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The presented study concerns with evaluating the dynamic performance of
an isotropic sinusoidal brushless motor drive while utilizing different
sensorless schemes. Three estimation algorithms are considered: the first
depends on extracting the speed and position via comparing two values of
motor's voltage in two co-ordinate systems; the second extracts the speed
and position signal via comparing two different values of motor's current
defined in two co-ordinates; while the third depends on estimating the
motor's flux and use it to get the speed and position. The vector control is
adopted to manage the drive dynamics. The detailed mathematical
derivations for all system components are presented to facilitate the
performance analysis. The theoretical base of each sensorless scheme is
also described in detail. The target of the provided comparative analysis is
to outline the weakness and strength points of each adopted sensorless
schemes while estimating the speed and rotor position for a wide operating
speed range. The judgment is measured in terms of the speed and rotor
position estimation errors and the dynamic response as well. The
performance evaluation process is carried out using MATLAB/Simulink
software in which all system parts are simulated using their mathematical
models. The findings from the study state that when it comes to dynamic
speed behaviour, the voltage-based sensorless technique dominates, while
the current-based sensorless approach gives stability in speed estimate
priority. Alternatively, the third adopted sensorless scheme offers an
acceptable high-speed performance and respectable performance at lower
speeds. Statistically, it is found that the voltage-based estimation technique
gives respectively lower speed and position estimation errors with
percentages of 35% and 10% lower than their values under the current-
based estimation technique, and with percentages of 35% and 30% lower
than their values under the third adopted scheme.

This is an open-access article under the CC-BY-SA license.

1. Introduction

Brushless AC motors (BLAC) such as PMSM motors are used in a wide range of industrial
applications for electromechanical systems due to their high power densities, high torque-to-inertia
ratio, high operating efficiency, and good control over a broad range of speeds. High performance
drive systems are used in machine tools, robotics, rolling mills and other applications where they must
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respond quickly and accurately, recover quickly from disturbances, and be insensitive to changes in
parameters. In such applications, the PMSM can provide performance characteristics that are
comparable to those of a separately excited DC motor if the vector control scheme is adopted [1]-[4].
In addition to decoupling torque and flux for quicker response, the PMSM drive system's vector
control scheme also simplifies the control task. The principle of vector control stands on decoupling
the flux and torque control of the machine via identifying the corresponding stator current
components. The stator current is decoupled into two orthogonal components (direct and quadrature)
which found that they are proportional to the motor flux and torque, respectively. The reference d-q
stator currents are derived firstly using the command speed and flux values, and then compared with
the actual d-g current components. Later, the current errors are fed to linear PI controllers to provide
the reference voltage signals to be applied on the motor windings via a voltage source inverter (VSI).
In order to satisfy the additional requirements of the high performance drive, the speed controller
utilized in the PMSM drive system is crucial. It should allow the drive to track any reference speed
while accounting for variations in parameters, saturation, and the impact of the load. Both dc and ac
motor drives have extensively utilized conventional controllers, such as proportional integral (P1) or
proportional integral differential (PID). However, designing these kinds of controllers can be
challenging in the absence of a precise system model. Furthermore, the performance of these
controllers for a broad range of speed operations is impacted by unrecognized load dynamics and
further elements like temperature, saturation and noise [5]-[7]. These facts can be inferred to the
dependency of the controllers' coefficients on the system model which can be varied under different
operating conditions.

In addition to the load variation, coupling the load to the motor's shaft may result in changes in
the friction coefficient and inertia. A PMSM speed control technique utilizing input-output
linearization has been presented [8]-[10]. To strengthen the scheme's resistance to imprecise speed
measurements, an integral controller has been added. Other variations in motor parameters, however,
have not been taken into account. Even though adding an integral controller can enhance a steady-
state response, it is unable to provide a good transient response when there is a parameter variation.
By using nonlinear controllers, the performance of variable speed drives with PMSM can be enhanced.
For electrical drives, feedback linearization has proven to be one of the most helpful control laws [11]-
[13]. The main goal of this method is to apply feedback control techniques by algebraically
transforming the dynamics of the nonlinear system into a completely or partially linearized system. A
mechanical or optical sensor is needed to collect position and speed as part of the state that has to be
fed back in order to apply feedback linearization. However, when sensorless control techniques are
developed, mechanical sensors can be avoided. In these situations, it is necessary to estimate the rotor's
position and speed; the control law is then calculated using these estimated values. The estimation of
the speed and rotor position is a vital process as they are used for the co-ordinates transformation
needed by the vector control. Any simple deviation in the angular position can result in deteriorating
the dynamics of the controlled system.

BLAC motor drives have considered the proposal of several sensorless control schemes.
Essentially, though, these fall into two groups: 1) those where the rotor position is determined by
integration and the speed is inferred from an observer [14]-[16] and 2) those where the speed is
determined by differentiation and the rotor position is inferred from an observer [17]-[22].
Nevertheless, in the first category, errors in speed, such as the integration of a constant error, may lead
to inaccurate estimates of rotor position. This can make the estimate of rotor position unreliable if a
suitable compensating technique is not used. In the second category, noise will also be amplified and
result in errors in the estimated speed if the speed is solely determined by the differential of the rotor
position [19], [20]. The study in [23] suggested that the flux vector be preprocessed with a low-pass
filter to improve the accuracy of the derived position signal so that it can be differentiated for the
estimation of speed when the rotor position is determined directly from the observed flux vector. On
the other hand, applying a low-pass filter in a variable-speed BLAC drive will typically cause the
fundamental flux vector to shift phase across a large frequency range. Since the average speed method
provides the accurate value when the motor is operating at steady state, it is therefore more commonly
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used. However, its dynamic response is typically too slow; therefore it is not typically utilized for
speed feedback in servo systems. A different method, which has been suggested in [17], [18], [24], is
to calculate the speed using the excitation flux linkage to the induced electromotive force (EMF) ratio.
Although this speed estimation method responds quickly, it has two major shortcomings. Firstly, the
current differential is needed to calculate the EMF. As a result, noise has the potential to introduce a
large speed error. Although the differential was no longer necessary as proposed in [25], [26], this led
to a much more intricate control system architecture. By contrast, the study in [27] assumed that the
current was constant and that its differential was zero at the end of each flux observing step.
Nonetheless, this kind of assumption is generally incorrect. Second, factors that affect the estimated
speed, like temperature and saturation variations, might alter parameters like the excitation flux
linkage, inductance, and resistance. As a result, the study [27] also used the estimated average speed
as the compensation reference (i.e., input variable) to account for parameter fluctuations.
Nevertheless, it is challenging to adjust for differences in three parameters using just one input
variable.

