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also considers the use of a load profile that emulates the torque of a
compressor in a home refrigerator, i.e., simulating the coolant's
compression and suction processes. The first sensorless method stands on
comparing two stator voltage values in two different coordinates (real and
hypothesis) to estimate the speed and position. Meanwhile the second
method compares two current vectors expressed in the two coordinates to
evaluate the speed signal. The two-coordinates are expressed in the direct-
quadrature frame. To control the drive dynamics, a simple vector control
scheme is adopted. The performance analysis is made easier by the
presentation of the thorough mathematical derivations for each system
component. Additionally, each sensorless scheme's theoretical base is
thoroughly explained. The comparative analysis's aim is to highlight the
differences between the two sensorless techniques over the considered
operating conditions. The system's robustness and speed estimation error
are used to provide the judgment. Additionally, a low-speed operating
range is selected while applying the domestic load profile to illustrate the
limitation of both senseless. The obtained results reveal and confirm the
superiority of the current vector-based sensorless scheme via achieving
lower estimation error and better system robustness against model
uncertainties. Statistically, the sensitivity of the current-variant based
recorded a reduction of 37.5%, 55.175 and 99.8% of the sensitivity of the
voltage variant based, when considering respectively a change of 30% of
stator resistance, stator inductance and permanent flux.

© 2025 The Authors.
Published by Association for Scientific Computing Electrical and Engineering.
This is an open-access article under the CC-BY-NC license.

1. Introduction

Permanent magnet synchronous motors (PMSMs) have become increasingly prominent in
modern drive applications due to their high efficiency, compact size, and wide operating speed range
[1]-[4]. In high-performance applications such as robotics, machine tools, and advanced residential
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appliances, precise speed and torque control is required under dynamic conditions and parameter
variations [5]—[9]. The adoption of vector control enables PMSM drives to emulate the performance
of separately excited DC motors by independently regulating torque and flux components [10]—[15].
However, such high-performance control relies on accurate knowledge of rotor position and speed,
typically obtained from physical sensors. The reliance on sensors introduces additional cost, reduced
reliability, and sensitivity to harsh environments, motivating widespread research into sensorless
control strategies for PMSM drives [18]-[23].

Traditional proportional-integral (PI) controllers dominate PMSM drive implementations
because of their simplicity, but they exhibit poor robustness under parameter variations, disturbance,
or nonlinear saturation effects [11], [16], [17]. Accurate regulator tuning becomes more challenging
across wide speed ranges, especially if model-based conditions and real-time constraints are not met.
Consequently, advanced observer-based and model-reference sensorless strategies have been
proposed to estimate rotor speed and position while reducing dependence on direct sensing, offering
enhanced reliability and reduced cost [24]-[27].

Several sensorless estimation techniques have been reported in the literature, each with distinct
advantages and limitations. The Extended Kalman Filter (EKF) is widely used for its noise filtering
and adaptive capability, yet it involves significant computational burden [31]. Model Reference
Adaptive Systems (MRAS) offer simplicity but are sensitive to parameter drift [27]-[29], while
Sliding Mode Observers (SMO) and full-order flux observers are praised for robustness but often
suffer from chattering and require tuning of switching gains [32]-[34]. Phase-Locked Loop (PLL) and
Second-Order Generalized Integrator (SOGI)-based observers have also gained attention for improved
low-speed performance [33]—[35]. Disturbance-Observer-Based (DOB) and Integral State Feedback
observers enhance disturbance rejection but often rely on assumptions such as constant speed or
known load torque [36]—[38]. Most prior studies focus on performance within specific speed regions
or under constant or lightly varying loads, without a comprehensive comparative framework that
considers computational complexity, noise sensitivity, robustness, and practical applicability
simultaneously. These assumptions limit the practical applicability of such observers unless
compensatory mechanisms are integrated. Therefore, a detailed and comparative evaluation of
existing sensorless observers is required to highlight these limitations under realistic operating
scenarios.

Existing sensorless techniques for PMSM drives vary not only by estimation mechanism but also
by computational complexity, noise sensitivity, and robustness to parameter variations. These
approaches can be broadly characterized as observer-based estimation utilizing integration of speed
signals [25]-[27] and methods relying on differentiation of estimated position signals [30]—[35].
However, each category involves trade-offs: integration-based observers may suffer from drift and
steady-state errors in low-speed regions, whereas differentiation-based methods are heavily affected
by noise, resulting in imprecise estimates. Beyond these two traditional categories, hybrid and
disturbance-observer-based techniques have also emerged, with diverse performance in terms of
convergence speed, real-time implementation feasibility, and compatibility with varying load
conditions [36]—-[39]. A comprehensive assessment of these multidimensional criteria—such as
estimation accuracy, robustness, computational burden, and adaptability to load variations—is still
lacking in the literature.

