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A Unified Approach for the Commissioning of
Synchronous Reluctance Motor Drives

Andrea Credo , Francesco Parasiliti Collazzo , Marco Tursini , Member, IEEE, and Marco Villani

Abstract—This article presents a unified procedure for com-
missioning synchronous reluctance motor drives based on a fast
sequence of targeted feedings using the drive inverter. The method
requires measuring the values of the phase currents and their
derivatives by time-based samplings with still rotor and subse-
quent model-based computations. It allows the self-evaluation of
the phase resistance and the d-q axes inductances for the pre-set
of the field-oriented current regulators. Moreover, it detects the
rotor position without movement, a functionality needed at start-up
for motors equipped with incremental encoders in the standard
service. The study refers to a 3 kW synchronous reluctance mo-
tor prototype with a flux barrier rotor. Both realistic simulations
accounting for the non-linear machine behavior and experimental
tests are presented, showing the error between the estimated po-
sition, the phase resistance, and the d-q axes inductances and the
effective ones. The results prove the reliability of the method.

Index Terms—Co-simulation, fast commissioning, finite elem-
ents modeling, inductance estimation, initial position estimation,
resistance estimation, synchronous reluctance motor.

NOMENCLATURE

d-q Rotor axes with the minimum (d) and maximum
(q) reluctance

Ia, Ib, Ic Phase currents of the motor
Laa,Lbb, Lcc Self-inductances of each phase
Lab,Lbc, Lca Mutual-inductances between two phases
Lba,Lcb, Lac

Lσs Leakage inductance
Ld, Lq Direct and quadrature axis inductance
Lμs Constant component of phase inductance
LΔs Amplitude of the 2nd-harmonic component of

phase inductance
Rs Phase resistance
Va, Vb, Vc Phase voltages of the motor
Vdc DC bus voltage
x, y, z, A Coefficients useful for the calculation
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θr Electric rotor position
ϕa, ϕb, ϕc Phase fluxes of the motor

I. INTRODUCTION

THE Synchronous Reluctance (SynRel) motor is becoming
a serious alternative to Permanent Magnets (PM) motors

in high-performance mass applications because of the instability
of the market of rare earth magnets in the last decade [1], [2],
[3], [4], [5], [6], [7].

Compared to PM motors, the disadvantages attributed to the
SynRels are the lower performance and the higher complexity
of the control. But nowadays, Finite Elements (FE) design tools
combined with sophisticated optimization algorithms allow for
performance very close to that of PM motors of the same size [8],
[9], [10], [11], [12]. And research proceeds to develop control
strategies workable, although there is not yet a consolidated
approach [13], [14]. The control complexity of the SynRels
is due to the non-linearity of the torque-to-current ratio and
flux-current relation. Flux-oriented control allows for maximum
performance, but identification of specific characteristics and
parameters of each machine is needed, namely a solution for
commissioning [15], [16].

Various identification methods have been proposed for Syn-
Rels motors based on design data and/or experiments [17]. The
Finite Element Analysis (FEA) allows for computing parameters
and control characteristics by design data. But these last are
typically protected and only accessible by the motor designer
and producer. Moreover, not-trivial tests are needed on the actual
machine to confirm the computation accuracy. For these reasons,
this method is often impractical.

Experimental identification solves the uncertainties related to
the manufacturing process. Most of the methods proposed for
SynRels are based on magnetic salience and follow solutions
adopted for the interior PM motors. The knowledge of the
rotor position is needed in salient machines because the d and
q-axis inductances are different. Dutta [18] and Jabbar [19] pro-
pose adopting artificial intelligence techniques to estimate the
flux-current relationship during offline sinusoidal supply. These
techniques require additional instrumentation, lab resources, and
a lot of time for evaluation.

Depending on whether the motor is mechanically joined to
the load, it is common to distinguish between “load-on-line” or
“load-off-line” identification methods.

Load-off-line methods allow for the rotor movement (align-
ment) toward those fixed stator positions useful to measure the
d-q inductances. In this case, the identification process does not
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need the position information and can be carried out apart from
the presence of a position sensor.

On the other hand, alignment movements are not always pos-
sible for relevant load-on-line applications. That is the case with
elevators and electric vehicles (where uncontrolled rotor move-
ment is not allowed) or fans and pumps (where rotor movement
in only one direction is recommended). If the position sensor
is an incremental encoder in such applications, the initial rotor
position is unknown, precluding any identification possibility at
drive start-up. Hence, estimating the rotor position becomes the
first step of the identification process, needed for commissioning
and, later, in the standard service for field orientation [20].

