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ABSTRACT: Synchronous reluctance motors (SynRM) are widely employed in industrial applications due to their high
robustness, low cost, and absence of permanent magnets. In recent years, significant research efforts have focused on
improving the controllability and efficiency of SynRM. Accurate rotor position information is essential for the controller
to generate appropriate current and voltage references corresponding to the desired speed and load torque. Shaft-
mounted position sensors are generally undesirable because of their high cost, sensitivity to harsh operating conditions,
maintenance requirements, and reduced reliability in environments characterized by high vibration. Consequently,
sensorless control techniques that estimate rotor position using measured stator currents and voltages have attracted
increasing attention. However, magnetic saturation, parameter nonlinearities, and cross-coupling effects significantly
degrade position estimation accuracy and may compromise the stability of sensorless SynRM drives. In this paper, a
nonlinear SynRM model is developed using finite element analysis (FEA) to accurately capture magnetic saturation
and cross-coupling effects, thereby providing a precise representation of the machine’s electromagnetic behavior under
varying load and flux conditions. A series of magnetostatic FEA simulations is performed. To reduce computational
complexity, only one motor pole is analyzed by applying anti-periodic boundary conditions along the domain sides
and enforcing a zero magnetic vector potential on the external stator boundary. Nonlinear iron material properties
are modeled using the appropriate B-H curve. The simulations are carried out by imposing d- and g-axis current
components and computing the corresponding flux linkages and electromagnetic torque. Based on these results, both
apparent and incremental inductances are extracted and incorporated into the control algorithm. An advanced fictitious
flux linkage method combined with a phase-locked loop (PLL) is employed for accurate rotor position estimation.
Simulation results confirm that the proposed sensorless control strategy ensures stable operation and high position
estimation accuracy over the entire speed range.

KEYWORDS: Sensorless controller 1; advanced active flux 2; fictitious flux 3; magnetic cross-coupling 4; phase locked
loop controller 5

1 Introduction

The Synchronous Reluctance Motor (SynRM) has gained considerable attention in industrial appli-
cations due to its simple and robust structure, high efficiency, high torque density, and the absence of
permanent magnets [I-5]. The independence from rare-earth materials makes SynRMs cost-effective and
environmentally sustainable alternatives to conventional AC machines [4]. Furthermore, the absence of
rotor windings and permanent magnets results in reduced rotor losses and torque characteristics that are

@ Copyright © 2026 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



https://www.techscience.com/journal/EE
https://www.techscience.com/
https://doi.org/10.32604/ee.2025.073434
https://www.techscience.com/doi/10.32604/ee.2025.073434
https://orcid.org/0000-0003-1164-7670
mailto:nicola.bianchi@unipd.it

2 Energy Eng. 2026;123(3):22

insensitive to temperature variations [6]. The stator structure is similar to that of an induction motor,
featuring three-phase sinusoidally distributed windings supplied by balanced currents [4,7,8], while offering
higher torque density and lower manufacturing cost compared to induction motors [9-11].

High-performance SynRM drives require accurate rotor position information to achieve precise speed
and torque control [4,12,13]. Although shaft-mounted position sensors can provide this information, their
use is often limited by increased cost, reduced reliability in harsh environments, sensitivity to vibration and
temperature, and installation constraints [13-16]. Consequently, sensorless control strategies have become
increasingly attractive for reliable and low-cost SynRM drive systems.

Recent advances in microcontrollers and power electronics have enabled the development of sensorless
SynRM control schemes based on electrical signal measurements [4,17,18]. Among these, model-based
position estimation techniques are particularly appealing since they do not require high-frequency voltage
injection. However, the strong magnetic saliency of the SynRM rotor introduces significant nonlinearities
due to magnetic saturation and cross-coupling, which complicate accurate stator flux and position estimation
and may degrade estimator stability [19-21]. Many existing approaches simplify the problem by neglecting
these nonlinear effects and relying on voltage-model-based flux estimation [22,23].

The fictitious flux linkage concept, originally proposed in [24,25] and further developed in [26,27],
enables rotor position estimation by aligning the fictitious flux with the rotor d-axis. Nevertheless, accu-
rate stator flux estimation remains critical, particularly when magnetic saturation and cross-coupling are
present [28]. Recent studies have highlighted the necessity of incorporating nonlinear magnetic effects for
reliable sensorless operation [29-31].

