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Abstract: This study investigated the sensitivity of maximum torque per ampere (MTPA)
control in synchronous reluctance machines (SynRMs) to angle errors, examining specifi-
cally how deviations in the reference control trajectory affected performance. Analytical
and numerical methods were employed to analyze this sensitivity systematically, including
the impact of magnetic saturation. Two MTPA control implementation schemes were
evaluated, with torque and current amplitude as the reference variables, using a template
SynRM from the open-source simulation tool SyR-e. The results indicated that performance
sensitivity to angle errors was moderately low near the MTPA trajectory, allowing for
significant angle deviations with minimal performance loss. Although magnetic saturation
increased this sensitivity slightly, reducing the allowable error range by up to 25%, the
maximum angle deviation for up to 1% of the performance decrease still corresponded
to approximately £3° around the MTPA trajectory. The findings of this study suggest
potential for simplifying control implementations, reducing component costs through
less precise position determination (sensor-based or sensorless), and achieving additional
control objectives such as torque ripple reduction.

Keywords: control angle error; finite element method; MTPA control; sensitivity to
performance decrease; suboptimal operation; synchronous reluctance machines
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1. Introduction

Since the 1980s, permanent magnet (PM) synchronous machines have been the focus of
extensive research for high-performance drive applications. However, especially in the last
decade, synchronous reluctance machines (SynRMs) have also attracted significant interest
due to their unique advantages and the challenges of the permanent magnet industry [1-5].
The scientific and industrial sectors’ increasing interest in SynRMs is driven primarily by
the shift toward technologies that do not depend on rare-earth elements and a demand for
more energy-efficient electric machines [1,5,6]. In this respect, SynRMs have great potential,
because they do not require magnets or field excitation. They are promising for applications
requiring high efficiency, dynamic performance, and low cost due to their rotor structure,
which consists of a stack of laminations without excitation coils, short-circuited conductors,
or PMs [1,5,6]. SynRMs offer further advantages, including a wide constant power speed
range, position detection at zero speed by exploiting rotor magnetic saliency, and no risk
of demagnetization [1-3,5,7,8]. Due to these advantages, SynRMs are excellent candidates
for widespread use across various industries, including for fans and pumps, compressors,
elevators, centrifugal machines, conveyor systems, and cranes, among others [2].

Mathematics 2025, 13, 38

https://doi.org/10.3390/math13010038


https://doi.org/10.3390/math13010038
https://doi.org/10.3390/math13010038
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0001-9134-5802
https://doi.org/10.3390/math13010038
https://www.mdpi.com/article/10.3390/math13010038?type=check_update&version=2

Mathematics 2025, 13, 38

2 0f 23

The potential of SynRMs has already been recognized in the industrial sector, as
leading manufacturers such as Siemens, ABB, and KSB already offer serial high-efficiency
SynRMs for industrial use. In addition, there is considerable potential for their use in
automotive applications [1]. However, the deployment of SynRMs in high-performance
drives, such as electric vehicles, is challenged by high torque ripple, causing increased
acoustic noise and vibration [6,9]. Further drawbacks of SynRMs are, e.g., lower efficiency,
torque/power density, power factor, and constant power speed range in comparison to
well-designed PM synchronous machines [1-3,5,7,8].

There are several open challenges regarding SynRMs. Finite element method
(FEM) analysis is generally used for the design and optimization of the discussed
machines [3-5,7,9-14]. The main challenges include multiphysics designing and opti-
mizing the complex anisotropic structure of the rotor, improving the power factor, and
minimizing torque ripple, rotor iron losses, vibration, and noise [1,6,12,14,15]. Research
on SynRM motor control methods has also experienced significant growth, aiming to
achieve higher performance and efficiency of SynRM drives. The dominant approach is
applying the so-called vector control methods, where the research is directed towards
decreasing position estimation error, minimizing torque ripple, achieving high accuracy
and dynamic performance, and increasing motor efficiency [2,8,9,16-26]. In general, sen-
sor faults remain a common problem that decreases the reliability of electrical drives.
Therefore, various sensorless control methods are researched and applied [2,8,17,18,22].
Regarding control strategies, the main focus at speeds up to nominal speeds is optimizing
conduction power losses (i.e., Joule losses), which are the most significant in this operating
range. Such a strategy is known as the maximum torque per ampere (MTPA) control
strategy [2,15,19,20,24,25,27-33]. This strategy provides the minimum current for a given
torque, although the total power loss may not be minimized. Regardless, this strategy
is generally considered optimal due to its simplicity because additional consideration of
iron losses is challenging [19,20]. MTPA methods can be divided into online and offline
techniques and various implementations [2,15,19,20,24,25,27-33]. Further, torque ripple
reduction is also one of the hotspots of SynRM research. The related techniques include
both machine design optimization and advanced control [4,5,9,12-14,16,21,23].

SynRMs are highly nonlinear. Due to the saturation of stator and rotor iron cores,
the parameters of SynRMs exhibit significant variations during operation. The magnetic
saturation effects impact sensor-based and sensorless control algorithms considerably,
including the shapes of the MTPA control trajectories [2,28,32,34]. Field-oriented control
(FOC) generally allows sufficient degrees of freedom for improving performance, but iden-
tifying each machine’s nonlinear characteristics and parameters is crucial [27]. Although
the basic nominal parameters of machines are generally available, the parameters vary
nonlinearly, depending on the operating conditions (e.g., speed and load torque) [35].
Estimating nonlinear properties can be performed by numerical methods or experimentally,
but it is generally still a challenge [5,7,24,25,27,28,30,34-36]. The negative influence of
parameter uncertainty is, e.g., very noticeable in sensorless control schemes, not only for
SynRMs, but for all AC machines [36], where advanced experimental identification can
reduce uncertainties related to the manufacturing process [27,35,36]. The MTPA control
efficiency depends on the estimated reference current distribution angle, which is affected
seriously by the highly nonlinear and time-varying characteristics of SynRMs [30].

In summary, the intensive and increasing research on SynRMs has produced significant
advancements. The previous studies focused on improving SynRM performance by either
design optimization or applying various advanced control techniques and strategies. The
dominant goals are still to improve efficiency and performance, where, in various control
implementations, the MTPA strategy is adopted mainly. Based on the state-of-the-art
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research, there was a gap in the existing literature regarding the detailed analysis of how
the MTPA operation is sensitive to errors in the reference variables and the implications
on SynRM performance. These errors can occur for various reasons, where the impact
of magnetic saturation and parameter estimation uncertainties are the primary sources.
This research addressed this gap by systematically analyzing the discussed sensitivity. The
obtained results give new insights into the sensitivity of the MTPA operation of SynRMs to
reference angle deviations. Further, the results provide insight into the impact of saturation
on the reference trajectories and properties of SynRMs. Understanding the impact of angle
deviations on the performance of SynRMs is crucial for improving control strategies and
enhancing the overall efficiency of these machines.