Many works in the literature refer to the estimation of the
initial rotor position for the PM motors, both surface [21], [22],
[23] and interior types [24], [25], [26], [27]. The topic is also
addressed for the Switched Reluctance Motor (SRM) in [28],
[29], [30], while specific proposals for the SynRel are missing
from the authors’ knowledge.

Several of these works investigate the initial rotor position
estimation with pulse voltage injection method [20], [21], [22],
[29] or high-frequency rotating voltage signal injection method
[23], or high-frequency injection methods [24], [25], [26].

In [27], a particular supply voltage pattern is used to compute
the phase inductances, which depends on the position of the
rotor. Then the initial rotor position is calculated according to
the identified values of the phase inductances. The method is
valid but requires a feeding sequence of about 100 ms for its
computation. Moreover, the rotor position could change during
this time, both for the currents applied and for an external
torque.

In [28], a neural network method is proposed and discussed
for an SRM motor. It is based on the knowledge of the flux
characteristics of the machine, then adopts a back-propagation
neural network (BPNN) with an improved algorithm and radial
basis function neural network (RBFNN) to build an SRM rotor
position model. This method requires a FEM model for learning
the neural network or a collection of flux data measurements.

The high-frequency signal-injection techniques developed for
sensorless control presented in [31], [32], [33] allow initial
rotor position estimation, but they are not helpful for parameter
estimation. The initial rotor position can be also evaluated with
AC signal with same flux observer used for FOC aided by active
flux concepts [34], [35]. As described in [36], the cross-coupling
saturation affects the position estimation in injection-based sen-
sorless control algorithms for SynRels.

In [37], the offline commissioning of Permanent Magnet
Synchronous Motor (PMSM) is proposed with an external power
analyzer. The method is used to perform the torque estimation,
a critical value in several applications.

The procedure for the commissioning of induction motors
is discussed in [38], [39], [40], which adopt a model-based
observer to estimate rotor and stator parameters.

The fast commissioning of the SynRel motor is addressed in
[41], [42], [43]. These works concern the model-free predictive
current control, a solution that makes it difficult to achieve an
optimized control such as the Maximum Torque Per Ampere
(MTPA).

Fig. 1. Proposed flow diagram for the commissioning of the SynRel.

This work presents a full procedure for fast commissioning
SynRel motor drives, extending the authors’ research in [1]. The
method estimates the initial rotor position, the phase resistance,
and the d-q axes inductances at a rotor standstill exploiting the
magnetic saliency of the machine. Detection of the initial rotor
position requires measuring the values of the phase currents
and their derivatives by a particular sequence of supply volt-
ages. Compared to the previous study [1], this work includes
estimating the phase resistance and axis inductances and ex-
tends the experimental results accordingly. Estimation of such
parameters is an essential requirement for the optimum design
of the PI current regulators, one of the primary goals of a com-
missioning procedure. Basic guidelines on this matter are also
given.

Compared to other papers which discuss the adoption of
position estimation in injection-based sensorless control, the
proposed method is applied when the control is disabled; there-
fore, it is possible to avoid deep magnetic saturation in the
machine leading to a simplification of the estimation of initial
position, axis inductances, and phase resistance.

This procedure can be combined with a sensorless algorithm
in order to allow encoderless control. If signal injections tech-
niques are adopted, the discussed method can be used for the
inductances and resistance estimation for PI tuning, and the
position (also the initial one) is obtained with more sophisticated
algorithms; if a flux observer is involved, it requires the initial
position (computed with the method) for better commissioning
in the first instants.

The article is organized as follows: Section II describes the
SynRel flux and voltage models, and Section III illustrates the
ideas and the methodology underlying the estimation of the
initial position, the phase resistance, and the axis inductances.
Section IV discusses the possible nonlinearities that could
affect the proposed methodology and Section V presents the
application of this technique to an industrial SynRel through a
Finite Element (FE) co-simulation to evaluate the behavior of
the currents and their derivatives and the quality of the presented
method. The experimental validation is presented in Section VI
and, finally, Section VII presents and discusses the conclusions.

Fig. 1 summarizes the proposed commissioning procedure.
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II. FLUX AND VOLTAGE MODELS

The technique developed in this work takes its operating
principle from the well-known expressions of self and mutual
inductances, flux linkages, and phase voltages for a SynRel, as
shown in the appendix.