As stated earlier, PMSM rotor position and speed can be estimated using state observers. A state
observer or state estimator in control theory is a system that, using measurements of the real system's
input and output, produces an estimate of the internal state of a particular real system. Many control
theory tasks, such as stabilizing a system using state feedback, require knowledge of the system state.
In most real-world situations, it is impossible to ascertain the system's physical condition from direct
observation. Rather, the system outputs allow for the observation of the internal state's indirect
impacts. A number of methods have been put forth to obtain PMSM state observers, including
extended Kalman filter (EKF), viz. nonlinear observers, nonlinear reduced order observers, and
nonlinear full order observers based on linearization [28]. Speed controllers based on observers have
been proposed in [28]-[31]. In order to design the observer-based controller in these papers, some
presumptions must be introduced. In [29], a known load torque has been taken into account, whereas
in [30], the controller is designed with the assumption that the inductance is zero. The authors of [28]
make the assumption that the machine's speed is roughly constant over a brief period of time (sampling
interval). However, mismatches resulting from an unknown load torque, a nonzero inductance, and
variable speed must be compensated for when higher performance is needed. Two new methods for
controlling the speed of the PMSM have been reported recently: one is adaptive input-output
linearization [32]-[34], and the other is sliding mode control [35]-[37]. Notwithstanding the possibility
of achieving good performance, the controller design is fairly intricate.

Despite the plethora of studies on sensorless schemes for estimating speed and rotor position, a
noticeable gap exists in the literature regarding comparative analyses of multiple estimation systems.
This paper aims to address this gap by conducting a thorough comparative study, evaluating the
performance of different sensorless schemes used with the brushless AC motor drive. The importance
of such a comprehensive comparison lies in identifying the schemes that yield the most accurate
estimations, minimizing deviations between estimated and actual variables.

In summary, this paper navigates through the landscape of motor control systems, shedding light
on the intricacies of sensorless techniques for brushless synchronous motors. Through a meticulous
comparative analysis, the goal is to uncover the most effective sensorless schemes, providing valuable
insights for optimizing motor control in diverse applications. The contributions that the study
introduces are itemized as following:

e  The paper investigates the dynamic behavior of a brushless AC motor drive when considering
three different sensorless schemes.

e  The detailed modeling and description for the control system and the adopted sensorless scheme
is presented and analyzed.

e  The performed comparative study enabled the identification of the strength and weakness points
of each sensorless scheme.
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e  The study revealed that three sensorless schemes can be merged to exploit the advantages of each
one and to obtain better estimation.

e  The presented study can be extended to be considered with other types of AC machine drives
after considering the theory of operation of each type.

The structure of the paper comes in the following form: Section 2 introduces the system modeling
including the PMSM model, inverter model and the adopted vector control. Section 3 introduces a
detailed theoretical analysis for the sensorless schemes under investigation. Afterwards, the drive
performance under each sensorless technique is evaluated and presented in Section 3. A comparative
analysis is also introduced in this section. Finally, Section 5 outlines the conclusions of the study.

2. System Modeling
2.1. Model of BLAC Motor

The equivalent circuit captures the essential components of the PMSM, including the stator
windings, rotor, and magnetic field. Sequentially numbered equations illustrate the interrelation
between the electrical and mechanical aspects of the motor. The equivalent circuit of the PMSM model
is illustrated in Fig. 1 [6].

i L
ﬁ' R.
MN [T

_ +
S .] G}lllE }Llllg @

Fig. 1. PMSM equivalent circuit

The dynamic of electric sub-model of the PMSM can be described using the following
mathematical relationships:

. 1 .
Plgs = z (ugs — Rigs + Aqswme) @

. 1 .
bigs = z (uqs - qus — AgsWme) 2

where Ay, and A, are the d-q components of stator flux and they are calculated by.

Ags = Ligs + Amg  and  Agg = Ligg 3)

where R and L are the resistance and inductance of the stator windings, and 4,,,, is the rotor magnet.

p denotes to the differential operator (d/dt). Alternatively, the dynamic of the mechanical sub-model
can be expressed by.

bWme = ]i (Te = T} — Fme) (4)

m
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where T is the load torque, J,,, is the inertia, F is the rotor friction and T, is the developed torque for
an isotropic PMSM is defined by.

T, = 1.5PApgigs (5)

2.2. Model of VSI

Three-phase counterparts of the full bridge voltage source inverters are shown in Fig. 2. The main
purpose of this topology is to provide a three-phase voltage source, where the amplitude, phase and
frequency of the voltages can be controlled. The standard three-phase inverter shown in Fig. 2 has six
switches the switching of which depends on the modulation scheme. The input dc is usually obtained
from a single-phase or three phase utility power supply through a diode-bridge rectifier and LC or C

EETY

| SJﬂ] i

Fig. 2. Three-phase inverter

Upc—=

A single function can be used to mathematically represent the inverter's potential switching states
as follows [38]:

5—2
3

where the on/off switching actions of the upper and lower switches are represented by S; ; , 3 and

(S1 + aS, + a%S3) (6)

2T
Si123, respectively, and a = e’ After determining the switching state S, the stator voltage is
computed using the DC link voltage U, as.

ug = SUqg, (7)

2.3. Control System Modeling

The schematic diagram of the vector control used for the PMSM is illustrated in Fig. 3. As shown
the main idea behind this control is the total alignment of the permanent magnet flux with the direct
axis of the stator, so that the following relationship can be achieved.

Ads = Amg (8)

The above relationship is realized via maintaining the value of i, equals zero. This action is
usually used to prevent weakening the permanent flux value to keep the excitation inside the machine
with the appropriate rate.

Accordingly the torque can be directly regulated via controlling the g-axis stator current i
according to the following relationship.
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T, = 1.5PAngiqs (9)

It is noted that, there is a need for precise identification for both the speed w,,, and position 6,,,
of the rotor to ensure correct transformation between different co-ordinates. Accordingly selecting the
appropriate sensorless scheme is a vital step to be accomplished.
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Fig. 3. Schematic of vector control for PMSM

The tuning of PI current controllers shown in Fig. 3 can be analyzed mathematically as following:
By formulating Equations (1) and (2), this gives.

active term

———————— compensating term
. lgs —_— 10
Ugs = (Rigs + L Fraie Lwmelgs ) (10)
active term
i compensating term (11)
i
Db qs .
Ugs = Rigs + L_dt + Lowpeligs + wmeﬂmg

While the active terms are used to drive the transfer function, which determines how the stator
voltage will react to changes in the stator current, and achieve the desired change in the stator current,
the compensatory terms are used to lessen disturbances. The Laplace transform is then applied to the
active terms, which results in.