This research’s key conclusion is that the moderate sensitivity of SynRMs to suboptimal
operation permits noticeable angle errors with only minor performance decreases (i.e.,
power-loss increase or torque decrease). The presented results support the development
of advanced control strategies to minimize multiple objectives, such as conduction power
loss and torque ripple, which would, ultimately, enhance the performance and reliability
of SynRMs in various applications. The presented results also support the simplification
of control strategies or reducing costs through less precise position determination (sensor-
based or sensorless).

This paper is organized as follows. Section 1 gives an overview of the state of the art
regarding the main research challenges of SynRMs, and places this study’s motivation,
aim, and principal conclusions in a broader context. Section 2 presents the theoretical
background regarding electromechanical energy conversion and conduction power-loss
optimization in great detail, providing an adequate platform for the analysis. The method-
ology is presented in Section 3, including both analytic and numeric approaches. This
section also presents the analytic evaluation of SynRMs’ sensitivity regarding optimum
performance, where the linear flux—current relationship is considered. The results of the
systematic analyses are presented in Section 4. The software used and the analyzed SynRM
are presented first. Then, the impacts of magnetic saturation on the properties and the
MTPA trajectory of the analyzed SynRM are presented systemically. Last, the performance
decreases (i.e., power-loss increases and torque decreases) are analyzed and presented
systematically. Section 4 gives the conclusions of the performed research.

2. Theoretical Background
2.1. Electromechanical Conversion in Synchronous Machines

Synchronous machines are typically modeled in the dq rotating reference frame [5,7,12].
The instantaneous total electromagnetic torque, Tet (id, iq, 9) , in these machines is generally
a nonlinear function of the stator current components iy and iq, influenced by the saturation
effects of the stator and rotor iron cores. It also depends on the mechanical rotor position
fm, which is affected by the varying reluctance due to the slots in the stator and rotor iron
cores. The mechanical and electrical positions are related by the number of machine pole
pairs pp, such that § = pp6m. For SynRMs, the d-axis is typically aligned with the path of
the lowest reluctance in the rotor iron core, as presented in Figure 1a.

Taking into account the amplitude-invariant transformation factor of %, Tot 1s defined

by (1) [5].

Tet (ld/ iq/ 9) =Te (id/ lq) + TA (ld/ iq/ 9)

3 N N oW, (ig,iq,0
:EPP [IIJd (ldr lq) Iq — Tq(ld/ lq) Zd] — % 1)
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The magnetic flux linkages in the d- and q-axes, ¥4 (iq,iq) and ¥q(i4, iq), represent
the average flux linkages with respect to the rotor position and are thus independent of 6.
In contrast, W, is the magnetic co-energy, which depends on the stator current components
ig and ig, as well as the rotor position 6. The variation of W, with respect to 6 corresponds
to the torque ripple tp, whose average value over a full rotor rotation is zero. Therefore,
this term is omitted when analyzing the generated instantaneous average torque T [5].
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Figure 1. (a) Schematic representation of a 4-pole (p, = 2) SynRM. (b) Depiction of a current vector
in the dq reference frame, showing its components igq and iq, as well as its polar form with amplitude
Is and angle «.

It is important to note that ¥4 (iq, iq) and ¥q(iq, iq) are nonlinear due to the magnetic
saturation effects of the stator and rotor iron cores. The degree of nonlinearity depends on
the machine type (e.g., SynRM, PM-assisted SynRM, surface or interior PM synchronous
machine) and design (e.g., distributed or concentrated windings, geometry and size of the
machine, air gap between stator and rotor, etc.).

In SynRMs, there are no PMs, so both flux linkages are produced solely by the current
components ig and iq and can be expressed in terms of the apparent inductance Lq, by (2),

Ya(ia iq) = Laa(ia,iq)id (2)

and in terms of the apparent inductance Lga by (3).

¥q (idf iq) = Laga (idf iq) iq (©)

Both Ly, and Lga are inherently nonlinear functions of the current components iy
and iq. By incorporating (2) and (3) into (1), and neglecting the torque ripple 5, the
instantaneous average torque T, can be expressed by (4),

Te(ld/ lq) = Epp [Lda (ld/lq)ldlq — Laa (ld/ Zq)lqld] = Epera(ld/ lq)ldlq 4)

where Ly, is the difference between the apparent inductances in the d- and g-axes [5]. The
total average torque 7. in SynRMs is due solely to the reluctance torque, which arises
from the interaction between the magnetically salient rotor (i.e., varying reluctance) and
the magnetic field generated by the stator current. The orientation adopted in Figure 1a
results in Ly, > Lga and Lya > 0. For motor operation, this requires the product igiq
to be positive, while for generator operation it must be negative. Achieving attractive
performance characteristics relies heavily on the design of air gaps in magnetic paths of the
d- and g-axes. The performance of SynRMs is not competitive if the saliency ratio, defined
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as the ratio between Ly, and Lqa, is below 7. This ratio is also reflected in the inductance
difference L;,. To attain such a saliency ratio, at least three adequate flux barriers in the
g-axis are required, along with the smallest possible air gap between the stator and rotor in
the d-axis, as illustrated in Figure 1a. Flux barriers generally increase the effective air gap,
thereby decreasing and linearizing the inductance Lqa. Conversely, minimizing the air gap
in the d-axis allows for high inductance L4,, which behaves highly nonlinearly due to the
iron core saturation. For further details on the impact of design on performance, nonlinear
properties, and control, refer to [4,5,7].

In the field of motor control, (4) is often expressed in terms of the current vector in
polar coordinates, defined by its amplitude Is and angle <y, as presented in Figure 1b. The
main reasons are, e.g., as follows:

*  The vector amplitude Is corresponds directly to the amplitude of the phase currents in
the stator windings due to the application of amplitude invariant transformation;

e The conduction power loss Pc,, is proportional to I%;

¢  The speed controller typically provides the amplitude of the stator current as the basis
for determining reference values for the current controllers.

The relationships between s and -y and the current components iq and iq are defined
by the projections of the vector onto the d- and g-axes, as shown in Figure 1a and given

by (5)

ig = Iscos () ()
and by (6).

iq = Issin (7) (6)

Conversely, the amplitude I; is defined by (7),

L= \J2+2 @

whereas the current phase angle vy is defined by (8).

7 = arctan <1q> (8)

1q

By considering (5) and (6) in (4), the average torque 7. (Is, ) is, alternatively, expressed
by (9).

