 𝑑𝑞 currents using the 
extraction of Δ𝐿0 , whereas the orange traces are the 𝑑𝑞 currents without 
the extraction of Δ𝐿0 . 

FIGURE 7 Response with a load torque of 2 Nm under constant 
speed of 2 rad ∕s with 𝑇𝑑𝑡 = 1 μs . The blue trace is the output current 𝑖𝛼
using the extraction of Δ𝐿0 , whereas the orange trace is the output current 
𝑖𝛼 without the extraction of Δ𝐿0 . 

FIGURE 8 Details of the space vector modulation used for two 
phase machines. The dashed red lines are an example of 𝑢⋆ 

𝛼,𝑘 + 1 and 𝑢
⋆ 
𝛽,𝑘+ 1 . 
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.3 Robust Deadbeat Control 

he choice of deadbeat predictive current control allow saving
omputational cost. In fact, with M2 PC control, the selection of
he optimal sector is done using the full active vectors located on
he square of the space vector modulation diagram (see Figure 8 ).
his choice increase the computational burden of the strategy
ecause two active vectors at a time needs to be predicted.
ET Power Electronics, 2026

v

Therefore, the use of the full active vector in the prediction can
bring to errors on the selection of the optimal sector. 

The optimal voltages 𝑢⋆ 
𝑑,𝑘+ 1 , 𝑢

⋆ 
𝑞 ,𝑘 + 1 are computed to nullify the

current errors after two sampling periods. It is worth noting
that only one calculation is required, avoiding the enumeration
of every active vector. To compensate the delay, Equation ( 3 ) is
adopted, and then ̂𝑖𝑑,𝑘+ 1 , ̂𝑖𝑞 ,𝑘 + 1 are used to compute the new voltage
vectors, applied at the next sampling instant. The reference
voltages are 

𝑢⋆ 
𝑑,𝑘+ 1 =

𝐿̂0 
𝑇s 

( 

𝑖⋆ 
𝑑,𝑘 

− 𝑖𝑑,𝑘+ 1 
) 

+ 𝑅s ̂𝑖𝑑,𝑘+ 1 + 

− 𝜔e ,𝑘 ̂𝑖𝑞 ,𝑘 + 1 ̂𝐿0 

𝑢⋆ 
𝑞 ,𝑘 + 1 =

𝐿̂0 
𝑇s 

( 

𝑖⋆ 
𝑞,𝑘 

− 𝑖𝑞 ,𝑘 + 1 
) 

+ 𝑅s ̂𝑖𝑞 ,𝑘 + 1 + 𝜔𝑘 ̂𝑘M + 

+ 𝜔e ,𝑘 ̂𝑖𝑑,𝑘+ 1 ̂𝐿0 

(7)

The 𝑑𝑞 reference voltages are simply computed following the
well-known deadbeat principle with the use of 𝐿̂0 and 𝑘̂M in place
of the nominal parameters. 

3.4 Flux Weakening Control 

To work in flux weakening region, a simple control strategy based
on the measured speed 𝜔𝑘 is adopted. The classical FW control
based on output voltage regulation is avoided due the well-known
problems of large sixth harmonic current, windup and even insta-
bility problems [ 33 ]. The flux weakening control is implemented
by adding an open-loop component and a closed-loop component.
The open-loop component named 𝑖𝑑,ol is considered equal to
𝐾fw, ol ( 𝜔 − 𝜔N )∕( 𝜔max − 𝜔N ) , where 𝐾fw, ol is a proportional gain,
𝜔N is the base speed, and 𝜔max is the maximum speed of the
HSM. The closed-loop component is obtained by closing another
loop on the error between the available voltage 𝑈max and the
demanded voltage module 

√ 

𝑢⋆ 2 
𝑑 

+ 𝑢⋆ 2 𝑞 . This error is filtered by a
LPF and regulated with a proportional gain 𝐾fw, cl . The result is the
closed-loop current called 𝑖𝑑,cl . Summarizing, the flux weakening
current 𝑖𝑑,fw equal to − 𝑖𝑑,cl − 𝑖𝑑,ol is 