Although PMSM sensorless control has been extensively addressed for industrial and automotive
systems, fewer studies explicitly examine performance under residential load profiles where load
dynamics may differ due to intermittent and nonlinear loads—such as refrigerator compressors or
household appliances. These conditions present unique challenges concerning low-speed operation,
torque pulsations, and transient load steps. The motivation for the present study lies in bridging this
research gap by evaluating multiple sensorless estimation schemes of a PMSM under a practical
residential operating scenario, incorporating a realistic compressor torque profile.

The main study contributions can be thus itemized as follows:
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e The dynamic behavior of a PMSM drive is analyzed while adopting different sensorless
techniques with a residential load profile.

e Detailed mathematical analysis for the considered control and sensorless systems is presented to
clarify the theoretical base of each topology.

e A torque profile of a refrigerator's compressor is adopted to emulate the operation of the
sensorless schemes for residential uses.

e The comparative investigation made it possible to determine each sensorless scheme's advantages
and disadvantages.

The following is how the paper is structured: The adopted control and system modeling are
introduced in Section 2 and Section 3. A thorough theoretical analysis of the sensorless methods under
study is presented in Section 4. Subsequently, Section 5 presents an evaluation of the drive
performance under each sensorless technique while applying the residential load. Lastly, the study's
conclusions are presented in Section 6.

2. PMSM model

Fig. 1 shows the per phase equivalent circuit of PMSM. Additionally, the PMSM's electrical and
mechanical sub-models can be represented using the subsequent expressions defined in d-q co-
ordinates [11]:

dige 1 )
dt = L_(uds — Rsigs + Aqswme) (D
s
digs 1 _
dt = L_ (uqs - Rslqs — AisWme) @)
s
dw 1
d:le = ]_ (Te = Ty — Fome) 3)
m

where R, and Ly are the stator resistance and inductance; 145 and 44 are the d-q components of stator
flux; Wy is the electrical rotor speed; uqs, Ugs and igs, iqs are the d-q components of stator voltage
and current, respectively. The symbols T, and T; refer to the electromagnetic and load torques, while
Jm and F refer to rotor's inertia and friction constant.

The developed motor torque can be expressed by,
T, = 1.5PAyg4igs 4)

where A4 is rotor flux and P is the pole pairs.

_5 L R, L
~ ™
+
. ) +
Ug J(’)me)\‘mg f\)

Fig. 1. Equivalent circuit model of PMSM
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3. Adopted Control System

It is worth notifying that the main purpose of presented study is to evaluate the dynamics of
PMSM under different sensorless techniques while applying a load torque emulating a residential load
profile. Accordingly, adopting the vector control can be considered sufficient to maintain a prescribed
speed and torque references.

The primary goal of this control is to completely align the rotor flux with the stator's direct axis
in order to accomplish the following equality

Ads = Amg (5)

The aforementioned relationship is achieved by keeping i;s equal to zero. In order to maintain
the flux inside the motor at the proper rate, this operation is typically utilized to avoid field weakening.

Consequently, by adjusting the current i in accordance with (4), the motor's torque can be easily
managed. The schematic diagram of vector controlled PMSM driving a compressor's load is shown
in Fig. 4. It is observed that in order to guarantee accurate transformation between various coordinates,
both the rotor's speed (wy,e) and position (8,,,) must be precisely identified. Therefore, one of the
most important tasks to do is to investigate the proper sensorless scheme. As will be stated later, two
distinct sensorless schemes are used to evaluate the dynamic performance of the PMSM drive under
different operating conditions.

The main operation of the control depends on the tuning of the two PI current controllers that
provide the reference voltages. The tuning process can be simply accomplished via aligning the poles
of the linear PI regulators with that of the second order dynamic system [40]. This is to ensure the
stability via achieving reasonable settling and fast damping. The mathematical analysis for tuning PI
current regulators is accomplished as follows.