3 .
Te(ls,7) = {PpLra(ls, 7) 2 sin (27) ©)

The polar formulation was adopted for the purpose of the presented analysis.

2.2. Conduction Power Loss Optimization Control Strategy

The nature of electromechanical energy conversion in the discussed machines, as
summarized in (4) or (9), allows for generating a desired torque T, ¢f within the machine’s
physical constraints using two degrees of freedom, namely, by adjusting Is and/or y [19,20].
Thus, the reference torque 7, ,¢f can, theoretically, be achieved by an infinite number of
combinations of (I, y) (or, equivalently, (i, iq)), as shown schematically in Figure 2a.

To enhance energy efficiency and performance limits during machine operation, the
most common control strategy is to minimize the conduction power loss in the stator wind-
ings, Pcy [19,20]. Since Py, is proportional to 2, optimal operation requires minimizing I
for a given T yef.
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From another perspective, a reference amplitude of the stator current I ¢ can result
in various output torques 7. when different angles -y are applied, as shown schematically
in Figure 2b. Similarly to the first perspective, the energy efficiency and performance limits
during machine operation are maximized when the generated torque T, for a given I ;¢ is
maximized.

Both approaches lead theoretically to the same result, known commonly as maximum
torque per ampere (MTPA) operation. This term is derived from the second perspective,
while a more general and appropriate term is maximum torque per current operation,
though it is used less frequently in practice [19,20]. Considering the first perspective
of the control strategy, a straightforward term could be minimum current for a desired
torque strategy. Regardless of the terminology, and despite both approaches leading to
the same reference trajectory in the dg-reference plane, the distinction is important when
implementing the MTPA control strategy in applied engineering [19,20].

This strategy is used typically in conjunction with FOC techniques. In FOC, the current
components iq and iq are controlled by separate proportional-integral (PI) controllers in
the dq rotating reference frame to generate the desired torque output. The MTPA strategy
is generally integrated into FOC to provide the optimal current references iy ef = ig«
and iy et = iq« for a desired operating point. The operating point is defined by a single
control (input) variable, provided either directly by the user or by a master controller (e.g.,
typically a speed controller) in cascaded control schemes. This input variable can be either
the torque reference T, ¢ Or the current reference I ,of, depending on the implemented
FOC scheme [19,20]. Therefore, we can distinguish between two general implementation
schemes, which are discussed below.

(@) S (b)

sref [ )

\ '.‘ '.‘
\ T~ ~
0 N )
X T B
\ L e ref — N B
i

0 Isl 152 153 0 Is,ref

i, (A) i, (A)

Figure 2. There are two viewpoints when optimizing conduction power loss: (a) A reference torque
Te ref Can be generated by various combinations of (Is,y). The combination (I, 1) represents the
minimum possible current amplitude for 7, ,of, making it the optimal combination. (b) A reference
current I ¢ can generate various torques T depending on the applied angle . The torque T3 is the
maximum achievable torque for I ;of, so the combination (I ref, v3) is optimal.

2.2.1. Minimum Current for a Reference Torque

When the reference variable is 7 ,¢f, the optimal operating condition is achieved by
applying the smallest possible current I;, with the current angle  adjusted adequately,
as shown in Figure 2a. The optimal operating condition for a given 7, ,f is determined
by a unique combination (Is«, ¥«). This optimal combination can be found by solving the
nonlinear optimization problem (10):



Mathematics 2025, 13, 38

7 of 23

(IS*/ 7*) =minl; st Te(ls, ’)’) = leref
! (10)
0< Is < Is,max
where I max is the maximum amplitude of the stator current, which is usually limited by
thermal or demagnetization aspects or limited by the power supply. The so-called MTPA
trajectory (or curve) is obtained by solving (10) for all feasible T, ot values [19,20]. This
results in a set of optimal polar combinations (L, v«) and corresponding combinations
(igs,igs) in the dg-reference frame, which are used as reference values for the current
controllers in FOC.

2.2.2. Maximum Torque for a Reference Current

When the reference variable is I ¢, the optimal operating condition is achieved by
adjusting the current angle y to maximize the generated torque 7. The optimal operating
condition for a given I ¢ corresponds to a unique combination (Tex,v+). This optimal
combination can be determined by solving the nonlinear optimization problem (11).

(Tex, 7+) = maxTe(Ls,y) st Is = I et
U (1)
0 S Is,ref S Is,max

The corresponding MTPA trajectory is constructed from all feasible combinations of
(Isret, 7+) or the corresponding (igs, iq«) in the dg-reference frame [19,20]. These are used
directly as reference values for the current controllers in FOC.

It is important to note that both approaches rely on the nonlinear map e (s, ), which
can be obtained for a specific machine either numerically or experimentally.

2.3. Estimation and Implementation of the MTPA Strategy in Control Schemes

The implementation of the MTPA strategy can be categorized further based on how
the reference currents iq ref and iq e are obtained and updated, with both offline and
online methods being applicable [19,20]. Offline methods rely on analytical or numerical
estimation of the trajectories prior to the operation of the drive. In contrast, online methods
estimate MTPA operation in real time by analyzing the variables obtained during the
drive’s operation. This research focused solely on the offline approach.

The MTPA trajectories can be estimated either analytically or numerically [19,20,32].
By applying the MTPA conditions 3% = 0and %%‘ = 0 to (9), both nonlinear and linear
flux—current MTPA formulations can be derived analytically.

In the simpler case of a linear flux—current relationship, the apparent inductance
difference Ly, is considered constant. However, the resulting MTPA condition . = 7 can
lead to significant deviations from the actual optimal operating conditions [19,20].

The nonlinear flux—current MTPA formulation can be obtained analytically in an
implicit form [19,20]. This approach is significantly more complex to derive, solve, and
implement in real-world engineering applications compared to the constant parameter
formulation. Consequently, it is used rarely in practice. It is important to note, however,
that the nonlinear formulation implies that not only the apparent inductances but also
the differential inductances (i.e., the local changes in inductances with respect to Is and )
affect the shape of the MTPA trajectories [19,20]. In engineering applications, analytic
formulations for approximating MTPA trajectories are often replaced by LookUp Tables
(LUTs) or various mathematical functions. These are determined using numerical methods
based on a calculated or measured nonlinear map 7. (Is, y) for a specific SynRM.
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3. Analysis of Suboptimal Operation

Suboptimal MTPA operation occurs when the instantaneous values of current am-
plitude Is and angle y do not correspond to the theoretically optimum MTPA trajectory,
as presented in Figure 2. As a consequence, the torque-to-current ratio is not the highest
possible for a specific operating point and could be increased by either correcting the
current amplitude Is and angle 7y if T, ¢ is the input or by correcting the current angle y if
the current amplitude I ¢ is the input. Such operation is, to some extent, always occurring
during transients, even if the steady-state operating point is on the MTPA trajectory. How-
ever, suboptimal MTPA operation often also occurrs in steady state. The obvious source
for such operation is an inaccurately determined MTPA trajectory, providing erroneous
references to the current controllers. Further, other factors, such as misalignment of the
reference frame (in both sensor and sensorless applications) and inaccuracy of current
sensors, lead to suboptimal MTPA operation.