𝑖𝑑,fw = − 𝐾fw, ol ⋅

( 

𝜔 − 𝜔N 
𝜔max − 𝜔N 

) 

+ 

− 𝐾fw, cl ⋅ LPF 

( 

𝑈max −
√ 

𝑢⋆ 2 
𝑑 

+ 𝑢⋆ 2 𝑞 

) 

(8)

The current reference 𝑖⋆ 
𝑑 
is computed when the nominal speed

𝜔N in Table 2 is overcome without the use of the LPF (see [ 24 ] for
more details), resulting in 

𝑖⋆ 
𝑑 
=

{ 

0 , for 𝜔 ≤ 𝜔N 

𝑖𝑑,fw , for 𝜔 > 𝜔N 
(9)

where 𝐾fw is a proportional gain and 𝜔max is the maximum speed
of the drive. The minimum allowed 𝑖⋆ is equal to − 5 A . 
𝑑 
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TABLE 2 HSM parameters. 

Parameter Symbol Value Unit 

DC bus voltage 𝑉DC 70 V

Nominal phase current 𝐼N 10 Apk 

Poles pairs/rotor teeth 𝑁r 50 —
Stator resistance 𝑅s 0.187 Ω

Stator inductance 𝐿0 1.63 mH 

Torque constant 𝑘M 0.645 Nm ∕A 

Nominal torque 𝑇L 5.2 Nm 

Nominal speed 𝜔N 100 rad ∕s 
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FIGURE 9 Step response with amplitude of 0.5 A and frequency of 
100 Hz . 

FIGURE 10 Closed loop Bode diagram of 𝑖𝑞 ∕𝑖⋆ 𝑞 . Black dashed lines 
are the attenuation of − 3 dB (top) and the phase delay of 45 ◦ (bottom). 
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.5 Space Vector Modulation 

n the middle-high speed range, the PWM delay (due to sampling
ime 𝑇s ) can have a significant impact on the rotor position, so to
aximize the performance for all the controls, the electrical angle
t ( 𝑘 + 1)th sampling instant used for 𝑑𝑞 to 𝛼𝛽 transformation is
redicted as [ 3 ] 

𝜃𝑒,𝑘+ 1 = 𝜃𝑒,𝑘 + 1 . 5 𝑇𝑠 𝜔𝑒,𝑘 (10)

he voltages in the fixed frame are computed with 𝑑𝑞 to 𝛼𝛽
ransformation as [ 

𝑢⋆ 
𝛼,𝑘 + 1 

𝑢⋆ 
𝛽,𝑘+ 1 

] 

=

[ 

cos ( 𝜃𝑒,𝑘+ 1 ) − sin ( 𝜃𝑒,𝑘+ 1 ) 
sin ( 𝜃𝑒,𝑘+ 1 ) cos ( 𝜃𝑒,𝑘+ 1 ) 

] [ 

𝑢⋆ 
𝑑,𝑘+ 1 

𝑢⋆ 
𝑞 ,𝑘 + 1 

] 

(11)

ith the predicted reference voltages in the fixed reference frame,
he quadrant is extracted from the signs of 𝑢⋆ 

𝛼,𝑘 + 1 and 𝑢
⋆ 
𝛽,𝑘+ 1 , while

he sector is extracted from trigonometric computations following
he SVM principle for two phase machines displayed in Figure 8 .
nce the sector is selected, the space vector modulation for two-
hase machines is used. SVM for two-phase motors is reported
n stationary reference frame ( 𝛼, 𝛽) in Figure 8 . With this power
lectronics, there are 8 active vectors labelled from 𝑉1 to 𝑉8
nd 4 zero vectors labelled with 𝑉0 in the origin. The predicted
eference voltage vector 𝑉s and the angle 𝜃 are identified as 