In this paper, a nonlinear SynRM model including magnetic saturation and cross-coupling effects
is developed using Finite Element Analysis (FEA)-based magnetic mapping. The resulting nonlinear flux
linkage lookup tables are integrated into a combined voltage and current model for accurate stator flux
estimation. A fictitious flux linkage is then computed and used in conjunction with a Phase-Locked Loop
(PLL) to estimate the rotor position. Steady-state and dynamic simulation results validate the effectiveness
and robustness of the proposed sensorless control strategy.

2 Modelling of Nonlinear SynRM

To design the controller of the nonlinear SynRM, it is first necessary to develop an accurate non-
linear magnetic model of the machine. This model can be constructed either from measured magnetic
characteristics obtained on a test bench or via finite element analysis (FEA) [32-34].

In this section, the nonlinear model of the selected SynRM is developed considering magnetic cross-
coupling effects through FEA. To obtain accurate results, a series of magnetostatic FEM analyses is performed
following the approach in [35-37]. To enhance computational efficiency while preserving precision, only one
pole of the motor is analyzed, with anti-periodic boundary conditions applied on the lateral boundaries and
a zero magnetic vector potential enforced on the external stator surface. Nonlinear iron material properties,
characterized by the appropriate B-H curve, are adopted. The analyses are conducted by imposing the
d- and g-axis current components and computing the corresponding d- and g-axis flux linkages along with
the electromagnetic torque.

From the FEA results, and using Eqs. (2), (6), and (7), the stator resistance as well as the apparent

and incremental inductances of the motor are determined. These parameters are subsequently used in the
controller design and are summarized in Table 1.
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Table 1: Motor parameters

Parameter Symbol Value Unit
Nominal voltage Vn 300 \%
Nominal current Iy 6 A
Stator resistance R; 4.6 Q
Direct axis inductance Ly 400 mH
Quadrature axis inductance L, 54 mH

Number of pole pairs p 2 -
Nominal torque N 11.5 Nm
Nominal speed nn 1400  rpm
Inertia J 0.03  kgm?

The nonlinear equations of the SynRM model are given by

dA
va = Rsig + d_d - w;Ag

ey 1)
vg = Ryig + 14 w;, Mg

dt

Rearranging the above equations yields

d—M =V4 —Rsid + a)fn)tq
dt
q . e
W =Vq - Rslq - wm/\d

For the nonlinear SynRM, the flux linkages 14 and A, depend strongly on the operating point (ig4, ig).
The relationships A14(i4, iq) and A4(ig, iy) for the given machine are obtained through FEA.

The flux linkage variations can be expressed as

dld = a—).tddid + a—l‘ddiq
diy di, 3)

drg = 20 g5, Doy,

17 90,0 91,

From Eq. (3), the incremental inductances are defined as
odg Ay
ldd(id,iq) ldq(id,iq) dig  dig
. T lar, an (4)
lga(iariq) lgq(iarig)] [%%a %4
dig  diy
At any operating point (i4, i4), the inverse of the incremental inductance matrix defines the inertance
matrix:

[Ydd(id,iq) qu(id’iq)]_[ldd(id)iq) lig(iarig)]"

yqd(idaiq) )/qq(id)iq) - lqd(idaiq) qu(id;iq)

(5)
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Using Eq. (3), the current variations can then be computed as

dig=yaa(ia,iq)dAa +yaq(ia, ig)dA, (6)
diq = )’qd(id’ iq)dld + qu(id, iq)d/\q

Let us remember that the cross incremental inductances I, and I 4 are equal. As a consequence, the

inertance y4, and y,4 are equal
Furthermore, the electromagnetic torque ., can be calculated from the currents ig4, i, and flux linkages

Ad> Aq [38] as:

3
Tem = EP(/\dlq - Aqid) (7)

where p is the number of pole pairs.
The nonlinear motor model, shown in Fig. 1, is based on Eqs. (2), (6) and (7).
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Figure 1: Dynamic motor model

The results obtained from the model shown in Fig. | are presented in Fig. 2a,b. These results confirm
that a nonlinear model of the SynRM has been successfully developed for control purposes.
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Figure 2: (a) Nonlinear d-axis flux A4; (b) Nonlinear g-axis flux A,

2.1 Nonlinear d-Axis Flux Linkage A4
Fig. 2a illustrates that the d-axis flux linkage exhibits nonlinear behavior and is influenced by both the
direct- and quadrature-axis currents, reflecting the presence of cross-coupling effects.
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2.2 Nonlinear q-Axis Flux Linkage 1,

Fig. 2b illustrates the nonlinear g-axis flux linkage, which is influenced by both the direct- and
quadrature-axis currents, including the magnetic cross-coupling effect. It is noteworthy that a significant
variation occurs at iy & 0, which is attributed to the presence of iron bridges.