3.1. Methodology

The analysis of suboptimal MTPA operation concerning angle errors was performed
for both discussed control implementation approaches and for both assumed linear and
nonlinear magnetic properties of SynRMs. The linear case was analyzed analytically, while
the nonlinear case was analyzed numerically.

In both the discussed control implementation approaches (i.e., where the input variable
was either torque T ,f Or current amplitude I ,¢), it is crucial to determine the optimal
current angle <y, accurately, as detailed in Section 2.2. Consequently, the presented analysis
is based on the variation of the current angle <y around the optimal angle 7. By introducing
the angle deviation <., the actual angle vy is defined by (12)

Y =Te+ Ve (12)

where, in the case of 7. > 0, an overestimated suboptimal angle <y is considered, and, in
the case of 7. < 0, an underestimated suboptimal angle < is considered.

In the analysis, two key performance indicators (KPIs) were evaluated with respect
to ve. The first KPI assessed the normalized deviation of conduction power loss under sub-
optimal operating conditions. Therefore, the ratio kp between the squares of the suboptimal
current Is(y¢) and the corresponding optimal current I (e = 0) was defined by (13).

I2
kp(7ve) = ITS(7€> (13)
Sk
This KPI was defined to assess the suboptimal operating conditions if the input (master)
control variable was assumed T, o, where, by definition, kp(ye) > 1.

The second KPI was defined as the ratio k; between the suboptimal torque e (7.) and

the corresponding optimum value Tes (e = 0), as defined by (14).

Te

ke(ve) = E(%) (14)

This ratio enabled analysis of the normalized deviation of the suboptimal torque with
respect to the error in current angle <. if the input (master) control variable was assumed
I ref, where, by definition, 0 < k¢(ye) < 1.

3.2. Analytical Evaluation Assuming a Linear Flux—Current Relationship

Assuming a linear flux—current relationship, the apparent inductances Lq, and Lqa, as
well as their difference L,, are constant. Consequently, for a desired stator current I ¢,
the generated torque 7 is defined by (15).
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3 .
Te = 1pmeIsZ,ref sin (27) (15)

A SynRM can achieve a desired torque 7, ot with various combinations of (I, ), as
described in Section 2.2, regardless of the assumption of linear properties. For a given T ref,
the corresponding I2 can be determined by (16).

4 Te,ref

P=2__exef
3 ppLrasin (2)

S

(16)

From both (15) and (16), it is straightforward to determine the optimum current
angle 7., which, in this case, is independent of the operating point (i.e., Te yef OF I rof) and is
defined by (17).

Ye = 17)

By considering (17) in (15) and (16), the optimum torque e for a reference current I ;¢ is
defined by (18),

3
Ter = 3 PpLrallres (18)
whereas the square of optimum current I2, for a reference torque T, ¢ is defined by (19).

4 T

2 e ref

= - 1

e (19)
Both KPIs (13) and (14) were determined based on obtained analytic functions (15)

to (19). The power-loss increase KPI kp with respect to the angle error <, is defined by (20),

2
k1 sec (27¢) (20)

kp — S
P 12, cos(2e)

where v = 7 + 9 is considered in (16).
Analogously, the torque decrease KPI k; with respect to the angle error -, is defined
by (21),

ke = 2 = cos (27¢) (21)

ex
where v = F + 9, is considered in (15).

The obtained results, (20) and (21), indicate that both the normalized torque decrease
and the normalized power-loss increase due to the angle error 7. are independent of the
operating point. They remain constant across all operating conditions (i.e., for all feasible
control inputs Te yef OF I ref) if @ constant angle error 7y, is assumed. With respect to e, both
deviations are related to a cosine function of the double error angle, which has the lowest
gradients around the optimum angle where 7. = 0. This implies that the sensitivity to
performance decrease is lowest near the optimum angle . and increases with increasing ..
Finally, the relation between the performance decrease KPIs k; and kp is defined by (22),

_ 1
- &

where the term cos (2+¢) is eliminated by considering (20) and (21). This result suggests

ke (22)

that SynRMs are more sensitive to power-loss increase compared to torque decrease with
respect to ye.

The relationships obtained in (20) and (21) can also be used to define the angle error
range corresponding to an acceptable maximum performance decrease KPI. For a given
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acceptable maximum power-loss increase ratio, kpmax, the corresponding error angle limit,
YePmax- is defined by (23).

1 1
YePmax = 5 arccos < ) (23)
2 kPmax

All angle deviations, <., that are equal or smaller than the obtained error angle limit
(i-e., |ve] < YePmax) result in kp < kppax, indicating an acceptable power-loss increase.
Consequently, the corresponding acceptable angle error range is defined between the
limit for overestimated angles, Ycp4+ = Yepmax, and the limit for underestimated angles,
YeP— = —YePmax-

Analogously, an error angle limit, Yermin, corresponding to a given acceptable mini-
mum torque decrease ratio, krmin, is defined by (24).

1
Yetmin = 5 arccos (kTmin) (24)

All angle deviations, 7, that are equal or smaller than the obtained error angle limit (i.e.,
|Yel < Yermin) result in ke > krmin, indicating an acceptable torque decrease. Consequently,
the corresponding acceptable angle error range is defined between the limit for overesti-
mated angles, Yer+ = Yermin, and the limit for underestimated angles, Yer— = —Yermin.

It is important to note that the performance decrease, in both cases, is symmetric with
regard to over- or underestimation of the optimum angle ..

3.3. Numerical Evaluation Assuming a Nonlinear Flux—Current Relationship

The functions Te(Is,y), ¥4a(Is,7), and ¥qa(Is, ) are highly nonlinear and difficult to
express analytically. Consequently, modern approaches use primarily numerical methods,
with data derived from contemporary FEM models or from adequate measurements.

In the nonlinear case, the power-loss increase KPI kp depends on both the angle error
7e and the reference torque T r¢f. It can be determined numerically by solving the nonlinear
optimization problem (11), then calculating the increased current amplitudes I for various
Ye at Te o, and applying these values to (13).