𝑉s =
√ 

( 𝑢⋆ 
𝛼,𝑘 + 1 )

2 + ( 𝑢⋆ 
𝛽,𝑘+ 1 )

2 

𝜃 = atan ( 𝑢⋆ 
𝛽,𝑘+ 1 ∕𝑢

⋆ 
𝛼,𝑘 + 1 ) 

(12)

sing this information, two active vectors 𝑣𝛼 and 𝑣𝛽 and one zero
ector are used to synthesize the reference voltage vector 𝑉s . The
ptimal voltages 𝑢⋆ 

𝑑,𝑘 
and 𝑢⋆ 

𝑞,𝑘 
used for the delay compensation in

quation ( 3 ) are computed from 𝑢⋆ 
𝑑,𝑘+ 1 and 𝑢

⋆ 
𝑞 ,𝑘 + 1 applying a delay

f one sample. 

 Simulations Results 

he modelling and simulation of the control structure drive
ystem is carried out using PLECS environment. A commercial
tepper motor (AM34SS3DGA-N) with 50 poles pairs/rotor teeth
mploying an incremental encoder with 20 , 000 counts/rev is
sed for simulation/experimental, see Table 2 for nameplate
of 11
data. In order to take into consideration the finite resolution of
analogue-to-digital converters (ADCs) and digital pulse width
modulation (PWM) peripherals, the control schemes have been
discretized ( 𝑇s = 50 μs ), while measured currents and applied
voltages have been quantized to 16 bits resolution. The switching
frequency 𝑓sw is set to 20 kHz and coincides with the sampling
frequency 𝑓s . 

The following control strategies are considered: 

∙ classical M2 PC control; 

∙ proposed robust deadbeat control with parameter extraction
and SVM (named as RDC in the following). 

The step response of the control strategies is computed at
standstill, imposing a step reference with small amplitude of 0.5
A and frequency of 100 Hz . Same results are obtained with M2 PC
and RDC that have a rise time of two samples. 

Figure 10 reports the closed loop Bode diagrams of 𝑖⋆ 𝑞 ∕𝑖𝑞 of the
control strategies, putting in evidence that M2 PC and RDC have
the same the bandwidth, both considering the attenuation of
− 3 dB on the magnitude and the delay of 45 ◦ on the phase.
The diagram is in accordance with the results of [ 3 ] in case of
sinusoidal references. 

The behaviour of the control strategies in the low speed region is
assessed in Figure 11 . The HSM runs from 20 to 60 rad ∕s with a
constant load torque of 2 Nm considering a dead-time 𝑇𝑑𝑡 of 1 μs ,
IET Power Electronics, 2026
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FIGURE 11 Response to a step between 20 and 60 rad ∕s under 
constant load torque of 2 Nm with M2 PC (top) and RDC (bottom) with 
dead-time of 1 μs , 𝐿̂0 = 1.2 𝐿0 and 𝑘̂M = 1 . 1 𝑘M . 

FIGURE 12 Simulation with parameters mismatch using the pro- 
posed control: response to a load step from 0.5 to 1.5 Nm under constant 
speed of 140 rad ∕s with 𝑇𝑑𝑡 = 1 μs . (a) Nominal parameters; (b) 𝑅s of the 
HSM is doubled; (c) 𝐿0 of the HSM is halved; (d) 𝑘M of the HSM is halved. 
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FIGURE 13 Simulation with Δ𝐿0 extraction with electrical param- 
eters errors: response to a load step from 0.5 Nm to 1.5 Nm under constant 
speed of 140 rad ∕s with different dead-times. (a) Nominal parameters; (b) 
𝑅s of the HSM is doubled; (c) 𝐿0 of the HSM is halved; (d) 𝑘M of the HSM 

is halved. 