The relationships (1) and (2), can be represented by

active part

———————~ compensating part
. lds —_— 6
Ugs = (Rsigs + Ls dr LsWmelgs ) ©
active part
—_— compensating part
o digs . )
Ugs = Rslgs + Ls—— + LsWmelas + Omedmg
dt

The compensating parts are used to reduce disturbances, while the active parts are used to drive
the transfer function, which controls how the stator voltage will respond to changes in the stator
current, and produce the required change in the stator current. The active terms are then subjected to
the Laplace transform, which yields

Ugs(s) = (SLs + Ry)igs(s)

. (8)
uqs(s) = (sLg + Rs)lqs(s)
By arranging (8), it gives
ids (S) - iqs (S) — 1 (9)
Ugs (S) uqs (S) SLS + Rs
Additionally, the PI current regulators' transfer function is depicted by (10) and (11).
K. ., .
tgs(5) = (kp + =) * ({45(S) = ias(5) (10)
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K.
Ugs(s) = (kp + ?l) * (igs(s) = igs(s)) (11)

By replacing the voltage components ugs(s) and ugys(s) from (6) and (7), and after some
mathematical derivations, the following expressions are obtained:

igs(s) B sK, + K;
i75(s)  s2Lg +s(Rs + K) + K,

12
igs(s) B sK, + K; (12)

igs(s)  s2Lg +s(Rs + Kp) + K;

The characteristic equation governing the dynamics of the PI current regulators is represented by the
denominator of (12); for the system to remain stable, the denominator must have negative real roots.

Consequently,
s?’Ls+s(Rs+K,)+K; =0 (13)
The expression (13) is a second order dynamic system, and to make it stable, it must align with the
characteristic equation of the general second-order system expressed by
s?2+2&w.s + w2 = 0.0 (14)
where € and w, are the damping factor and system's natural frequency, respectively.

Accordingly, by comparing the terms of (13) and (14), the tuned PI coefficients are determined as
K, = 2Ew,; — Ry
(15)

K; = WCZLS

To testify the correctness of the tuning procedure, a bode plot for the transfer function of (12)
using the tuned values is presented in Fig. 2, which reports that the system is stable.

Bode Diagram

20

Magnitude (dB)
; o
[(—)
T

Phase (deg)

1354 ;
10 10° 10° 10
Frequency (rad/s)

Fig. 2. Bode plot of PI regulator's transfer function

Mahmoud A. Mossa (Dynamics Evaluation of a PMSM Drive used for Residential Applications Employing Different
Sensorless Techniques)



International Journal of Robotics and Control Systems
Vol. 5, No. 6, 2025, pp. 3190-3207

ISSN 2775-2658 3195

4. Adopted Sensorless Schemes
4.1. Voltage Variant-Based Sensorless

This method compares the value of stator voltage vector in two reference systems, one
presumptive and one real, to provide a signal proportional to the speed and rotor position. As shown
in Fig. 3, two co-ordinate systems—the d-q and y-6 axes—are introduced in the model. The d-axis is
aligned with the rotor flux (4,,,4), and the d-q axes are typically used to define the actual rotor position.
Alternatively, a hypothetical co-ordinate system is represented by the y-6 axes, creating a position
difference of A between the two co-ordinates defined as follows.

AO = 6.— 0, (16)

where 6,,,, and 6, are the real and presumptive rotor positions.

Fig. 3. Real and hypothetical frames

From Fig. 4, the voltage components represented in the y-6 presumptive frame are expressed by
Uyl [RS +pLy —Liw, ] [iy] [—sin (AG)]
[u5] T | Lo, Rs + pLs] lis F Amg@me cos (A0) (17

The estimated position and speed can be obtained via considering ideal space vector allocation (46 =
0 and w, = wye), which gives

u;’ _ [Rs + pLs —Lsw, ] [iY] 0
[u:s] =Vl Ryt pls) L]+ Pmoome ] (19
where u,, and ug represent the estimated voltage terms along the y-5 axes.

The formulae in (18) represented the estimated voltages in the d-q frame considering zero
displacement between the two co-ordinates (real and presumptive). As can be noticed the voltage
difference along the y-axis can be utilized to estimate the rotor position, accordingly

Au, = uy, — Uy = dipg Wie Sin (A6) (19)

Via assuming A6 being very small, then the position difference A6 can be evaluated directly using the
voltage difference along the y-axis as

Au, = u, — u, x A6 (20)
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After estimating the displacement A8, the successive task is to synchronize the two co-ordinates
(real and presumptive). This can be done via reducing the rotating speed of the presumptive axis when
A6 > 0 and increasing the speed when 46 < 0 as indicated in Fig. 4 which outlines the synchronizing
procedure.

Fig. 4. Self synchronizing procedure

Estimating the reference system's rotational speed is essential to achieving this synchronization.
The 6 component of (18) makes it simple to get this estimate:

o = Yo~ (Rs + Lgp)is
me Amg + Lsiy

1)

As the position is obtained via integrating the speed, the displacement 46 can be minimized via
adapting a speed correction factor a. This factor thus pertains to the error between the speed of
presumptive and real co-ordinates.