The angle deviation limit ypmax for an acceptable power-loss increase ratio kpmax can
be found by using (25),

: 2 2
YePmax — n’}yln kPmaxIs* - Is s.t. TE(IS/ 7) = Te,ref

MN<Y <7 (25)

0< < Is,max

where Y¢pmax is, in general, not symmetric around <,. The deviation limit for underesti-
mated angles .p_ can be obtained by assuming y; = 0 and y, = 7+, whereas the deviation
limit for overestimated angles y.p can be obtained by assuming ; = v and v, = 5.

Similarly, the torque decrease KPI k; depends on both the angle error 7. and the
reference current amplitude I ;. It can be determined numerically by solving the nonlinear
optimization problem (10), then calculating the decreased torques from the torque map
Te (I ref, ve ), and applying these values to (14).

The deviation limit yermin With respect to an acceptable torque decrease ratio kimin
can be obtained by solving (26),

Yetmin = H}Yin|k1’min'l—e* - Te(ISr 'Y)| st. Is= Is,ref

N<Y<mM (26)

0 < Is/ref < Is,max
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where Yermin is, in general, not symmetric around .. The deviation limit for underesti-
mated angles .- can be obtained by assuming y; = 0 and 7y, = 7+, whereas the deviation
limit for overestimated angles y¢r can be obtained by assuming 7, = 7. and v, = 7.

4. Results

The numerical analysis was conducted using Matlab, based on the open-source soft-
ware package named Synchronous Reluctance—evolution (SyR-e) [4,37], version 3.8.1,
which is available on GitHub and also through the Matlab file exchange platform. SyR-e,
developed in Matlab/Octave, facilitates the open-source design, optimization, and anal-
ysis of various types of electric machines. It utilizes the open-source software package
Finite Element Method Magnetics (FEMM), version 4.2, for electromagnetic FEM numerical
analysis. The main reasons for using SyR-e in this research were:

1.  The presented numerical analysis can be performed with free open-source software
(Matlab can be substituted with GNU Octave);

2. SyR-e provides template designs for several machine types;

3. The available template SynRM design has been manufactured, tested, and validated
experimentally by the authors of the package [4,13].

In this research, SyR-e was used to generate numerical data (i.e., torque and flux linkage
maps Te(iq,iq), Yda(ia, iq), and ¥qa(ig, ig)) for a selected template SynRM. The gathered
data were saved and analyzed further in Matlab 2023b according to the presented methodol-
ogy. The numerical analysis was performed on a standard desktop computer. This approach
allows all interested researchers to replicate and expand upon the presented research.

4.1. Design of the Analyzed Synchronous Reluctance Machine

The selected case study machine is a six-pole, three-phase SynRM with 36 stator
slots and three rotor barriers. The rotor was originally designed and optimized to retrofit
an induction machine stator [4,13]. It was designed and manufactured in collaboration
between Politecnico di Torino, Universita di Modena e Reggio Emilia and the company
Raw Power s.r.1; hence, it is denoted by the name RAWP. It can be selected, modified, and
analyzed within SyR-e. The geometry of the machine, including the corresponding rotor
and stator radii, #, and s, is presented in Figure 3. All the design parameters adhered to
the default RAWP template values, including the material properties.

: // Iron core outline

‘ / Stator slot outline

[ / Shaft outline

‘ / Rotor symmetry axis
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Figure 3. The geometry of the analyzed RAWP SynRM, featuring 6 magnetic poles, allows for the
simplification of modeling only % of the entire geometry in the FEM analysis.
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4.2. Numerical Evaluation of the Nonlinear Properties
The nonlinear maps of the discussed machine were obtained using the Flux Maps

evaluation feature in SyR-e. The flux and torque maps were computed over a defined
regular (iq,iq) domain in FEMM with a static magnetic solver. The evaluation domain
was defined with four quadrants (ng = 4), a calculated maximum current amplitude
of Ismax = 16.0052 A, and 129 current levels for evaluation (ney = 129) for both the d-
and g-axes. This resulted in an evaluation resolution of approximately 0.25 A, producing
numeric maps with 65 x 65 elements for each quadrant. The analysis focused on motoring

operation, considering only the first quadrant of the obtained maps.

4.2.1. Flux Linkage Maps
The calculated nonlinear map ¥ (i4,iq) of the analyzed RAWP SynRM is presented

in Figure 4. The corresponding map ¥q(iq, iq) is presented in Figure 5.
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Figure 4. Flux linkage map ¥4 (iq, iq) of the analyzed RAWP SynRM, with the MTPA trajectory
highlighted: (a) 3D view; (b) contour view with ¥ isolines; (c) parametric view ¥4 (iq) for selected
values of iq.
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Figure 5. Flux linkage map ¥ (ig,iq) of the analyzed RAWP SynRM, with the MTPA trajectory
highlighted: (a) 3D view; (b) contour view with ¥ isolines; (c) parametric view ¥q (iq) for selected
values of iy.

The flux linkage in the d-axis (i.e., the axis of the lowest reluctance) was impacted

predominantly by the current component iy, where, at approximately iy > 7 A, the mag-
netic paths started to saturate. Due to saturation, the MTPA trajectory deviated from the

theoretically ideal linear MTPA angle . = ¥ and curved towards the g-axis, which is a

common property of SynRMs [5,7].
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The flux linkage in the g-axis (the axis of highest reluctance) was influenced predomi-
nantly by the current component iq. Due to additional flux barriers in the magnetic circuit,
this flux linkage was significantly lower and increased more linearly within the evaluated
region compared to ¥4. In the subregion where iy < 7 A, the effect of unsaturated iron
bridges between the flux barriers was clearly pronounced for iq < 1 A. Whenig > 7 A, these
bridges became saturated, and the relationship ¥ (iq) was almost linear. It is important to
note that these barrier bridges could be saturated by both iy and iq individually. Along the
MTPA trajectory, ¥q(iq) was saturated predominantly by iq at approximately iq = 1 A and
was almost linear for iq > 2 A. Due to these effects, the MTPA trajectory curved towards
the g-axis at ig < 1 A. However, when the flux barrier bridges were saturated, the MTPA
trajectory curved back to the theoretically ideal linear MTPA angle 7. = 7.