Ugs(s) = (sL + R)izs(s) and Ugs(S) = (SL + R)igs(s) (12)

Then, by reformulating, it gives.

ids(s) — 1
ugs(s) SL+R

(13)
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igs(s 1
as(8) _ ”
Ugs(s) SL+R
Moreover, the transfer function of the PI stator current regulators is represented by.
K .
kp + ? = (igs(s) — lds(s)) (15)
K ., .
ky, + S = (igs(s) — lqs(s)) (16)

Then, we obtained the following by dividing the two sides of Equations (15) and (16) respectively
on igs(s) and iys(s), it gives.

uas(s) _ sKp + K igs(s)

ids (S) B S ids (S)

1] 17)

uqs(s) _ sK, + K; i;s(s) 3
iqs(s) S iqs(s)

The following formula can be then obtained by substituting the voltage components u;4(s) and
ugs(s) from Equation (12), it results in.

1] (18)

sK, + K;_ ij.(s)
sL+R) = (——H[E2 1 (19)
(L +R) = LS -1
sK, + K;__izs(s)
sL+R) = (—2—)[-—=-1 20
(sL+R) = (R~ 1] (20)
After some manipulations, the following is obtained.
ias(s) _ SKp+K; igs(s) SKp+K; 21
ins(s)  s2L+s(R+Kp)+K; i55(s)  s2L+s(R+Kp)+K; (21)

The denominator of equations (21) represents the characteristic equation guiding the dynamics
of the PI current regulators; this equation must have negative real roots in order for the system to stay
stable. Accordingly,

s’L+s(R+K,)+K; =0 (22)

Alternatively, the second order dynamic system's formula can be defined by.

s2 4+ 2qwps + w2 =0.0 (23)
where ¢ is the damping ratio and w, is the natural frequency.
Now and by comparing Equations (22) and (23), the coefficients of the PI current regulators are
calculated by.

K, =2{w,L—R and K;=wiL (24)

3. Adopted Sensorless Schemes

In this paper, in-depth exploration is undertaken on three sensorless drives designed for
sinusoidal and isotropic brushless motors, as N. Matsui and G.R. Selmon proposed in the referenced
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articles [17], [18], [39]-[41]. These methods are pivotal in accurately estimating the speed and position
of the rotor, crucial parameters for the effective operation of this particular electric machine.

It's important to note that the scope of this study on sensorless algorithms is primarily focused on
the operational aspects of the motor under steady-state conditions. It does not delve into the challenges
associated with motor startup or the determination of the initial rotor position, focusing exclusively
on the motor's performance during ongoing operation, thereby omitting the unique issues that arise
during the initial moments of operation.

3.1. First Sensorless Categorization

This method was initially introduced by Matsui [18] and has been utilized to develop sensorless
control systems for various sinusoidal brushless motors, further applied and discussed in several
articles [17], [39], [40].

Matsui's ingenious approach enables the operation of these motors without the reliance on
encoders or resolvers. Instead, it derives a signal that is proportionate to the angular position and speed
by comparing two reference systems: one real and one hypothetical. Two distinct planes are available,
based on the parameter chosen for comparison. The first approach involves analyzing voltages [18],
while the second method utilizes the motor's phase currents [39]. Matsui has also assessed and
compared the performance of these methods in [17], including their integration with motor parameter
estimation algorithms in [40].

3.1.1. Voltage Based Technique

As illustrated in Fig. 4. The model introduces two reference systems, namely the d-q and y-6
axes. The d-q axes, commonly defining the actual rotor position, align the d-axis with the magnetic
flux vector created by the permanent magnets (4,,4). In contrast, the y-6 axes represent a hypothetical
coordinate system within the controller, introducing an angular difference A8 between the two
reference systems.

A = 6. — O (25)

Here, 6,,, denotes the real electromechanical position, and 8, is the estimated position within the
controller.

Fig. 4. Actual and hypothetical co-ordinations
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By utilizing the Ty /T4q Matrix, voltages and currents can be transformed into the d-q reference
system. In sensorless drives, where the rotor position is unknown, the same matrix can still be applied
by incorporating 6, instead of the actual angular reference (6,,,.).

Tabc/qu
y] _2fcos(6:) cos(6.—2m/3)  cos(6 + 2m/3) y Z (26)
8173 [—sin(@c) —sin(6, —2n/3) —sin(6,+ 271/3)] c

In conventional drives, the angular reference is typically provided by an encoder, allowing for
voltage equation derivation in the y-6 coordinate system:

(27)

uy] R+plL —Lw, ] [iy —sin (AB)]
Us

~| Lo, R+pL i5] F Aimg Ome [ cos (A)

Estimating rotor position and speed is achieved by assuming ideal conditions (46 = 0 and w,
= Wpe), resulting in Equation (28):

um] [R+pL —La ] [iy] 0

L] = Lo, R+ pL]lig] T Ama®@me N (28)
These expressions represent the voltage equations in the system reference d-q, assuming no

difference between the two reference systems. However, these values are theoretical and cannot be

directly measured but are calculable. The actual currents transformed into y-6 and the estimated speed

are utilized to calculate the voltage difference 4w, for the actual and estimated components of the y-

axis using Equation (29):

My, =uy — Uyy = Apg Ope Sin (A0) (29)
Here, u, and u,» represent the actual and estimated voltage components of the y-axis, espectively.

Assuming wp,, # 0 and 46 ~ 0, Equation (30) approximates Au, o« 46. This equation
demonstrates that the phase shift between the real and hypothetical reference systems can be estimated
through a voltage difference, enabling a practical implementation within a suitable controller. Notably,
this estimation can be achieved by measuring motor currents, minimizing the need for additional
transducers.

Ay, =uy, — uyy x A0 (30)

It is important to note that real voltages applied to the motor can be computed by considering the
DC voltage applied to the inverter input, PWM values, and information on dead times. Therefore, the
angular difference can potentially be estimated by measuring only the motor currents, reducing the
need for additional transducers.