3 Design of the Advanced Fictitious Flux Estimator

This section integrates two complementary methods, a voltage integrator and a flux observer, accounting
for nonlinear magnetic cross-coupling, to design an advanced fictitious flux linkage estimator. To accurately
estimate the rotor position, the fictitious flux linkage is derived from the stable stator flux linkage of the
model and processed through a phase-locked loop (PLL) controller for medium- and high-speed operations.

3.1 Voltage Integrator

The voltage equations of the SynRM in the stationary a-f reference frame are

ve ] [Re 0][ia] d [N
[Vﬁ]_[o Rs][%ba[lﬁ] (8)

where v, Vg las 15 Aa»and A p are the voltages, currents, and flux linkages in the stationary a-f3 frame, and
R; is the stator resistance. From Eq. (8), the flux linkage vector 1,4 can be computed as

)La[; = f(ﬁaﬂ—RslTa/g)dt )

At zero or low speed, the back-EMF is negligible, and Eq. (9) fails to provide an accurate estimate of the
a-f3 flux linkages. To overcome this limitation, a flux observer is incorporated into the estimator.

3.2 Flux Observer

To estimate the rotor-frame currents qu, the estimated rotor position 8¢, must be known. The rotor

position §¢, is obtained using a PLL controller (described below). The current vector qu is computed from
the measured «-f currents as

{dq = lralge_jéf" (10)

The incremental inductance matrix of the nonlinear magnetic model, obtained from FEA, is given
in Eq. (4). The flux linkage vector A4, in the synchronous dq reference frame is then computed as

2 i lag|[ia

=[] )
Tl g Il

where the tilde denotes that the flux is calculated from the current model. The corresponding flux in the

stationary frame is

Xap = Lagel®n (12)

Here, )_Lo, pis obtained from the voltage integrator, while ;\a pis obtained from the flux observer. A detailed
explanation is provided in Appendix A, including the cross-coupling inductance that causes errors in the
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estimation. The flux estimation error is defined as
ierror = ior,B - iocﬁ = /Lxﬁ - Za/S lToc[S (13)

Accurate rotor position estimation requires that )Ate,m be zero. Since the inductance [, depends on
the estimated position an, /Alem,, is also a function of an The error becomes zero when 6¢, — an =0.To
achieve this, A¢,or is transformed into the dq frame using the estimated rotor position, and the resulting dq
error is input to a PI controller to drive /A\erm to zero. The output of the PI controller provides the estimated
stator flux linkage )Atdq, which is subsequently transformed back to the stationary frame as A, p» as illustrated

in Fig. 3. The estimated flux linkage A, g is then used to compute the fictitious flux vector, as described in the
following subsection.

d__,| abc

Vb to

= ap

'Ia_> abc
bl to
=~ aB

Figure 3: Combined model of the voltage integrator and flux observer for estimating the SynRM stator flux linkage

3.3 Fictitious Flux Linkage Estimation

The flux linkage Ao p in the stationary reference frame is obtained from the measured current i-a[; and

the applied voltage v, as given in Eq. (9). In the synchronous reference frame, the flux linkage is depicted
in Fig. 4, and the estimated synchronous frame flux linkage is given by

Aig = Laig + jLgi, (14)
where the uppercase L denotes the apparent inductances, which are defined at any operating point (ig, iy).

actual
g-axis

A= d-axis
\lg : PR <
\ F Re
1. om )
\/ 385 SAe;, 49 actual
> L7 d-axis
Iq dld

Figure 4: Representation of the synchronous reference frame flux linkage A4,
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The following remarks are noteworthy:
It is not necessary to estimate the magnitude of the d-axis flux linkage; only its direction needs to be
determined. Therefore, any vector aligned with A; = L, iy can be computed, and its direction provides an

Q-axis actys,

indication of the d-axis orientation, as illustrated in Fig. 5.