4.2.2. Inductance Maps

The nonlinear inductance maps, presented in Figure 6, were calculated based on the
flux linkage maps in Figures 4 and 5. The obtained apparent inductance maps, Ly, in
Figure 6a and Lq, in Figure 6b, resembled the corresponding incremental inductance maps
Lg; in Figure 6d and Lg; in Figure 6e.
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. . —_ 3B £
3@ 8 < 8 < 8 E
- = T 3
25
4 / 4 4 5
0 \\\({ / /\ \ ‘ FEEN (\ (\ 5
0 4 8 12 16 8 12 16 8 12 16
iy (A) iy (A)
L, L .
CI ai ©,, g B
50
12 12
40
< | < T
< 3 / S £30 — Ly
o o
"~ -~ — — 1L,
20
4 4 =
\ 10
0 A// / 0 0
0 4 8 12 16 0 4 8 12 16 0 4 8 12 16
iy (A) iy (A) I (A)

Figure 6. Inductance maps L (id,iq) of the analyzed RAWP SynRM, with the MTPA trajectory
highlighted: (a) contour view of the apparent inductance Lg, (i4, iq); (b) contour view of the apparent
inductance Lqa (id, iq) ; (c) contour view of the difference in apparent inductances Lya = Lgy — Lqga;
(d) contour view of the incremental inductance Lg; (id, iq) ; (e) contour view of the apparent inductance
Lgi (ia,1q); (f) apparent inductances Lg,, Lqa, and Ly, with respect to Is along the MTPA trajectory.

The apparent inductance maps have, in general, lower gradients compared to their
respective incremental inductance maps because the determination of apparent induc-
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tances is based on (2) and (3), which smoothens the nonlinearity of the corresponding flux
linkage maps. The average torque Te is, according to (4), dependent only on the difference
Lya = Lga — Lqa, which is presented in Figure 6¢c. Finally, the obtained relationships of
apparent inductances Lq,, Lqa, and Lya with respect to the current amplitude Is along
the MTPA trajectory in Figure 6f confirmed that the unsaturated rotor barrier bridges
reduced the torque-to-current ratio (which is proportional to L;,) significantly, whereas
the saturation of the d-axis magnetic path did not reduce this ratio as heavily because
both apparent inductances were reduced approximately evenly at higher currents L. It is,
further, important to note that the shape of Ly, (Is) does not reflect the shape of the obtained
MTPA trajectory directly, which relates more to the discussed nonlinearity in ¥q (ig,iq) and

¥q(ig ia).
4.2.3. Torque Maps and MTPA Trajectories

Based on the presented results, the nonlinear SynRM model was approximated using
a simplified SynRM model with a linear flux—current relationship, assuming constant ap-
parent inductances. The inductance Ly, ji, was chosen to approximate the nonlinear Ly, (I5)
over a wide range of I;. We selected L, i, = 40 mH, which, effectively, approximated
the range from Iy = 2 A to Iy = 16 A, as shown in Figure 6f. This selection resulted in
models with equal torque-to-current ratios at approximately Iy = 4 A and I; = 15 A. The
simplified model was used as the baseline for comparison to assess the impact of saturation
in the analyzed SynRM. The resulting torque maps are presented in Figure 7. The maps in
Figure 7a,b were calculated based on (4). The torque map T jin (iq, id) for the SynRM model
with a linear flux—current relationship is presented in Figure 7a. In Figure 7b, the torque
map Te (iq, iq) for the SynRM model with a nonlinear flux—current relationship is presented,
which was calculated based on the nonlinear map Ly, (ig, iq), shown in Figure 6c.

Further, the MTPA trajectories were determined numerically. These can be determined
numerically by solving either (10) or (11), depending on whether the input variable is
Teref OF Igref. In the presented case, the trajectories were determined by solving (10),
which enabled the straightforward addition of circular isolines of optimum stator current
amplitudes Is. that corresponded to the presented isolines of torque T sef.
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Figure 7. Torque maps T (ig, ig) of the analyzed RAWP SynRM, with the MTPA trajectories high-
lighted: (a) contour view of T jin (iq,ig) for the simplified model with linear material properties;
(b) contour view of T, (iq, id) for the model with nonlinear material properties.

The impact of saturation on the generated average torque was evaluated by comparing
the determined maps. The most significant effect was due to the saturation of the magnetic
path along the d-axis, resulting in a sparser distribution of isotorque lines along the g-axis in
the region where iy > 7 A. This is schematically indicated by the longer arrow in Figure 7b
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compared to the corresponding arrow in Figure 7a. The asymmetric deformation of the
torque map increased the curvature of the isotorque lines, causing the nearest point on the
corresponding contours to the reference frame origin (i.e., the point of contact between
the observed torque contour and the corresponding MTPA current amplitude circle) to
shift closer to the g-axis, as shown in Figure 7b. Consequently, the MTPA trajectory curved
towards the g-axis, which is a direct result of the nonlinearity of apparent and incremental
inductances, as discussed in Section 2.3. In contrast to this, the MTPA trajectory in the
linear case is a straight line with the MTPA current angle . = 7.

4.3. Power Loss Increase Due to Angle Errors in Suboptimal Operation

Considering that the reference torque T, is the control input, any angle deviation ¢
results in suboptimal operation of a SynRM, leading to increased power losses compared
to MTPA operation, as presented in Figure 2a. This performance decrease was evaluated
based on the KPI kp, defined by (13). This part of the analysis involved transforming
the torque maps presented in Figure 7a,b from the coordinates (ig4,iq) to the coordinates
(7, Ls). The corresponding transformed maps 7. (1, Is) are presented in Figure 8a,b. In the
(7, L) reference frame, the optimum stator current vector is defined by (-, Is«), which
corresponds to the point of minimum Is for a given reference torque. This is intuitive and
straightforward to recognize from the obtained results. The map for the linear case in
Figure 8a corresponds to the square root of (16), where Ly, ji, = 40 mH and p, = 3 were
considered. The current increases symmetrically around the minimum values for all 7 ¢,
with all minimum values of current occurring at v, = 7.
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Figure 8. Torque maps (7, Is) of the analyzed RAWP SynRM, with the MTPA trajectories high-
lighted: (a) contour view of 7, in (7, Is) for the simplified model with linear material properties;
(b) contour view of Te(7, Is) for the model with nonlinear material properties; (c) normalized increase

in conduction power loss kp as a function of angle deviation 7y, for the linear case (dashed line) and
for the nonlinear case (solid lines, color-coded to isotorque lines in subplot (b)).

The map for the nonlinear case in Figure 8b was obtained numerically, based on
the map in Figure 7b. Compared to the linear case, the obtained torque isolines were
more curved around the optimum values with a sparser distribution, which was a direct
consequence of saturation of the magnetic path in the d-axis. Furthermore, saturation in
both the d- and g-axes resulted in the shift of optimum angles 7, predominantly towards
higher values compared to the linear case, which was also reflected in the nonlinear shape
of the MTPA trajectory in the dg-reference frame, as discussed in Section 4.2.3.