Once the estimation of the difference 46 is accomplished, the next step is to synchronize the two
axes. This involves either increasing the rotational speed of the hypothetical axis when 46 < 0 or
decreasing it when 46 > 0. The synchronization process is illustrated in Fig. 5.

To achieve this synchronization, it is crucial to determine and subsequently estimate the rotational
speed of the reference system, especially in the absence of sensors for direct measurement. This
estimation can be derived easily from the 6 component of Equation (28):

_ Us — (R + Lp)lg
M Amg + Liy

(31)
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d

-

Fig. 5. Explanation of the mechanism of self-synchronization

Since the angular position is the integral of speed, the difference 46 can be nullified by
appropriately adjusting the parameter «, referred to as “speed correction.” This parameter represents
the difference between the speed of the hypothetical system and the estimated speed required for the
actual system to rotate.

A= W — Wpe (32)

Based on these considerations, an algorithm can be devised to act on a and drive 46 towards zero
in the case of counterclockwise rotation or clockwise rotation. Accordingly, the algorithm can be
defined as:

if A6 >0 (Au, > 0),thena <0

counterclockwise 4 ’
if A6 <0 (Au, <0),thena >0

, (33)
if A0 >0 (Au, > 0),thena >0

clockwise )
if A0 <0 (Au, <0),thena <0

There are various ways to implement and obtain the corrective parameter a. This study employs
a straightforward implementation using a Pl-type controller:

a=— (KSPAuy + Ky, f Auydt) sgn(w,) (34)

Here, Ksp and Kg; are the controller gains. By using the o parameter, the rotor speed can be obtained
by correcting the estimation fairly as following.

We = Wpe + & (35)

The methodology for sensorless control unfolds through a systematic series of steps. Starting
with the measurement of three-phase currents, the voltages are obtained either through sensors or
calculations based on measured currents to enhance cost-effectiveness. Both currents and voltages
undergo a coordinate transformation into the y-6 reference system.

Then, rotor speed estimation is performed using Equation (31) using transformed currents and
voltages, is followed by determining hypothetical voltages through Equation (28), Actual motor
voltages are known. The angular difference 46 between real and hypothetical reference systems is
then calculated with Equation (30). Assuming an estimated motor speed (w,;,.) is not zero and 48 is
approximately zero, the approximation Au,, o« A6 is made.
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The speed correction parameter a is calculated using Equation (34), incorporating proportional
and integral terms. The estimated speed w, is modified according to Equation (35). This estimated
speed is compared with the speed reference w*, and any difference (Aw) becomes the input to a
Proportional-Integral (PI) regulator. The output of this regulator serves as the reference current iy,
which, upon comparison with actual motor currents transformed into the y-0 reference system,
generates signals for motor control. Fig. 6 illustrates the complete system diagram for the adopted
sensorless technique.

L- e
= = —
Uy
Fark * .
Inverse * FIWAL o luverter
Trawsformation| U B -
F
1 * i i
—1—\} + o rl = s
. Fark E 1‘:
1. Transfortaation ' - *
N ¥ lg i
-+ - »
= U,
Tt iy £
Foiimestion .
Algesithe 1.;'9: I B
M= — - s s == === =_]_|1_L%»
PMSM

Fig. 6.Schematic diagram of voltage based sensorless technique for PMSM

3.1.2. Current Based Technique

Building upon the sensorless drive algorithm discussed in Sec. 3.1.1, a variant introduced by [17],
[39] refines the approach. In this variant, the speed signal is derived by comparing currents instead of
voltages. Notably, it retains the fundamental concept of the two reference systems that define the
previously introduced version, adding a small difference to the sensorless drive implementation.

Based on the considerations made in the previous variant (voltage vector), the algorithm
compares the “real” current in the d-q axes with the current obtained by solving the motor model
equations in the y-0 axes, with the controller utilizing the estimated speed rather than the actual speed.

Considering the equations derived from a simplified model of the motor, the currents are obtained
by solving the model equations for a sinusoidal brushless motor. Accordingly, the dynamics of the
hypothetical y — & current components can be expressed as following.

P [Z] - % [ ur) - [LS)C —%wc] [Z] = Mg Wme [_Cf,isn((AAg? ] (36)
[ AT P [ e |

Here, e represents the electromotive force (e = Ay, gwme ).
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Assuming that at each sampling instant the currents are i} and i, then at the next instant, i,’}“
and i** will be approximately given by the following relation:

The exact value of & depends on the control algorithm or model specifics. Assuming currents at
each sampling instant are i} and i, the subsequent currents z]’}“ and i** are approximately given

by:
Tl+1 l]‘)} l]/
ol =Ll <
Assuming the sampling period (T) is significantly smaller than the time constants of the stator
currents, equations are formulated specifically for the real reference system within the controller. A

key assumption is the alignment of the two reference systems (d-q system and y-d system), with no
angular difference (46 = 0) and identical angular velocity (w,. = w,,.). Consequently, equations (37)

and (38) transform to:
L=l =L, -]

n+1 i
Y
l?&l] ol “0)
Here, e. signifies the electromotive force of the motor within the new system reference. The

sensorless algorithm acquires the crucial speed signal by comparing currents within the two distinct
reference systems employed by the algorithm.

The error between actual motor currents and those calculated using the equations is determined
by comparing equations (38) and (40). Under a simplifying assumption and considering that the
sampling period (T) is small, the following approximations are made:

sin(40) =~ A6 cos (40) = 1 (42)
With this simplification, the current error is expressed as:
Aln+1 Tl+1 l{/ll\-,}-l T eAg
n+1 n+1 n+1 [_(e — ec) (42)

Two essential conclusions are derived from examining equation (42):The error in current on the
d axis is proportionate to the difference between the counter-electromotive force (c.e.m.f) of the
model (y-3 axes) and the actual ones (d-q axes), which can be obtained using the current error on the
d axis:

et =e., — K, - Ai} (43)

The error in current on the y axis is proportionate to the angular error 46 which is defined by
equation (25). Thus, the electromechanical position can be determined as:

Tl+1

oMl =0, +— /1 T + Ky - Ai} (44)
mg

Since speed is the derivative of angular position, it is obtained using:
9n+1 gn en+1 Kg
c Cc

n+l — — . AN 4
W T Amg + 7 Ay (45)
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In these formulas, K, and Ky are gains, and their values are adjusted to achieve desired outcomes.
Both voltage and current differences play a crucial role in resolving the sensorless drive problem.
Notably, this method offers the advantage of using less voltage, effectively mitigating uncertainty
caused by the inverter.