FIGURE 14 Simulation with Δ𝑘M extraction with electrical param- 
eters errors: response to a load step from 0.5 to 1.5 Nm under constant 
speed of 140 rad ∕s with different dead-times. (a) Nominal parameters; (b) 
𝑅𝑠 of the HSM is doubled; (c) 𝐿0 of the HSM is halved; (d) 𝑘M of the HSM 

is halved. 
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he stator inductance of the motor equal to 1.2 times the nominal
ne and the torque constant equal to 1.1 times the nominal one.
t can be seen that the classical M2 PC has a visible steady-state
rror on the 𝑞 axis, while the error on the 𝑑 axis is smaller and
eported in the zoomed plot. Furthermore, the proposed RDC
as the ability of control both currents without errors during the
ransient and in steady-state. 

he effect of the parameter variation in flux weakening region
s studied for the previous controls. In practical applications, the
tator inductance 𝐿0 is dependent on magnetic saturation effects
nd decreases with the current, whereas the stator resistance 𝑅s
ncreases with temperature. Furthermore, the torque constant
M decreases during overload operations or as the temperature
ncreases; hence the produced torque becomes smaller, making
ts estimation necessary to monitor demagnetization, so these
hree situations are studied in the following. Electrical parameters
f the hybrid stepper motor drive are modified one at a time,
eeping the others at the nominal value. 

mposing a speed reference of 140 rad ∕s , using RDC in Figure 12 ,
he response of the system is the same in case of nominal
arameters and errors on one parameter at a time. 

sing the proposed RDC, Figures 13 and 14 show the low pass
ilter output in case of Δ𝐿0 and Δ𝑘M extraction with different
lectrical parameters errors and different dead-times 𝑇𝑑𝑡 . Without
ead-time 𝑇𝑑𝑡 in Figure 13 values of 𝐿̂0 approach to the correct
ET Power Electronics, 2026
value in case of nominal values and with errors on the knowledge
of 𝐿0 and 𝑘M . The error on 𝑅s has negligible influence, even
in FW region: the error on extraction of 𝐿̂0 is under 0.2 mH .
Inserting a dead-time 𝑇𝑑𝑡 equal to 1 μs , 𝐿̂0 works to nullify the
error and include the dead-time voltage in its extraction in any
scenario, even in case of nominal parameters, in accordance with
the analysis in Section 3.2 . Results put in evidence that the major
source of error is due to dead-time. 

Figure 14 shows the extraction of 𝑘̂M . The strategy has a correct
estimation of the torque constant with nominal values and errors
on 𝐿0 and 𝑘M if the dead-time is omitted from the model. Even in
this case, the error on 𝑅s has a negligible impact: in fact, the error
on the extraction of 𝑘M is under 0.05 Nm ∕A . With the dead-time
𝑇𝑑𝑡 equal to 1 μs , it can be seen from Figure 14 that the calculation
of 𝑘̂M is influenced by the presence of the dead-time. It should
be noted that despite the error in the extraction of Δ𝐿0 and Δ𝑘M 
when 𝑅s is wrong, the 𝑑𝑞 current is properly regulated as shown
in Figure 12 . 

The controls are tested with a speed reference 𝜔⋆ of 250 rad ∕s
using nominal electrical parameters and a dead-time 𝑇𝑑𝑡 equal to
1 μs . From Figure 15 , it can be seen that the proposed RDC is able
to reach the speed reference. M2 PC cannot reach this operating
condition. Usually the cost function is based on the square of the
7 of 11
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FIGURE 15 Steady-state speeds with a speed reference 𝜔⋆ of 250 
rad ∕s , load torque of 0.5 Nm and 𝑇𝑑𝑡 of 1 μs . 

FIGURE 16 Comparison between RDC and PI with a speed refer- 
ence 𝜔⋆ of 300 rad ∕s , load torque of 0.1 Nm and 𝑇𝑑𝑡 of 1 μs . 
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FIGURE 17 Test bench with HSM, brake, torquemeter and power 
board. 

FIGURE 18 Test 1: response to a step between 20 and 60 rad ∕s under 
constant load torque of 2 Nm . The time division is 10 ms ∕div . 