By evaluating both discussed maps with (13), the power-loss increase KPI kp was
determined and analyzed numerically. The obtained results are presented in Figure 8c.
In the linear case, the numerically obtained kp for all the isotorque lines aligned perfectly
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with analytically obtained results into a signle curve, defined by (20). The curve, presented
with the dashed line, confirmed that kp was independent of T, . In the nonlinear case,
saturation of the magnetic path in the d-axis caused a more pronounced asymmetrical
increase in conduction power loss with respect to 7. = 0. The obtained kp, presented with
the solid lines in Figure 8c, was dependent on both 7. and 7, ;f, Wwhere the presented lines
correspond to individual isotorque lines of equal color in Figure 8b.

Furthermore, the angle deviation limits 7y.p; and .p_ with respect to kpma,x Were
determined numerically by solving (25). This analysis was confined to a power-loss
increase of up to 10%, i.e., from kpmax = 1 to kpmax = 1.1. The results obtained within the
dg-reference frame are presented in Figure 9.

The results confirmed that the sensitivity to suboptimal operation was the lowest in
close proximity to the MTPA trajectories and increased with angle deviations in both the
analyzed cases. The limit trajectories Yep4 (kpmax, Teref) and Yep— (Kpmax, Te ref) followed the
corresponding MTPA trajectory in both the linear case, presented in Figure 9a, as well as in
the nonlinear case, presented in Figure 9b. In the linear case, the obtained limit trajectories
were linear and symmetric around the MTPA trajectory. In contrast to this, in the nonlinear
case, these trajectories were nonlinear and asymmetric with respect to the under- and
overestimated angles.

MTPA

k =1.01 k =1.02 k =1.03 k =1.04

Pmax Pmax Pmax Pmax

k =1.06 k =1.07 k =1.08 k =1.09

Pmax Pmax Pmax Pmax

8 10 12 14 16
i (A)

Figure 9. Angle deviation limit trajectories .p4 and 7.p_ for different limit power-loss increase
ratios kppyay in the dq-reference frame: (a) simplified RAWP SynRM model with linear material
properties; (b) RAWP SynRM model with nonlinear material properties. The color-coded circular
isolines correspond to stator current amplitudes for all the presented combinations of T, yef and kpmax-

The impact of saturation was finally investigated by analyzing the relationship of
the angle deviation limits y.p; and 7.p_ with respect to kpmax and T ref. The results are
presented in Figure 10.
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Figure 10. Parametric plot of the angle deviation limits yepmax (Te,ref) for kpmax = 1.01,1.02, ..., 1.1:
(a) simplified RAWP SynRM model with linear material properties; (b) RAWP SynRM model with
nonlinear material properties; (c) ratio between ¢pmax and Y¢pmaxlin-

In the linear case, the limit trajectories were independent of 7, ., as presented in
Figure 10a, and corresponded to the analytically obtained values defined by (23). The
lowest sensitivity to conduction power-loss increase was confirmed in close proximity
to the MTPA trajectory. It enabled noticeable deviations in the angle for only a slight
increase in power loss. For example, for a maximum 1% increase in power loss (i.e.,
I? = 1.0112,), the error in angle could be |y,| < %arccos (1.0171) ~ 4.03°. The result
represented a significant angle error band of width of more than 8°. For a maximum 2%
decrease in torque, the error in the angle could be up to |ye| < % arccos (1.0271) ~ 5.68°,
whereas for a maximum 5% decrease in torque, the deviation in the angle could be up
to |ve| < % arccos (1.057!) ~ 8.88°. It is important to note that these results are valid for
all SynRMs, regardless of geometry, size, etc., only if a linear flux—current relationship
is assumed.

However, magnetic saturation curved the limit trajectories closer to the MTPA trajec-
tory, decreasing the error band, as presented in Figure 10b. Further, the limit trajectories for
underestimated angles .p_ were deformed at lower 7, . compared to trajectories ycp,
because, at lower angles 7, the magnetic path of the d-axis is generally more saturated.
The impact was assessed finally by calculating the ratio between the obtained ycpmax in
the nonlinear and linear cases. The results are presented in Figure 10c. The obtained
scaled nonlinear limit curves were remarkably similar. The nonlinear limit trajectories
were from 20% to up to 27% closer to the MTPA trajectory in the saturated condition of the
SynRM, reducing the available deviation band accordingly. The allowed angle error band
for up to 1% increase in power loss was, however, still noticeable, and corresponded to
approximately 6 degrees (=3° around the MTPA trajectory) in the worst saturation case.

4.4. Torque Decrease Due to Angle Errors in Suboptimal Operation

Considering that I ,¢f is the control input, angle errors 7, result in suboptimal opera-
tion of a SynRM in terms of a decrease in generated torque compared to MTPA operation,
as presented in Figure 2b. This performance decrease was evaluated based on the KPI
kz, which is defined by (14). Analogously to the previous part of the analysis, this part
was based on transforming the torque maps presented in Figure 7a,b from the coordi-
nates (ig,iq) to current amplitude maps in the coordinates (7, 7). The corresponding
transformed maps Is(y, T) are presented in Figure 11a,b.
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Figure 11. Stator current maps Is(, Te) of the analyzed RAWP SynRM, with the MTPA trajectories
highlighted: (a) contour view of Is(7, ) for the simplified model with linear material properties;
(b) contour view of Is(7y, Te) for the model with nonlinear material properties; (c) normalized decrease
in generated torque k; as a function of angle error 7. for the linear case (dashed line) and for the
nonlinear case (solid lines, color-coded to isocurrent lines in subplot (b)).

In the (7, T) reference frame, the optimum stator current vector is defined by
(7+, Is ref), which corresponds to the point of maximum 7. for a given reference current
amplitude I o¢. This is intuitive and straightforward to recognize from the obtained results.
The map for the linear case in Figure 11a corresponds to (15), where Ly, i, = 40 mH and
pp = 3 were considered. The torque decreased symmetrically around the maximum values
for all I o, with all maximum values of torque occurring at 7y, = 7.

The map for the nonlinear case in Figure 11b was obtained numerically based on the
map in Figure 7b. Compared to the linear case, the obtained current amplitude isolines
were more curved around the optimum values with a denser distribution, which was a
direct consequence of saturation of the magnetic path in the d-axis. Furthermore, saturation
in both the d- and g-axes resulted in the shift of optimum angles <y, predominantly towards
higher values compared to the linear case, which is analogous to the results of the previous
analysis. It is noteworthy that both discussed approaches to obtain the MTPA trajectory led
to the same result.