The followings resume the simplifying hypotheses implied in
the above model.

1st, variations of the phase inductances due to saturation are
neglected. Particularly both the constant component (Lμs) of the
phase inductances (due to the magnetization) and the amplitude
of the 2nd-harmonic component LΔs (due to the anisotropy)
are assumed to be equal to the respective un-saturated values. If
the equivalent d-current during the considered feeding patterns
is lower than the one which occurs at the saturation condition,
this simplification correctly represents the machine’s behavior.
In particular, the estimated inductance will be lower than the
saturated one, and the computed value can be used for designing
the PI regulator with a minimum performance difference. Fur-
thermore, the unsaturated inductance values correctly represent
the machine in a large working area, and their consideration does
not affect the position estimation.

2nd, high-order harmonics in phase inductances are ne-
glected. Actually, the inductances (due to the magnetization and
anisotropy) are also a function of the rotor position because
of the higher-order flux (inductance) harmonics. This effect is
assumed to deteriorate the accuracy of the proposed estimation
method, given that the feeding patterns exploit different rotor
angles.

Based on what has just been stated and considering that the
procedure is carried out at standstill, the voltage equations can
be written as follows:

Va = RsIa + [Lσs + Lμs + LΔs cos (2θr)]
dIa
dt

+

[
−1

2
Lμs + LΔs cos

(
2θr − 2

3
π

)]
dIb
dt

+

[
−1

2
Lμs + LΔs cos

(
2θr +

2
3
π

)]
dIc
dt

(1)

Vb = RsIb +

[
−1

2
Lμs + LΔs cos

(
2θr − 2

3
π

)]
dIa
dt

+

[
Lσs + Lμs + LΔs cos

(
2θr +

2
3
π

)]
dIb
dt

+

[
−1

2
Lμs + LΔs cos (2θr)

]
dIc
dt

(2)

Vc = RsIc +

[
−1

2
Lμs + LΔs cos

(
2θr +

2
3
π

)]
dIa
dt

+

[
−1

2
Lμs + LΔs cos (2θr)

]
dIb
dt

+

[
Lσs + Lμs + LΔs cos

(
2θr − 2

3
π

)]
dIc
dt

(3)

Fig. 2. Step 1: energization of “a” and “b” phases and resultant current path.

Fig. 3. Step 2: de-energization of phases of “a” and “b” and resultant current
path.

III. ESTIMATION PROCEDURE

Suppose that an inverter feeds the stator windings of the re-
luctance motor. The estimation procedure is based on a two-step
sequence. In the first step (Fig. 2), only the phases “a” and “b”
are fed, while phase “c” is open (feeding pattern “a-b”). Since
the motor phases are star-connected, the phase “a” current and
its derivative have the same value as the phase “b” current and its
derivative, but with the opposite sign, and the phase “c” current is
zero. The following expressions describe the above conditions:

Ic = 0;
dIc
dt

= 0; Ib = −Ia;
dIb
dt

= −dIa
dt

(4)

Fig. 3 shows the current path in the second step when all the
commands are set to 0. The power supply to phases “a” and “b”
is removed, and the energy stored in the inductance is provided
to the DC capacitor if the DC power source is unidirectional, as
supposed in the simulation results (Section VI) and used in the
experimental setup (Section VII).

Then the sequence is repeated to fed phases “b” and “c” (Fig. 4,
feeding pattern “b-c”) and phases “c” and “a” (Fig. 5, feeding
pattern “c-a”).

The adopted model correctly represents the machine if the
saturation is not reached. Because it is not possible to know a
priori what is the saturation condition, it is possible to select
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Fig. 4. Energization of “b” and “c” phases and resultant current path.

Fig. 5. Energization of “c” and “a” phases and resultant current path.

during the feeding pattern a time window in which the current
is quite linear. In this condition, the inductance is constant and
under the saturation level. Therefore, even if the saturation could
be reached during the procedure, these data can be neglected in
post-processing for position and inductance computation.

A. Phase Resistance Estimation

The estimation procedure starts with the computation of the
phase resistance. During the energization step, considering a
generic time interval t1, the current Ia,1(t1) flowing through
phases “a” and “b” can be obtained as the expression of the
current in an RL circuit fed by a constant DC voltage:

Ia,1 (t1) =
Vdc

2Rs

(
1 − e− t1

τ

)
+ Ia,1 (0) e− t1

τ (5)

where Ia,1(0) is the value of the current at the considered time
zero, t1 is the generic time interval for the computation during
the step 1, τ = L/(2Rs) is the time constant of the circuit, and
L is the value of the sum of the inductances of the phase “a” and
“b”.