A= W, — Wne (22)

These factors allow for the development of an algorithm that, in the event of clockwise or
counterclockwise rotation, acts on @ and moves 46 towards zero. Accordingly, the value of correcting
factor a can be evaluated with the help of a PI regulator as follows

a=- (KspAuy + Ky; J Auydt> sgn(w,) (23)
where K, and Kj; are the used corrective PI gains.

By appropriately correcting the estimation using the a factor, the rotor speed can be estimated as
follows:

We = Wme + (24)
where w,y,, is evaluated using (11).

The overall sensorless vector-controlled scheme can now be constructed as shown in Fig. 5.
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Fig. 5. Schematic diagram of first sensorless approach of PMSM drive

4.2. Current variant-based sensorless

By using the current as a state vector instead of the voltage, this method adds a minor variation
to the sensorless scheme while maintaining the core idea of the previously described approach in (4.1).
The algorithm compares the current evaluated by manipulating the PMSM equations in the y-6 frame
with the decomposed actual current along the d-q frame, taking into account the factors outlined in
the preceding approach in (4.1).

It is possible to express the dynamics of the presumptive y-6 currents as follows:
iy] _ Ty [ R —stc] [iy] _ [—sin (AG)]
P [ia L [u5] Lsw.  Rs |lis Amg®me | co (A0) 5
_ i [uy] B [ R, —stc] [iy] e [—sin (AH)] (25)
L [lus Lsw, Rs 1lis cos (AB)
where e pertains to the electro-motive force.

By presenting the currents at a given instant as i} and i, then the currents at the next sampling

instant {** and i§** can be evaluated by

it iy i

— 14
il =[] o L) =
The expressions of real system can be formulated assuming that the sampling period (T) is

substantially lower than the stator current time constant. An essential presumption is that the two
reference systems (real and presumptive) are aligned, have the same angular velocity (w, = Wpe),
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and have no angular displacement (46 = 0). According to this hypothesis, the formulae (25) and (26)
are represented by
"l 1 R, —Lsw o
Y _ Y| _ N sWe )/
p [ié‘n] T L [[ua] [Lsa)c R, ] ]] (27)

[:1] [ ]+p[Z]T (28)

In this case, e, stands for the motor's emf in the new frame. The sensorless technique compares
currents in the two different frames to obtain the estimated speed value.

By comparing (26) and (28), and assuming very small sampling interval, one can obtain the
deviation between the actual sensed currents and those that were computed using the system model as

follows
Alln+1 n+1 ln+1 A9
o . 29)
i n+1 i n+1 L (e — ec)
It is obvious from (29) that the position information can be derived utilizing the current deviation
along the y-axis. After some manipulation, the estimated position is evaluated by

n+1

oMl =0, + T+ K, - Ai}} (30)

Amg
Consequently, the speed can be estimated by differentiating (30), which gives
gnt 1 9 n e ;‘L+ 1 KG
c

n+l _ — Al 1
Wl T Amg + T oy (31)

Ky and K,, are gains in these formulations, and their values are modified to produce the intended
results. Deviations in voltage and current are both essential to solving the sensorless drive issue.
Interestingly, this technique has the benefit of utilizing lower voltage terms, which successfully
reduces the uncertainty brought on by the inverter.

The sensorless approach discussed in this part is implemented in a systematic manner, as
summarized in Fig. 6. Observably, two distinct current signals are recorded (measured and estimated),
compared, and the error is then sent to the estimator, which yields the observed speed signal.

5. Performance Evaluation and Discussion

To investigate the sensitivity of the two prescribed sensorless schemes to changes in the model
parameters (R, Lg and 4,,,4), numerous tests are conducted. The obtained results show that the current
variant based sensorless technique outperforms the performance of other voltage variant based
approach through exhibiting low sensitivity levels to the parameters variation. The tests also
considered the application of a load profile that emulates the torque of a compressor in a domestic
refrigerator (i.e. emulating the compression and suction of the coolant). The obtained results from
these loading conditions illustrate the superiority of the current variant based sensorless technique in
maintaining the reference speed with minimum torque oscillations.