By evaluating both discussed maps with (14), the torque decrease KPI k; was deter-
mined and analyzed numerically. The obtained results are presented in Figure 11c. In
the linear case, the numerically obtained k. (dashed line) was independent of I ;¢ and
aligned perfectly with the analytically obtained results, defined by (21). In the nonlinear
case, saturation of the magnetic path in the d-axis caused a more pronounced asymmetrical
decrease in generated torque with respect to v = 0. The calculated k; was dependent on
both 7y, and I ¢, which resulted in a family of curves that corresponded to different I ¢,
as presented with color-coded solid lines in Figure 11c. The obtained results also showed a
difference to the results of the analysis of the power-loss increase in the previous section.
The difference is that, for underestimated angles, high saturation and k+ < 0.9, the decrease
in generated torque was even slower compared to the linear case, as presented on the left
part of the Figure 11c.

Based on (21), the angle deviation limits yer+ and yer— with respect to kimin were
determined numerically by solving (26). Again, this analysis was confined to a torque
decrease of up to 10%, i.e., from kimin = 1 to kzmin = 0.9. The obtained results for the
dg-reference frame are presented in Figure 12.
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Figure 12. Angle deviation limit trajectories yer— and yery+ for different torque decrease ratios
ktmin in the dg-reference frame: (a) simplified RAWP SynRM model with linear material properties;
(b) RAWP SynRM model with nonlinear material properties. The color-coded reciprocal isolines
correspond to torques for all the presented combinations of I ;of and kr.

The obtained results were analogous to the previous analysis and confirmed that
the sensitivity to suboptimal operation was the lowest in close proximity to the MTPA
trajectories and increased with the increasing angle deviations in both analyzed cases.
The limit trajectories yer— and Yery+ followed the MTPA trajectory in both the linear case,
presented in Figure 12a, as well as in the nonlinear case, presented in Figure 12b.

Finally, the impact of saturation was investigated by analyzing the relationship of the
angle deviation limits yermin With respect to kymin and I re¢. The results are presented in

Figure 13.
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Figure 13. Parametric plot of the angle deviation limits ’yefmin(lslref) for kemin = 09,091, ..., 1:
(a) simplified RAWP SynRM model with linear material properties; (b) RAWP SynRM model with
nonlinear material properties; (c) ratio between ermin and Yermin lin-

In the linear case, the limit trajectories yer— and er4 were independent of I ¢, as
presented in Figure 13a, and corresponded to the analytically obtained values defined
by (24). The lowest sensitivity of torque decrease was confirmed in close proximity to the
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MTPA trajectory. It enabled noticeable deviations in the angle for only a slight decrease in
the generated torque. For example, for a maximum 1% decrease in torque (i.e., Te = 0.997¢+),
the error in the determined angle could be |y¢| <  arccos (0.99) = 4.05°. For a maximum
2% decrease in torque, the error in the angle could be up to |7y¢| < % arccos (0.98) ~ 5.74°,
whereas, for a maximum 5% decrease in torque, the deviation in the angle could be up
to |7e| < Jarccos (0.95) & 9.10°. The obtained error bands were slightly wider than in
the power-loss increase case, which was also derived analytically in Section 3.2. Again,
these results are also valid for all SynRMs, regardless of geometry, size, etc., only if a linear
flux—current relationship is assumed.

The magnetic saturation curved the limit trajectories closer to the MTPA trajectory for
the overestimated angles and also in some operating conditions further from the MTPA
trajectory for the underestimated angles, as presented in Figure 10b. The impact was
assessed finally by calculating the ratio between the obtained 7¢rmin in the nonlinear and
linear cases. The results are presented in Figure 13c, where the nonlinear limit trajectories
were up to 25% closer to the MTPA trajectory in the saturated condition of the SynRM. In
this case, the saturation of the flux barrier bridges also impacted the limit angles at the
corresponding current amplitudes. The allowed angle error band for up to 1% decrease in
torque was still significant, however, and corresponded to more than 6 degrees (more than
£3 degrees around the MTPA trajectory) in the worst case, which is a slightly wider band
compared to the corresponding control implementation with T sef.

5. Conclusions

The presented results confirmed that SynRMs exhibit a moderate performance de-
crease sensitivity to angle errors in MTPA control despite their highly nonlinear magnetic
properties. This sensitivity is particularly low near the MTPA trajectory, allowing for signif-
icant deviations in the current angle with minimal impact on performance. Two control
implementation cases were analyzed in the presented research, i.e., torque or current am-
plitude as the input reference for MTPA control. For small performance decreases (up to
10%), the performance decreases in both implementation cases were comparable, with the
power-loss increase being slightly more sensitive to angle errors than the torque decrease.

The results indicate further that the effects of magnetic saturation increase the sensi-
tivity to angle errors slightly, reducing the allowable error range by up to 25% in heavily
saturated operating conditions. Therefore, while SynRMs can tolerate moderate angle
errors, the unavoidable presence of saturation requires a more precise determination of
reference control trajectories to maintain close-to-optimal MTPA performance.

Overall, the demonstrated robustness against moderate control angle errors can be
exploited in applied control system design. While the allowable angle error range is
application-specific, it can generally be used as a trade-off to reduce the complexity and
cost of corresponding control systems. Due to the discussed saturation effects, applying
linear MTPA trajectories is not feasible in real-world implementations, as the implied angle
errors would lead to a significant performance decrease. However, the moderate sensitivity
can be leveraged to simplify control implementations, as it permits approximations for
MTPA trajectories within the adequate angle deviation limits using simplified mathematical
functions. Such functions, like piecewise linear approximations, would not fit the nonlinear
MTPA trajectory faithfully for all operating points but would significantly reduce the
required memory and processing power. Furthermore, the trade-off between performance
decrease and the complexity and accuracy of rotor position determination (whether sensor-
based or sensorless) can be leveraged. For instance, simpler solutions could result in more
cost-effective drives.
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The insights gained from this research can drive innovation in control strategies for
SynRM drives, encouraging the development of new approaches that exploit the moderate
sensitivity to MTPA performance decrease regarding angle errors. In this way, more
advanced and efficient control systems can be developed, thus making SynRM-based drives
more competitive and effective in various applications. The presented sensitivity analysis
could be expanded in the future by considering the impact of operating speed on saturation
and total power loss (including losses in the iron cores) in SynRMs, which is particularly
relevant for high-speed applications. This would further support the improvement and
optimization of control schemes to fully exploit the corresponding findings, potentially
enhancing the efficiency and/or cost-effectiveness of SynRM applications.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternating Current

FEM Finite Element Method

FEMM  Finite Element Method Magnetics (open-source software)
FOC Field-Oriented Control

KPI Key Performance Indicator
MTPA  Maximum Torque Per Ampere
PI Proportional-Integral

PM Permanent Magnet

RAWP RAW Power
SynRM  Synchronous Reluctance Machine

SyR-e Synchronous Reluctance-evolution (open-source software)
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