During the de-energization step (in which the value of the
constant DC voltage is negative, as shown in Fig. 3), considering
a generic time interval t2, the current Ia,2(t2) flowing through
phases “a” and “b” has the following expression:

Ia,2 (t2) = − Vdc

2Rs

(
1 − e− t2

τ

)
+ Ia,2 (0) e− t2

τ (6)

Fig. 6. Current behavior during the feeding sequence considering the same
time interval between the samples in step 1 (energization) and step 2 (de-
energization).

where Ia,2(0) is the value of current at the considered time zero
and t2 is the generic time interval for the computation during
de-energization.

Summing the (5) and (6) and considering the same time
interval for the steps 1 and 2 ( t1 = t2 = t∗ ), as shown in
Fig. 6, it is possible to write the following expressions:

Ia,1 (t∗) + Ia,2 (t∗) =
Vdc

2Rs

(
1 − e− t∗

τ

)
+ Ia,1 (0) e− t∗

τ

− Vdc

2Rs

(
1 − e− t∗

τ

)
+ Ia,2 (0) e− t∗

τ (7)

Ia,1 (t∗) + Ia,2 (t∗) = [Ia,1 (0) + Ia,2 (0)] e− t∗
τ (8)

τ = − t∗

log
[
Ia,1(t∗)+Ia,2(t∗)
Ia,1(0)+Ia,2(0)

] (9)

Rs =
Vdc

2
[
Ia,1 (t∗) − Ia,1 (0) e− t∗

τ

] (
1 − e− t∗

τ

)
(10)

As regard to phase resistance computation, it is possible to
use any time interval and any time zero for steps 1 and 2. A
proper choice (the one adopted in this article) is to fix the time
interval (t∗) to have a good number of samples and to select for
the first interval the time zero so that it ends with the final time
of step 1. The time zero of the second interval is selected equal
to the beginning of step 2. With this choice, the terms Ia,1(t∗)
and Ia,2(0) are equal, as shown in Fig. 7.

The resistance calculation can be repeated by applying the
same sequence to the pair of phases “b” and “c” (Fig. 4) and then
to the pair “c” and “a” (Fig. 5), finally averaging the three values
obtained, for a better result. In this way, it is possible to reduce the
measurement error during the procedure. The proposed method
for phase resistance computation neglects the nonlinear effects
of the inverter, which are critical at small quantities of voltage.
This should not affect the results because, during the proposed
procedure, the motor is fed with the maximum available DC
voltage, which is much higher than the nonlinear voltage drop
of the inverter.
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Fig. 7. Same as Fig. 6 with 2nd current sample of step 1 equal to the 1st sample
of step 2.

B. Rotor Position Estimation

Based on expressions (4), it is possible to write the simplified
expression of the voltage between the phases “a” and “b”:

Vab = Vdc = LΔs

×
[
cos (2θr) − 2 cos

(
2θr − 2

3
π

)
+ cos

(
2θr +

2
3
π

)]
dIa,1
dt

+ 2RsIa,1 + 2

(
Lσs +

3
2
Lμs

)
dIa,1
dt

(11)

Analogous expressions can be obtained for the voltage Vbc

relating to the feeding pattern “b-c”, and Vca, relating to the
feeding pattern “c-a”. The trigonometric manipulation of the
above expressions leads to the following equations:

Vdc = 2RsIa,1

+

[
2

(
Lσs +

3
2
Lμs

)
− 3LΔs cos

(
2θr − 2

3
π

)]
dIa,1
dt

(12)

Vdc = 2RsIb,1 +

[
2

(
Lσs +

3
2
Lμs

)
− 3LΔs cos (2θr)

]
dIb,1
dt
(13)

Vdc = 2RsIc,1

+

[
2

(
Lσs +

3
2
Lμs

)
− 3LΔs cos

(
2θr +

2
3
π

)]
dIc,1
dt

(14)

where only the rotor position and the leakage, the constant
component, and the 2nd-harmonic component of phase induc-
tance are unknown because the DC voltage is known, the phase
current and its derivative are measured, and the phase resistance
is computed by (10).