Fig. 7 abbreviate the systematic implementation of the current based sensorless scheme described
in this section. As can be noticed, two different current signals are captured (measured and estimated)
and then compared and the deviation is fed to the estimation algorithm, from which the estimated
speed and position are obtained.

The outlined configuration in Fig. 7 includes measuring three-phase currents, calculating three-
phase voltages, transforming these values into the y-6 reference system, and computing hypothetical
motor currents based on equations (39) and (40). Subsequent computations involve determining the
counter-electromotive force (eZ*1), angular position (82*1), and speed (w.) using previously
introduced equations.

The process continues by comparing the calculated speed (w.) with the speed reference (w*).
The resulting speed error (Aw = w* — w,) serves as the input to a Pl regulator, generating the
reference current iy. Further, the current references are compared with the real motor currents,
previously transformed into the y-6 reference system, and are utilized to generate signals sent to the
inverter.

*

® CA(D - I
+_ m *
'y u i
. Pl »| Actual Motor
I, = 0
P
- | ) 4
Mathematical M (| >
Motor Model
¢ Estimation | Al

Algorithm

Fig. 7. System configuration of current based sensorless technique for PMSM

3.2. Second Sensorless Categorization

By exploring the operational strategy for a sinusoidal brushless sensorless motor, proposed in
[41], an innovative approach reveals. This method involves examining the voltages across different
motor sections and monitoring electric currents within it.

The authors introduce the concept of the space vector of the linkage flux, determined by these
voltages, and utilize its angle to regulate motor power consumption. While their technique
demonstrates effective performance in conducted tests, it is essential to note that its efficacy is
constrained to speeds up to approximately 1Hz. Below this threshold, challenges arise due to certain
electrical complexities that hinder accurate flux determination. Despite this limitation, the method
remains suitable for a diverse range of speeds.
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Slemon devised the flux estimation algorithm to determine rotor speed and position by analyzing
the magnetic flux. That involves a thorough examination of voltages and currents within the motor to
deduce the linkage flux, subsequently integrated over time to obtain the stator flux.

Establishing the angular position of the flux vector is a crucial aspect and the key parameter for
sensorless control. The angle is computed using the real and imaginary components of the flux vector.
Embedded within a control scheme comprising two loops—an outer speed loop and an inner current
loop—the algorithm utilizes the calculated speed to control the motor, while the current loop compares
actual motor currents with reference currents.

Despite facing challenges, such as resistive drops and noise amplification at lower speeds, this
method facilitates extensive motor control without the need for encoders, rendering it a valuable tool
for a wide range of applications. The process begins with the vector diagram of the machine, as
illustrated in Fig. 8. As known, the voltage balance of the motor is defined by.

iy = R + & = R +— 1 (46)

B
|

|
M

ot
6, 60°

oL
As

7L Lo

A EY's

Is 30°

Fig. 8. Vector diagram of the brushless motor

This equation involves the stator voltage i, stator current Z;, and the stator flux A¢. By integrating
the space vector of the stator's electromotive force ég, the stator flux A, the angular position of the
flux vector 6,;, and the corresponding speed w,; are determined as following:

t t
A = f e.dt = f (iis — RIy)dt 47)
0 0
A
6, = tan™! <LB> (48)
ALa
46;,
= 49
Wy, At ( )

The flux vector 4, is obtained by integrating the electromotive force.

/‘[L=féL dt:/lLa +]ALB (50)

Based on motor measurements, the real and imaginary parts are calculated by.
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A = f (uab —R(i, — ib))dt (51)

1
/ILB = f (ﬁ (uab + 2ubc) - \/§R(ia + ib)) dt (52)

The resulting angular position 8, is then employed in the control scheme, incorporating both
speed and current loops. Motor currents are compared with reference currents in the current loop, and
the error signals are utilized for inverter control.

The control scheme involves positioning the vector in the a-p plane, and the current references
for the three phases are calculated accordingly.

ig —sin (65) cos (6s) .
ir| = | —sin (6, — 21/3) cos (65 — 21/3) | x [‘s] (53)
i —sin (65 + 2m/3) cos (65 + 2m/3) 0

where 75 is the output signal from the speed loop PI and 6 defined as:
Ty = iy ang(6s +90°) (54)

05 = 63, —30° (55)

However, it's noteworthy that positioning 7, at 90° to 4, does not yield the maximum torque on
current, as shown in Fig. 9. This limitation arises because the current vector is not aligned with the g-
axis. Consequently, the position of the d-q axes or the vector 4,,, remains unknown with this method.

As a result, a slightly lower torque is obtained due to the small phase shift between the linked flux
caused by the permanent magnet and the total stator flux.

q

t

Fig. 9. Phase shift between linked fluxes

T = Agsigs — Agsigs = Im(A15) = Im(|As|e/%|isle~79%) (56)
T = | Allis|sin (65 — 6;) (57)

Moreover, considerations must be made regarding the amplification of high-frequency noise via
a derivative, particularly in obtaining the signal proportional to speed 6, . Implementing a low-pass
filter becomes imperative to mitigate this effect, as indicated by Equations (58) and (59).
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_wr aT(Z + 1)
F@)=- = (2+al)Z - (2 -aT) (58)
2—aT + aT n nt
“’Jr‘l:(2+aT>“’}l 1+(2+aT>(w o™ (59)

It is crucial to consider the offset produced by the integrators to ensure accurate results,
Integrators are vital for calculating the real and imaginary components of the linked flux, but they
introduce errors in estimating the angular position of the spatial vector 4, . ldeally, this vector should
describe a circumference centered at the origin in the a—f plane, but due to the offset, its center is
translated by the quantities DR+jDI. This translation affects the flux components 1, , and 4, 3, causing
misestimation of the position of 4, . This error impacts the calculation of the angle and consequently
the speed. Control schematic of sensorless brushless motor shown in Fig. 10.

do;,, d 1+ DI
e S (1) .
=g dt[ R+ DR (%0)
+ g\
Udc Inverter n PMSM
! 6 -
I"é |a |b
BalY Current Unp U
b | control and ab b
PWM
<« | Calculation of | Mo .
g Integration
A es
Current control i 7&;‘[01112;,[}0}; ;n: i
o
Speed control
i =
J‘

Fig. 10. Control Schematic of Sensorless brushless motor

To mitigate this difference and bring the vector back to the origin, an indispensable compensation
procedure must be implemented. This procedure determines specific points (P, Q, T, and S) to
calculate the maximum and minimum of the real and imaginary components of the translation vector,
allowing the correction of the offset. The off-set vector diagram shown in Fig. 11.