T
I
I
.
.
]

Figure 5: Estimated synchronous reference frame flux linkage ;ldq and fictitious flux linkage
(15)

3.4 Determining the Fictitious Flux Linkage Vector A fap
(16)

The fictitious flux linkage vector is defined as

Afap = Aap = Lyiap
17)

Multiplying Eq. (15) by e~/ 6.\ and separating /A\dq and qu into rectangular components yields

Afag=(La—Lg)ia
The estimated electromagnetic torque is then calculated as

. 3 4
Tem = Ep)tqulq
The combined model of the voltage integrator and flux observer is shown in Fig. 3.
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3.5 Rotor Position Estimation Using a Phase-Locked Loop (PLL) Controller

A PLL controller given in Fig. 6 is employed to estimate the rotor position [39,40].

e>
y30

D>
30

|

Figure 6: PLL controller for speed and rotor position estimation

Fig. 7 illustrates the vectors an and 0¢, are represented in the plane.

q AB

Figure 7: Vector representation of the estimated §¢, and actual 6, rotor positions

From Fig. 7, the components of the fictitious flux in the stationary frame are

Afo = Agcos(
- Afcos( ) (18)
Afﬁ = /\f sin(@fn)
The position error signal is defined as
€= Asgcos(2,) — Asqsin(65,) (19)
= Arsin(0¢, - 02,) ~ 02, - 6°, (20)

From Figs. 6 and 7, it is evident that when A6?, = 0, the estimated values match the actual values. The
error signal e serves as the input to a PI controller, whose output provides the estimated rotor speed @y;,. The
estimated rotor position 6¢, is then obtained by integrating @y,.

4 Results and Discussion

The proposed nonlinear model is evaluated using the estimated rotor position §¢, and speed @¢,
obtained from the advanced fictitious flux estimator. The model is simulated with a step reference speed of
146.6 rad/s. At t = 2 s, a step load torque equal to the rated torque 7, = 11.5 Nm is applied. At t = 4 s, the
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load torque is removed, and the speed is reversed. Finally, at t = 6 s, the rated torque 7 is applied again. The
simulation results demonstrate satisfactory performance under these conditions.

4.1 Stator Flux Linkage Comparison

The accuracy of the proposed estimator depends on both the magnitude and phase of the estimated
flux linkage. Deviations in amplitude or phase relative to the actual flux linkage may result in erroneous
speed estimation, particularly at high or low speeds. Therefore, the estimator output must remain in phase
and match the magnitude of the actual flux linkage under all operating conditions. Fig. 8a—c compares the
estimated and actual flux linkages under various operating conditions. It can be observed that the proposed
estimator closely tracks the amplitude and phase of the actual flux linkage.

g == £ gz

[ &

I
@ ®

Figure 8: Comparison of estimated and actual stator flux linkage: (a) step starting; (b) step load torque; (c) reversed
direction

4.2 Estimated and Actual Speed Comparison

The estimator calculates flux linkage and speed using Vg4, I44, and the L,, inductance lookup table.
At standstill, the flux linkage is zero, making speed estimation unreliable. Therefore, the machine is initially
started using a rotating current vector based on a fictitious position. Once the speed reaches approximately
20% of the rated speed, the estimator output is used in the speed control loop. Fig. 9a-c shows that while
speed estimation is challenging at startup, the estimator accurately tracks the reference speed under step load
and correctly estimates reversed speed.
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(@ (b) (©)

Figure 9: Comparison of estimated and actual rotor speed: (a) step starting; (b) step load torque; (c) reversed direction

4.3 Estimated and Actual Position Comparison

The estimated position is obtained by integrating the estimated speed as shown in Fig. 6. Due to initial
speed estimation errors, the position contains an initial offset, as seen in Fig. 10a. Once the speed reaches
approximately 20% of the rated value, the estimated position aligns with the actual position within 0.025 s.
A minor deviation occurs at the speed reversal, but the estimator rapidly converges to the actual position
within 0.26 s (Fig. 10a—c).