Calculating the rotor position can be facilitated by compacting
relations (12)–(14) as follows:

x =

[
A − 3LΔs cos

(
2θr − 2

3
π

)]
=

Vdc − 2RsIa,1
dIa,1

dt

(15)

y = [A − 3LΔs cos (2θr)] =
Vdc − 2RsIb,1

dIb,1

dt

(16)

z =

[
A − 3LΔs cos

(
2θr +

2
3
π

)]
=

Vdc − 2RsIc,1
dIc,1

dt

(17)

being:

A = 2

(
Lσs +

3
2
Lμs

)
=

x + y + z

3
(18)

By manipulating the previous equations, it is possible to write:

x − y = 3LΔs

[
cos (2θr) − cos

(
2θr − 2

3
π

)]
= 3LΔs

[
−2 sin

(
2θr − π

3

)
sin

(π

3

)]
x − y = − 3

√
3LΔs sin

(
2θr − π

3

)
(19)

x + y = 2A−3LΔs

[
cos (2θr)+cos

(
2θr − 2

3
π

)]
= 2A−3LΔs

[
2 cos

(
2θr − π

3

)
cos

(π

3

)]
x + y = 2A − 3LΔs cos

(
2θr − π

3

)
(20)

tan
(

2θr − π

3

)
=

x − y√
3 (x + y − 2A)

(21)

Then, the rotor position is obtained as follows:

θr =
1
2

tan−1

[
x − y√

3 (x + y − 2A)

]
+

π

6
± k

π

2
(22)

Starting from the difference and sum of y and z it follows:

θr =
1
2

tan−1

[ √
3 (z − x)

(z + x − 2A)

]
± k

π

2
(23)

And starting from the difference and sum of z and x:

θr =
1
2

tan−1

[
y − z√

3 (y + z − 2A)

]
− π

6
± k

π

2
(24)

with k = 12, . . . , N
These formulas allow for evaluating the initial rotor position

with an uncertainty of ± 90°, which cannot be acceptable for
vector control. The uncertainty can be solved by evaluating as
a whole the values reached by the currents at the end of the
application of the three feeding patterns (end of the first step).

If the highest value is reached at the end of feeding pattern
“a-b”, then the “ab” direction will have the minimum inductance;
and the motor q-axis will be close to this direction. On the
contrary, if this is the lowest value, the “ab” direction will
have the maximum inductance; and the d-axis will be close to
this direction. Repeating this assumption and considering the
direction of space vector current during the different feedings,
as shown in Fig. 8, the conditions to correct the angle are reported
in Table I.

Since the estimated rotor position has an uncertainty of ± 90°,
it is possible to add or subtract 90° to make it match one of the
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Fig. 8. Feeding pattern currents vector diagram and angles.

TABLE I
UNCERTAINTY ELIMINATION

ranges previously shown. In this way, the rotor position can be
obtained without uncertainty.

C. Axis Inductances Estimation

Finally, it is possible to compute the direct and quadrature
inductances according to:

Ld = Lσs +
3
2
Lμs +

3
2
LΔs =

A

2
− x − y

2
√

3 sin
(
2θr − π

3

)
(25)

Lq = Lσs +
3
2
Lμs − 3

2
LΔs =

A

2
+

x − y

2
√

3 sin
(
2θr − π

3

)
(26)

The direct and quadrature inductance, together with the phase
resistance, are useful for a good sizing of the gains of the PI
current regulator for the best dynamic behavior.

D. PI Current Regulator Parameter

For the PI current regulator parameter it is possible to apply
the well-known expressions which correlate the motor param-
eters (axes inductances and resistance) to the proportional and
integrator coefficients of the PI, [44], [45]. For the sake of clarity
the expressions has been reported.

TNd = τd =
Ld

Rs
TNq = τq =

Lq

Rs
(27)

TI = 2
Kcm

Rs
Tcm Tcm = α

1
2
Tpwm (28)

kPd =
TNd

TI
kPq =

TNdq

TI
kI =

1
TI(dq)

(29)

where τd and τd are the time constants of the d-q axes, TNd,
TNq , and TI(dq) are time constants of the proportional and
integral components of the d-q regulators, Kcm and Tcm are
the equivalent gain and time constant of the power electronics,
Tpwm= 100 μs is the PWM period, α is a design coefficient
for the current regulators, and kPd, kPd,and kI are the d-q axes
proportional and integral gains, respectively.