 

 

 

 

 

 

 

 

8

 17554543, 2026, 1, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/pel2.70318 by C

ochraneItalia, W
iley O

nline L
ibrary on [22/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reat
urrent errors on both 𝑑𝑞 axis (see for example [ 3, 18, 34 ]) with 𝑖⋆
𝑑 

qual to 0 A , but in this situation, in FW region, both 𝑖⋆ 
𝑑 
and 𝑖⋆𝑞 

re modified by the control. 

ince M2 PC does not reach the reference at the required speed of
00 rad ∕s (the electrical frequency is ≈2400 Hz ), the PI control
s taken into consideration. From Figure 16 it can be seen that
he overshoot is comparable, but the proposed control is able to
each the speed reference with lower rise time and lower settling
ime with respect to the traditional PI control confirming the
dvantages of deadbeat-based controls in case of low carrier ratio
 30 ]. 

 Experimental Results 

he control schemes have finally been tested by experiments. The
ontrollers are implemented in their discrete version on a com-
ercial STM32H743ZI digital signal processor (DSP) controller.
he DSP is used to implement the proposed controls, as well
s to generate the PWM signals and to acquire the two motor
hase currents. 

he HSM is installed on the test bench shown in Figure 17 , which
lso includes a torquemeter and a brushless machine as a brake.
he HSM nameplate data are shown in Table 2 . The IRS2184S
alf-bridge gate driver with a dead-time 𝑇𝑑𝑡 of 400 ns is used on
he power board. 
of 11
5.1 Test 1: Speed Step with Constant Torque in 

Low Speed Region 

A speed-loop analysis has been carried out. The loop is closed on
a PI regulator. Experimental tests have been carried out imposing
a constant load torque of 2 Nm with a variable speed reference
from 20 to 60 rad ∕s . M2 PC in Figure 18a exhibits steady-state
errors when the rotor moves due to incorrect values of 𝐿̂0 and 𝑘̂M 
used in the control. From Figure 18b it can be seen that the use
of RDC improves the performance of M2 PC in low speed region
determining lower power losses, vibration and acoustic noise. 

Table 3 summarizes the results in terms of THD for the test of
Figure 18 . It is worth noting that M2 PC and RDC have comparable
THDs in this scenario. 
IET Power Electronics, 2026
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TABLE 3 Phase current THD [%] comparison with Test 1. 

𝝎⋆ = 20 𝐫𝐚𝐝 ∕𝐬 𝝎⋆ = 60 𝐫𝐚𝐝 ∕𝐬 

M 

2 PC 4.12 6.22 
RDC 3.99 6.13 

FIGURE 19 Test 2: extraction of 𝐿0 (top) and 𝑘M (bottom) with 𝜔⋆ 

of 140 rad ∕s and a load step from 0 to 1 Nm . Red: nominal parameter, 
green: extracted parameter. The time division is 50 ms ∕div . 

TABLE 4 Phase current THD [%] comparison with Test 3 at 160 
rad ∕s . 

𝑻L = 0 𝐍𝐦 𝑻L = 1 𝐍𝐦 

M 

2 PC 6.36 6.21 
RDC 6.84 5.92 
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FIGURE 20 Test 3: steady-state currents with a speed reference of 
250 rad ∕s at no load. The time division is 500 μs∕div . 

FIGURE 21 Test 4: steady-state currents with a speed reference of 
300 rad ∕s at no load. The time division is 1 ms ∕div . 
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.2 Test 2: 𝚫𝑳𝟎 and 𝚫𝒌𝐌 

Extraction in Flux 
eakening Region 

he strategies for the extraction of Δ𝐿0 and Δ𝑘M exposed in
ection 3.2 are tested in this section in flux weakening region. In
igure 19 a speed reference of 140 rad ∕s is imposed with a load
tep from 0 to 1 Nm . It can be seen that for both parameters the
ehaviour is in accordance with the one of Section 4 in Figures 13
nd 14 . When the load step is applied both 𝐿̂0 and 𝑘̂M tend to con-
erge to the nominal value despite the error given by dead-time. 