10 Energy Eng. 2026;123(3):22

—— Eatimaind positon]

g, g, 2, [
5 5 5
=2 B2 B2
& & H

0 0F— I 0‘

0 0.05 0.1 0.15 0.2 0.25 0.3 2 2.01 2.02 2.03 2.04 2.05 2.06 207 4.3 4.4 4.5 4.6 4.7 4.8
Time (seconds) Time (seconds) Time (seconds)
(@) (W) ©

Figure 10: Comparison of estimated and actual rotor position: (a) step starting; (b) step load torque; (c) reversed
direction

4.4 Estimated and Actual Electromagnetic Torque Comparison

The actual electromagnetic torque is computed using the nonlinear magnetic model (Eq. 7), while the
estimated torque uses the fictitious flux linkage (Eq. 17). Fig. 11a—c demonstrates that the estimator accurately
reproduces the electromagnetic torque after a brief transient.
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Figure 11: Comparison of estimated and actual electromagnetic torque: (a) step starting; (b) step load torque;
(c) reversed direction

4.5 Estimated and Actual Currents 1; and 1, Comparison

Figs. 12 and 13 show the estimated and actual I; and I, currents, respectively. The results indicate that
the proposed model accurately estimates and controls the I, currents, meeting the precision requirements
of the sensorless current controller.
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Figure 12: Comparison of estimated and actual I; current: (a) step starting; (b) step load torque; (c) reversed direction

o
o

[~ Estimatod curentiq
——Measured g

IS
IS

——— Estimated curent Iq
——Moasured_la

CurrentIq (A)
~
CurrentIq (A)

N

Currentlq (A)

o

0
o

o

0.2 0.4 0.6 0.8 1 1.2 1.95 2 205 21 215 22 225 23 235 4 4.5 5 5.5
Time (seconds) Offset=0 Time (seconds) Offset=0 Time (seconds)

() () (©

2

Figure 13: Comparison of estimated and actual I, current: (a) step starting; (b) step load torque; (c) reversed direction
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5 Conclusion

An advanced fictitious flux linkage approach for sensorless operation of SynRM has been presented.
The main contributions and novelties of this work are:

1. A nonlinear SynRM model is used, including all effects experienced by a real machine. Unlike most
studies that rely on linear dq voltage equations in MATLAB, this model captures saturation and
magnetic cross-coupling accurately.

2. Two complementary methodologies, the voltage integrator and flux observer, are combined to estimate
the af3 and dq flux linkages. These estimates are further processed through a fictitious flux estimator
in series with a PLL controller, ensuring the estimated speed and position align with the actual values
under medium and high-speed conditions.

3. The flux observer employs a lookup table (LUT) of flux linkages across the operating range, allowing
precise estimation of instantaneous dq flux linkages from the measured i, currents.

Simulation results demonstrate that the proposed model is globally stable under all operating conditions
without sensors. A nonlinear magnetic model of the SynRM, verified via FEA, is used to account for rotor
inductance saturation and cross-coupling effects, issues often neglected in sensorless controller design. The
proposed controller overcomes these nonlinearities by using LUTs of flux linkages iaﬁ and currents fa’g,
referenced to the estimated rotor position 6¢,. A PI controller corrects flux linkage errors between the voltage
and current models, providing an accurate stator flux linkage. The fictitious flux linkage is aligned with the
d-axis current, and the PLL controller accurately estimates rotor position and speed.

Simulation comparisons confirm that the estimated rotor position 8¢, enables stable sensorless opera-
tion of the SynRM. The only limitation is that the machine is not self-starting and requires a rotating current
command based on a fictitious position to accelerate to approximately 20% of rated speed for accurate speed
and position estimation.
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Abbreviations

PLL Phase locked loop

SynRM Synchronous reluctance motor
PM Permanent magnet

FEA Finite element analysis

PI Proportional Integral
Appendix A

Eq. (12) can be written in terms of i, and [4,] given as

Mg = [T [Lag)[Tiap (A1)
where:

. A
cos@;, sin Gm]

s De e
—sin0;, cos6?,

[T]" = [Tagfp] - [

and

[T = [Taplay] - [

n A,
cos¢ —sin Gm:|

sinf®,  cosfh o
Therefore the following relation can be consider in af, as:
[Lap] = [T]7 [aq][T] (A2)

Joining with (A1) we get

)104; = [T]‘l[ldq][T]faﬂ = l“ﬁfa,g (A3)
Here [, is
cos B¢, sin §° lp 1 cos0°  —sin 6¢
1] = [ . 9 Jm s A4
L] [—sin9$n COS%HZW lq][smf); 9] A

_ |:lz — 15 cos20¢, — 1y sin20¢, —l,sin20¢, + lag cos20¢, :| 5

—I5 sin260°, + I cos 20¢, Iss + 15 cos20¢, + lag sin20¢,
The inductance s referrs to as the average incremental inductance and it is:

_ld+lq
2

The inductance [, referred to as the difference incremental inductance and it is:

el

Ia 5
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