After the computation of all these parameters, including the
initial position discussed in the previous subsection, it is possible
to start the motor control.

IV. ADDITIONAL EFFECTS

The adopted expressions neglect nonlinear effects due to the
saturation, cross-coupling, and bus voltage variation. These ef-
fects and their possible impact in the estimation of the parameters
are discussed in this section.

The ribs in the SynRel reach saturation also with a low flux
level modifying the current behavior; therefore, a nonlinear
effect with the modification of the inductance can be seen during
the supply. In particular, when the feeding pattern is close to the
q-axis, it is possible to verify a quick saturation of the radial
ribs with a nonlinear behavior of the current. Because of the
non-linearity affecting the current shape, the time window and
the considered starting instant in which the derivative is com-
puted affect the estimation of the position; when this saturation
occurs, it is not possible to select the first instants for the position
estimation because the inductance parameters are not constant.

Even if the patterns supply only two phases, the current could
also flow in the third one. This is caused by the fact that the
potential of the star center exceeds the values of the DC rails
and the “third phase” (which normally should not be energized)
is subject to a re-circulation. This phenomenon depends on the
rotor position through the anisotropy component of the phase
voltages (see (1) to (3)): the unbalance between the voltages
of the fed phases produces this effect. Therefore, the current
can flow through the inverter diodes depending on the rotor
position and the feeding pattern. This anomaly might damage
the entire procedure for the initial position estimation because, in
the computation, the current in the “third phase” was considered
equal to zero.

A way to prevent the calculation from being affected by this
phenomenon is to limit the derivative measurement to a time
when the current in the open phase is zero.

Another effect that was not considered in the previous section
is the variation of the DC voltage due to the inductance energy
transferred to the capacitor. This happens when all the switch
commands are set to 0. Therefore, for the computation of the
phase resistance, further consideration arises. In the computa-
tion of the phase resistance, the DC bus voltage values during
the energization and de-energization steps are supposed to be
constant and equal. Hence, considering the current behavior
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Fig. 9. Motor shape and its FE mesh.

quite linear in the first transient instants (motor fed with the
maximum voltage), the value of the I2(t) linearly depends on
the DC bus voltage so that it can be modified according to:

Ĩ2 (t) = I2 (t) + I2 (0)

(
V̄dc

Vdc
− 1

)
t

ta
(30)

where Ĩ2(t) is the new value for the computation of the phase
resistance, V̄dc is the mean value of the DC bus voltage during
the de-energization, and ta is the duration of the de-energization
operation.

V. SIMULATION RESULTS

The expressions deduced in the previous sections refer to a
magnetically linear model of the SynRel. A Finite Elements
(FE) motor model allowed us to verify its effectiveness. Using
the FE model, all the non-linearity effects of the machine, such
as cross-coupling and saturation, are taken into account.

The Ansys/Maxwell software package has been used. It al-
lowed the joining Finite Elements (FE) analysis of the electric
motor and the dynamic simulation of the feeding power electron-
ics and control, namely “co-simulation” [46]. A 4-poles, 4-kW
motor, available in the lab for experimental validations, has been
considered.

The simulation implements the technique explained in the
previous section to feed the motor. The three energization steps
of the feeding patterns are imposed for a time span of 1.5 ms,
while the de-energization step is maintained for 4 ms. The motor
mesh used in the software, such as the machine geometry, is
shown in Fig. 9, while the main motor data and parameters are
listed in Table II. Once the machine model has been created,
the co-simulation is carried out by interfacing the motor model
with a simplified voltage source inverter and simulating the
identification procedure.

The simulation implements a one-quadrant supply: hence, the
voltage and the power supply’s current are always positive.

Fig. 10 shows the results regarding the phase currents when
the rotor is aligned with the phase “a” with the proposed supply
pattern shown in Figs. 2 and 3 (“a–b”), 4 (“b–c”), and 5 (“c–a”).

TABLE II
MAIN DATA OF THE SYNREL MOTOR

Fig. 10. Behavior of the phase currents with a position of 0°.

Fig. 11. Behavior of the phase currents with a position of 135°.

The strongly non-linear behavior of the currents of the phase
“b” and “c” when the feeding pattern “b-c” is applied can be
explained by the quick saturation of the ribs (as explained in the
previous section) due to the quadrature of the applied current
space vector with respect to the rotor position; hence the “b-c”
is close to the q-axis.