DR + jDI _ A’La(max) -Zi_ A’La’(min) n ] llLB(max) -2|_ llLB(min) (61)
This correction facilitates obtaining the correct angle of the vector ;.
1« — DR
0,, = tan~! (“"—) (62)
LB - DI
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This comprehensive control scheme demonstrates the feasibility of sensorless brushless motor
control, relying solely on voltage and current measurements, ensuring the synchronization of motor
performance with desired speed references.

B
T

- o
A

Fig. 11. The off-set vector diagram

4. Results and Discussion
4.1. Results of First Sensorless Topology (Voltage Based)

4.1.1. Low Speed-Unloading Operation

The performance evaluation of Matsui's voltage-based sensorless approach is carried out for three
different operating conditions. The first operating condition when the motor rotates at low speed range
(10 rad/s) without motor loading. Fig. 12 and Fig. 13 show respectively the actual and estimated
speeds and the resultant estimation error. As noticed the average speed error is about 0.1 rad/s. Fig.
14 and Fig. 15 illustrate the developed torque and the its deviation from its reference signal. The torque
is appropriately settled at zero Nm. Fig. 16 and Fig. 17 provide in turns the actual and estimated rotor
positions and the resultant deviations. It is obvious that the estimation erro exhibits very small value
of 0.01 rad. Fig. 18 and Fig. 19, Fig. 20 show respectively the calcualted and reference values of stator
current components (i,, and is). The current deviations are almostly null as illustrated respectively in
Fig. 19 and Fig. 21. All of these dynamics approve the validness of the designed vector control for the
motor.

Line Plot of Speed X Line Plot of Error in Speed
T T T T T T

Speed(Rad/s)
Speed(Radis)

o.
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@ 02 | 1 1 1 | | 4
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o 1 " i\ 1 |
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0.4 | | | | | | 1 | | 4
0.6

07 08
7 Time(s)
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Fig. 12. Actual and estimated speed (low speed-  Fig. 13. Speed estimation error (low speed-unloaded)
unloaded)
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Line Plot of Error in Motor Torque Estimation
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Fig. 16. Actual and estimated rotor position (low
speed-unloaded)
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Fig. 17. Rotor position estimation error (low speed-
unloaded)
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4.1.2. High Speed-Unloading Operation

The second operating condition when the motor rotates at high speed range (100 rad/s) without
motor loading. Fig. 22 and Fig. 23 show respectively the actual and estimated speeds and the resultant
estimation error. As noticed during acceleration, the average speed error is about 0.65 rad/s. However,
when under steady state operation, the speed error is diminished after time t=1.2 sec. Fig. 24 and Fig.
25 illustrate the developed torque and the its deviation from its reference signal. There is a torque
deviation of 0.08 Nm during the acceleration interval from starting till time t= 1.2 sec, then the torque
deviation is appropriately settled at zero Nm. Fig. 26 and Fig. 27 provide the actual and estimated
rotor positions and the resultant errors. During acceleation time, the position error reaches to about
0.2 rad and then settled to zero under steady state operation. Fig. 28 and Fig. 30 show respectively the
calcualted and reference values of stator current components (i, and is). The current deviations are

almostly null as illustrated respectively in Fig. 29 and Fig. 31 which validate the designed vector
control scheme.
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Fig. 28. i, current component (high speed-loaded) Fig. 29. i, current deviation (high speed-loaded)

Fig. 30. is current component (high speed-loaded) Fig. 31. is current deviation (high speed-loaded)

4.1.3. High Speed-Loading Operation

The third operating condition when the motor rotates at high speed range (100 rad/s) with motor
loading of 0.3 Nm at time t=1.2 sec. Fig. 32 and Fig. 33 show accordingly the actual and estimated
speeds and the relevant estimation error. As noticed during acceleration, the average speed error is
about 0.65 rad/s. Additionally, there is an arburpt speed oscillation at time t=1.2 sec due to applying
the load. However, under steady state operation, the speed error is diminished after time t=1.3 sec.
Fig. 34 and Fig. 35 illustrate the estimated torque and the its deviation from its reference signal. There
is a torque deviation of 0.08 Nm during the acceleration interval from starting till time t= 1.0 sec, then
the torque deviation is appropriately settled at zero Nm from t=1.0 to t=1.2 sec; after that an
instantaneous toruq deviation is noticed from t=1.2 sec to t=1.3 sec due to applying the load torque.
Fig. 36 and Fig. 37 provide the actual and estimated rotor positions and the resultant errors. During
acceleation time, the position error reaches to about 0.2 rad and then settled to zero under steady state
operation. Fig. 38 and Fig. 40 show respectively the calcualted and reference values of stator current
components (i, and is). The current i, is appropriately settled at zero, mwanhile the current i follows
the speed and torque dynamics. The current deviations are almostly null as illustrated respectively in
Fig. 39 and Fig. 41.
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4.2. Results of Second Sensorless Topology (Current based)

4.2.1. Low Speed-Unloading Operation

The performance evaluation of Matsui's current-based sensorless approach is also perfromed for
the same operating conditions as in the Matsui's voltage-based technique. Under low operating speed
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condition (10 rad/s) without motor loading, Fig. 42 and Fig. 43 show respectively the actual and
estimated speeds and the resultant estimation error. As noticed the speed error is noticeable at starting
till time t=0.5 sec, with average value of about 1 rad/s. After that, the speed error is settled to zero.
Fig. 44 and Fig. 45 illustrate the developed torque and the its deviation from its reference signal. The
torque is appropriately settled at zero Nm. Fig. 46 and Fig. 47 provide in turns the actual and estimated
rotor positions and the resultant deviations. It is obvious that the estimation error exhibits an average
value of 0.3 rad. Fig. 48 and Fig. 50 show respectively the calcualted and reference values of stator
current components (i,, and is). The current deviations are almostly null as illustrated respectively in
Fig. 49 and Fig. 51.
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Fig. 42. Actual and estimated speed (low speed-
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4.2.2. High Speed-Unloading Operation