In this regard, parametric sensitivity is defined of the speed as parameter G varies of the machine
(naturally the considerations are made at full speed) as follows:
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Aw
G _ Wqctual
Sa) - E (32)
G

By varying the speed and imposing in turn a variation of approximately 30% on the parameters
inserted in the equations, hyperbolic curves are obtained which provide a further verification of the
limit of the operating range of the method in analyses. In fact, as the speed decreases, the sensitivity

increases dramatically, thus making this method unusable below this value.

sk

Q) A® L5
— ) —{ P }— *
ry u 1
. PI |-¢—»| Actual Motor
i, = 0
—

A 4

Mathematical 1 ¢ +
Motor Model

A\ 4

Y Estimation
Algorithm

A

Fig. 6. Current vector based sensorless scheme

Fig. 7-Fig. 12 are the illustrations of the parametric sensitivities obtained from the tests carried
out on the two adopted sensorless approaches. By comparing Fig. 7, Fig. 8 and Fig. 9, where the

. A . . . . .
behaviours of S 55, S i“f and S_™ obtained from the voltage variant are reported, with Fig. 10, Fig. 11
and Fig. 12, of the current variant, there is a notable difference in behavior between the two. In
particular it cannot ignore the remarkable difference existing between the two figures reporting the

behaviour of S:)mg . This can be explained by observing (29)—(31) which allows the value of the
counter EMF to be corrected at each interval, thus compensating for any variations in the parameter.
These graphs therefore help to further highlight the better functioning of the second variant sensorless
technique (current based) in terms of robustness. The recorded sensitivity impact can be briefed in
Table 1.

Table 1. Sensitivity levels for the two adopted sensorless schemes

Sensitivity to changes in:

Adopted method

R S Ls }‘mg
Current variant 1.2 32 0.01
Voltage variant 32 5.8 6.8
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Fig. 9. Behaviour of S (I:f for the first approach
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The following results show the performances of the two sensorless techniques under realistic
residential/domestic load. During the tests we wanted to verify in particular the behavior of the two
sensorless drives in two possible situations, corresponding respectively to the different positions in
which the piston could be found at the moment the motor starts. This could in fact be found in two
particular points: at the top (point B in Fig. 13) or at the bottom (point A). If the piston was located at
A (Fig. 13—(a)), upon starting the motor should provide a sufficiently high torque to be able to
compress the coolant contained inside the cylinder.

= ;
— [ o=
= |

A B A B
(@) (b)

Fig. 13. The two different positions of the piston: (a) Compression, piston at A; (b) Suction, piston at B

|'_
C |

=

Fig. 14 and Fig. 16 illustrate the profiles of actual, estimated and reference speeds and their
relevant observation mismatch under realistic loading for the first and second semsorless approaches,
respectively. As it can be noticed, the second sensorless provides better estimation accuracy thanks to
the feedback correction made during the estimation of the EMF using corrective gains as presented in
(21). Also, the speed under the second approach maintains successfully a good track of the reference
irrespective of load variation. This fact not present in the first approach which gives priority to the
second sensorless approach.

Fig. 15 and Fig. 17 show respectively the estimated and applied load torque on the motor
outlining the compression and suction operating modes. For the two cases, the motor successfully
developed a sufficient torque to drive the load which confirm the effectiveness of the adopted
controller.

By observing Fig. 14 and Fig. 16, it can be revealed that the average speed estimation error for
the first sensorless is 0.2 rad/s, meanwhile the average value of error under the second sensorless is
nearly zero, which confirms the superiority of the second sensorless approach.

15
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s 5
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S =
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Time (s)
Fig. 14. Speed dynamic and estimation error for first sensorless
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In order to give a detailed insight on the decoupling of active and reactive stator current
components which validate the adopted control algorithm, Fig. 18 and Fig. 19 show respectively the
d-q stator currents under the two sensorless schemes. As illustrated the d-current components follows
the predefined zero value, meanwhile the g-current component follows the torque variation in
appropriate manner.
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6. Conclusion

The study presented a thorough dynamic analysis for a PMSM drive used in residential
applications while considering two different sensorless approaches. In the first sensorless technique,
the speed is estimated by comparing two stator voltage values in two separate coordinates (actual and
hypothesis). Meanwhile, in the second method, the rotor speed is evaluated by manipulating two motor
current values defined in two rotating frames (actual and hypothesis). The theory of operation of the
two sensorless methods is thoroughly explained. A comparative performance evaluation is considered
to clarify the variations between the two sensorless methods considering the residential load profile
while operating specifically at low-speed range. By attaining reduced estimation error and improved
system robustness, the captured results demonstrate and validate the superiority of the current vector-
based observer over the voltage vector-based observer. For future study, it is recommended to testify
both sensing algorithms during different operating regimes such as field weakening operation while
considering the same load profile.
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Appendix

The overall system's parameters are summarized in Table Al.

Table Al. Overall system's parameters

Parameter Value
Nominal torque 3.2 Nm
Nominal speed 377 Rad/s

R; 750 mQ
Lg 3mH

Amg 0.215 Wb
] 8.26*10* kg.m?
Uge 160 V

Pole pairs (P) 1
(Kp,K;) for current regulators 2.6 and 80
(Ksp,Ksi) and (K,,Ky) (1,0.05) and (500,500)
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