.3 Test 3: Flux Weakening Region 

he HSM is tested in FW region with different speeds and
ifferent loads. The results with a speed reference of 160 rad ∕s and
ifferent loads (in this case, at no-load condition and with 1 Nm
f load torque) are reported in Table 4 : in this situation, the THDs
re comparable for both control strategies. This confirms the fact
hat the traditional M2 PC and the proposed RDC have similar
ehaviour when they are able to reach the same speed/torque
perating conditions. The proposed strategy demonstrates supe-
ior performance in the deep flux weakening region. 

n fact, increasing the speed reference the behaviour of M2 PC is
eported in Figure 20a putting in evidence that in FW region the
ontrol is not able to reach the desired speed/torque operating
ondition. In Figure 20a the measured speed is 221 rad ∕s . The
roposed RDC is able to reach the speed reference in Figure 20b .
ET Power Electronics, 2026
5.4 Test 4: Comparison with PI Under Low 

Carrier Ratio 

One last test in case of low carrier ratio is performed comparing
traditional PI control and RDC in Figure 21 . It can be seen that PI
control has more oscillations on the 𝑖𝑞 current (and consequently
on the output currents) respect to RDC in Figure 21b . The fast
Fourier transform (FFT) for the test of Figure 21 is reported in
9 of 11
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FIGURE 22 Test 4: fast Fourier transform of the output current 𝑖𝛼 . 

TABLE 5 Computational cost of implemented strategies. 

𝐌𝟐 𝐏𝐂 RDC 

Time [ μs ] 18.19 9.49 
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igure 22 showing that the proposed RDC has lower root mean
quare (RMS) on the fundamental frequency with respect to
lassical PI. Furthermore, greater presence of subharmonics can
e observed in PI with respect to RDC. It should be noted that
he iron loss resistance 𝑅𝑖 [ 35–37 ] is not modelled in the electrical
ystem, despite this omission, the proposed strategy based on the
otor model is able to maintain the control of the drive. 

.5 Computational Cost 

he computational cost of the strategies is compared when the
ontrol is closed on the speed loop, taking into consideration
nly the execution times of the current control loops. The
lgorithms run on an internal clock of 480 MHz and the results
re summarized in Table 5 . Time measures confirm the advantage
f RDC in terms of computational cost with respect to M2 PC . 

 Conclusions 

his paper analyses the performance of a novel RDC strategy,
valuating its step response and bandwidth in current loops
t standstill. The behaviour of the RDC in the flux weakening
egion at higher speeds is also investigated. A comparison is made
etween the proposed RDC strategy and a high-performance
2 PC strategy. The key findings are summarized as follows: 

∙ the impact of dead-time is considered during the extraction of
the electrical parameters 𝐿0 and 𝑘M , demonstrating that the
estimation is influenced by this parameter; 

∙ at standstill, the step response for M2 PC and RDC is the
same, as confirmed by the closed-loop Bode diagram, which
indicates similar bandwidths for both predictive control
methods; 

∙ RDC improves performance compared to M2 PC in the low-
speed region, specifically in terms of steady-state errors; 
0 of 11
∙ in the FW region, at higher speeds, the proposed RDC
achieves a higher maximum speed compared to M2 PC . In
particular, M2 PC is limited to a maximum speed of 221 rad ∕s ,
whereas RDC extends the operational range up to 300 rad ∕s ,
representing a 35.7% performance improvement; 

∙ RDC requires fewer computational resources than M2 PC ,
with a reduction of 47.83%; 

∙ RDC, which is a deadbeat-based control, confirms the ability
to maintain the control on the 𝑑𝑞 currents in case of low
carrier ratio with respect to traditional PI. 

Future research will focus on developing a more accurate elec-
trical model to better represent the machine’s behaviour in the
high-speed region, particularly considering the dominant effect
of iron losses in high pole count machines. 
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