The current-based estiamtion technique is also tested when the motor rotates at high speed range
(100 rad/s) without motor loading. Fig. 52 and Fig. 53 show respectively the actual and estimated
speeds and the resultant estimation error. As noticed, there a deviation of 1 rad/s from starting to time
t=0.18 sec, and then the speed error is settled to zero. Fig. 54 and Fig. 55 illustrate the developed
torque and the its deviation from its reference signal. There is a torque deviation of about 0.08 Nm
during the acceleration interval from starting till time t= 1.0 sec, then the torque deviation is
appropriately settled at zero. Fig. 56 and Fig. 57 illustrate the actual and estimated rotor positions and
the resultant errors. The position error exhibits almost constant value of 0.3 rad. Fig. 58 and Fig. 60
show respectively the calcualted and reference values of stator current components (i, and is). The
current deviation of i, exhibits a value of 0.1 A from t=0 to t=1 sec, then it is settled to zero as
illustrated in Fig. 59. Meanwhile, the current deviation of is is settled appropriately to zero all the
operating period as illustrated in Fig. 61.
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4.2.3. High Speed-Loading Operation

The third operating condition for the current-based sensorless approach is when the motor rotates
at high speed range (100 rad/s) with motor loading of 0.3 Nm at time t=1.2 sec. Fig. 62 and Fig. 63
illustrate respectively the actual and estimated speeds and the resultant estimation error. As noticed,
there is a speed error of 1 rad/s up to time t=0.2 sec, and after that the error is settled at zero. In
comparison with the voltage-based technique, there is no observed speed oscillation at time t=1.2 sec
due to applying the load. Fig. 64 and Fig. 65 illustrate the estimated torque and the its deviation from
its reference signal. There is a torque deviation of 0.08 Nm during the acceleration interval from
starting till time t= 1.0 sec, then the torque deviation is appropriately held at zero Nm from t=1.0 to
t=1.2 sec; after that an instantaneous torque pulsation is noticed at t=1.2 sec due to applying the load
torque. Fig. 66 and Fig. 67 provide the actual and estimated rotor positions and the resultant errors.
The position error exhibits about 0.3 rad. Fig. 68 and Fig. 70 show respectively the calcualted and
reference values of stator current components (i, and is). The current i, is appropriately settled at
zero, mwanhile the current is follows the speed and torque dynamics.The current i, deviation is

almostly null as illustrated in Fig. 67, meanwhile there is a deviation in the calculated values of i
current with values of 0.1 A from t=0 to t=1 sec aand of 0.3 A from t=1.2 sec to the end as illustrated
in Fig. 69 and Fig. 71.
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4.3. Results of Third Sensorless Topology (Flux-Based)

4.3.1. Low Speed-Unloading Operation

The performance evaluation of Slemon's flux-based sensorless approach is also perfromed for
the same operating conditions as in the previous two techniques. Under low operating speed condition
(10 rad/s) without motor loading, Fig. 72 and Fig. 73 show respectively the actual and estimated
speeds and the resultant estimation error. As noticed the speed error is noticeable at starting till time
t=1.2 sec, with average value of about 0.8 rad/s. After that, the speed error is settled to zero. Fig. 74
and Fig. 75 illustrate the developed torque and its deviation from its reference signal. The torque is
appropriately settled at zero Nm.

Fig. 76 and Fig. 77 provide in turns the actual and estimated rotor positions and the resultant
deviations. It is obvious that the estimation error exhibits an average value of 0.1 rad. Fig. 78 and Fig.
79 show respectively the calcualted and reference values of stator current components (i, and is). The
current deviations are almostly null as illustrated respectively in Fig. 79 and Fig. 81.
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4.3.2. High Speed-Unloading Operation

The flux-based estiamtion technique is also tested when the motor rotates at high speed range
(100 rad/s) without motor loading. Fig. 82 and Fig. 83 illustrate respectively the actual and estimated
speeds and the resultant estimation error. As noticed, there a deviation of 1 rad/s from starting to time
t=0.28 sec, and then the speed error is reversed to be -1 rad/s, then from t=0.4 to t=1 sec the error is
again 1 rad/s. Finally the speed error is settled to zero from t=1.1 sec. Fig. 84 and Fig. 85 illustrate the
developed torque and its deviation from its reference signal. There is a torque deviation of about 0.1
Nm during the acceleration interval from starting till time t= 1.0 sec, then the torque deviation is
appropriately settled at zero. Fig. 86 and Fig. 87 illustrate the actual and estimated rotor positions and
the resultant errors. The position error exhibits almost average value of 0.5 rad. Fig. 88 and Fig. 90
show respectively the calcualted and reference values of stator current components (i, and is). The
current deviation of i, exhibits an average value of 0.2 A from t=0.4 to t=1 sec, then it is settled to

zero as illustrated in Fig. 89. Meanwhile, the current deviation of i exhibits an error of 0.2 A from
t=0 to t=1 sec, and then settles as in Fig. 91.

Line Plot of Speed B Line Plot of Error in Speed Estimation
T T T T T T T

T T

100+ 1 1 1 1 1 1 / o 0
04
3 8

od—1 I | I I |
0.
20—t I I I I I I I I I (I
= sured speed o8
= less S
| | | | | Esiim eed (from scheme) | | | | |

I I L I
0 01 0.2 03 04 05 06 07 08 09 1 11 12 13 14 15 o 0.1 02 03 04 05 06 07 08 09 1 11 12 13 14 15
Time(s) Time(s)

Speed(Rad/s)
Speed(Rad/s)

Fig. 82. Actual and estimated speed (high speed- Fig. 83. Speed estimation error (high speed-
unloaded) unloaded)

Line Plot of Motor Torque Line Plot of Error in Motor Torque Estimation
T T T T T T T T T

Torque(Nm)

5

i I i L I i

B Al I I L i | i I

o o1 02 03 04 05 06 07 08 09 1 11 12 13 14 15 0 o1 02 o3 oa o5 o6 o7 o8 o0 1 11 12 13 14 s
Time(s) Time(s)

Fig. 84. Estimated and reference torque (high Fig. 85. Torque estimation error (high speed-
speed-unloaded) unloaded)
Line Plot of Rotor Position . . : . Line rlatnFIErmrlnl RnlanPﬂsmu‘n ; . .
i
% s / | H
H / Z
0.2
/ 0.4
) Pra i
— ot ]

4 A S T S S T T T L
0 01 02 03 04 05 06 07 08 09 1Ll 12 13 14 18 o o1 02 03 04 05 06 07 08 09 1 11 12 13 14 15
Time(s) T

ime(s}

Fig. 86. Actual and estimated rotor position (high Fig. 87. Rotor position estimation error (high
speed-unloaded) speed-unloaded)

Mohamed A. El Sawy (Dynamic Performance Evaluation of a Brushless AC Motor Drive Using Different Sensorless
Schemes)



International Journal of Robotics and Control Systems
530 ISSN 2775-2658

Vol. 4, No. 2, 2024, pp. 502-535

Line Plot of Igamma Line Plot of Error in Igamma Estimation
T T

(A)
o © 5 o o
) 1
c @

0
= Actwa dera curre oF
|—_oelta current

07 08 09 1 11 12 13 14 15 o 01 02 03 04 05 06 07 08
Time(s) Time(s)

Fig. 88. i, current component (high speed- Fig. 89. i, current deviation (high speed-unloaded)
unloaded)

delt Line Plot of Error in Idelta Estimation

07 o8 08 1 11 13 14 15 0 01 02 o3 04 05 08 08
Time(s) Time(s)

Fig. 90. is current component (high speed- Fig. 91. is current deviation (high speed-unloaded)
unloaded)

4.3.3. High Speed-Loading Operation

The third operating condition for the flux-based sensorless approach is when the motor rotates at
high-speed range (100 rad/s) with motor loading of 0.3 Nm at time t=1.2 sec. Fig. 92 and Fig. 93
illustrate respectively the actual and estimated speeds and the resultant estimation error. As noticed,
there is a speed error of 1 rad/s up to time t=1 sec, and after that the error is settled at zero. In addition,
there is a remarkable speed reduction due to loading in contrast to the other two sensorless techniques.
Similar to the voltage-based technique, there is observed speed undershoot at time t=1.2 sec due to
applying the load. Fig. 94 and Fig. 95 illustrate the estimated torque and the its deviation from its
reference signal. There is a torque deviation of 0.08 Nm during the acceleration interval from starting
till time t= 1.0 sec, then the torque deviation is appropriately held at zero Nm from t=1.0 to t=1.2 sec;
after that an instantaneous torque pulsation is noticed at t=1.2 sec due to applying the load torque. Fig.
96 and Fig. 97 provide the actual and estimated rotor positions and the resultant errors. The position
error exhibits about 0.5 rad. Fig. 98 and Fig. 100 show respectively the calcualted and reference values
of stator current components (i,, and is). The current i, exhibits different deviations as 0.2 A from
t=0.4 to t=1 sec and 1 A from t=1.2 sec to the end as illustrated in Fig. 99. Meanwhile, the current i
follows the speed and torque dynamics. Alternatively, the current is exhibits errors values of 0.2 A
from t=0 to t=1 sec and of 1 A from t=1.2 sec to the end as illustrated in Fig. 101.
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4.4, Comparative Results

In order to facilitate a comprehensive assessment of the three sensorless motor control methods,
Matsui's Voltage-Based, Matsui's Current-Based, and Slemon's Approach, a comparative analysis
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has been conducted. Table I below presents a detailed overview of their performance characteristics,
highlighting key aspects such as speed estimation errors and rotor position estimation errors.

After evaluating the performance of the three adopted approaches, the choice of the best method
depends on the specific priorities of the motor control application. If dynamic behavior and accurate
speed estimation at both high and low speeds are paramount, Matsui's VVoltage-Based approach may
be preferred. On the other hand, if stability in speed estimation and resilience in rotor position
estimation are crucial, Matsui's Current-Based approach stands out. Slemon's approach demonstrates
a notable trade-off, excelling in low-speed accuracy while maintaining acceptable accuracy at higher

speeds.

Table 1. Comparative description of three adopted sensorless schemes

Aspect Matsui's Matsui's Slemon's Approach
Voltage-Based Current-Based
. Incorporates advanced algorithms
Utilizes voltage-based . P N £0!
. Relies on current- for both speed and position
algorithms for speed and . S e
Methodolo o S based algorithms, estimation, utilizing back
gy position estimation. . . . .
integrating real-time electromotive force (EMF) and
Involves complex .
. current measurements current sensing. Employs
mathematical models and L
. . for estimation. observer and filters for enhanced
real-time calculations.
accuracy.
Pronounced error during Notable error at start-
Speed start-up and high speeds; up and very low High error during speed ramping,
Estimation diminishes with consistent speeds; diminishes decreases and stabilizes at desired

Rotor Position

operation, low oscillation
at low speeds
Peak error during speed

over time,
approaching zero

Steady-state value,

speed, slight oscillation

Significant error at high speeds,

Estimation ramping, gradually showing resilience to gradually diminishing to low
reducing to small steady- .
changes in speed values at slower speeds
state error
Method e More stability in
Characteristics Sensitivity to speed speed estimation, Distinct behavior with high-speed

changes, dynamic
behavior

resilient rotor position
estimation

accuracy trade-off at lower speeds

5. Conclusion

In conclusion, this study has explored and compared three sensorless motor control methods—
Matsui's Voltage-Based, Matsui's Current-Based, and Slemon's Approach (flux-based). The detailed
analysis of their performance characteristics, including speed and rotor position estimation errors,
provides valuable insights for researchers and engineers in selecting the most suitable method for
their specific applications. Each method exhibits distinct strengths and weaknesses, catering to
different operational priorities. Matsui's VVoltage-Based approach excels in dynamic speed behavior,
while Matsui's Current-Based approach prioritizes stability in speed estimation. Slemon's approach
offers to some extent an acceptable high-speed dynamics and suitable performance at lower speeds.
However the Slemon's performance comes after the first two sensorless techniques. Statistically, it
is found that the voltage-based estimation technique gives respectively lower speed and position
estimation errors with percentages of 35% and 10% lower than their values under the current-based
estimation technique, and with percentages of 35% and 30% lower than their values under the third
adopted scheme. The choice among these methods ultimately depends on the specific requirements
of the motor control system, ensuring a tailored and effective solution for diverse applications. As
technology advances and application demands evolve, ongoing research in sensorless motor control
continues to contribute to the refinement and development of innovative techniques in this critical
field.
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Appendix

Table 2. Parameters of Brushless AC Motor

Parameter Value

R 0.75Q
L 3.05*10° H

Amg 0.215 Wb
J 8.26*10"* Nm/(rad/s?)
B 0 Nm/(rad/s)

Udc 160 V

Pole pairs 1
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