Thus, the position estimation procedure needs to be studied
by evaluating several time windows. In facts, the saturation of
the ribs can affect the estimation since it happens differently for
each of the three feeding patterns because it depends on the rotor
position and current space vector angle.

Figs. 11 and 12 show the current profiles with the position
equal to 135° and 90°, respectively. In both cases, it can be
noticed that, during the feeding period, the current flows in all
three phases. As discussed in the previous section, the derivative
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Fig. 12. Behavior of the phase currents with a position of 90°.

measurement should be limited to a time windows in which the
current in the open phase is zero.

The method requires the values of the derivative of the cur-
rents. The Ordinary Least Squares (OLS) algorithm is consid-
ered to minimize the error due to the non-linearity of the current
and the error measurement. Also noise effects can be reduced
considering a sufficient number of points for the derivative com-
putation. The algorithm finds the linear approximation whose
slope is the desired value, given the considered time interval
and measured data.

A first shrewdness could be to consider only the first instants
of the current growth in the three cases, assuming that the
saturation does not have a significant role when low current
values are involved. But, if only the first instants of current rising
were used, the estimation of the current derivative would not be
reliable because of the low number of points involved in the
calculation. In order to correctly calculate the derivative, it is
necessary to wait until the ribs are saturated and then complete
the calculation. It is all about reaching a proper compromise
between a good estimation of the current derivative and the
possibility of having a constant inductance in the range in which
the current is analyzed. For this reason, a parametric study has
been conducted by varying both the time window and the instant
for the calculation of the derivates.

Fig. 13 shows the position estimation error achieved by the
proposed method as a function of the actual rotor position, using
different time windows and different instants to calculate the
phase current derivatives.

Despite the (7) and (8) are exponentially increasing and
decreasing this is not visible in the results. This is due to the max-
imum current value that the motor should reach with the applied
DC voltage. Considering that in steady-state at a standstill, the
only term is the resistive one, the maximum current is much over
than the one that has been reached in simulation (this condition is
always true) and what is shown in the simulation is the first part of
the exponential curve which is quite linear. The only deformation
that can be found is due to the variation of the q-axis inductance
caused by the ribs saturation. The same considerations can be
done in the next section in which the experimental results are
presented. When the current is applied in the d-direction (“a–b”
in Fig. 10), the maximum value reached is under 2 A, far away
from the saturation condition (around 4 A). It is not necessary to

Fig. 13. Error between the estimated position and the real one with different
time windows and starting instants (co-simulation).

TABLE III
MAIN DATA OF THE SYNREL MOTOR

investigate high current levels because it is possible to tune the
PI current regulator in the linear part of the inductance by having
a good match in that area. In saturation conditions, there is not
a perfect tuning, but the variation of the inductance (if a very
deep saturation is reached) is not so large, however allowing a
good current control. If the application requires a strong overload
condition (very high saturation), the PI coefficients computed
with the estimated inductance could lead to poor controllability
of the machine. This could be partially compensated with a small
reduction of the direct axis inductance value in the computation
of PI current coefficients.

Fig. 13 presents just the more significant points, analyzed in
different conditions: the curve “first instants“ corresponds to the
application of the procedure for the rotor position estimation at
the start of step 1 and a time window that maintains a linear
behavior of the current; the curve “last instant” is achieved by
applying the procedure for the rotor position estimation at the
end of step 1 and a time window that guarantees a linear behavior
of the current; the curve “in the middle” means to use the average
value of the current and its derivative computed in the above
two methods; finally the curve “best conditions” considers the
larger time window in which the current has a linear behavior
considering the three feeding patterns. In all the cases, the error
remains limited to a maximum of 4°, making the method reliable
even in different operating conditions. In the best conditions, the
maximum error is around 1°.

As described, in addition to the computation of the initial
position, the estimation procedure is able to calculate the phase
resistance and the d-q axes inductances. Table III reports the
values achieved compared to those respectively set (phase re-
sistance) or extracted (axis inductances) by the FE model. The
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Fig. 14. Motor test bench (left) and drive system (right).

value of the estimated phase resistance is slightly higher than
the (rated) one used in the FEA; this difference is due to the
equivalent resistance of the diodes and switches in series with
the resistance of the motor (in the simulation, supposed equal to
0.1 Ω).

The error on the calculation of the initial position, if minor,
can be recovered if sensorless control is used or nullified with
an incremental position sensor with zero pulse signal. However,
if the application requires the exact value of the initial position,
it is possible to align the rotor using a current space vector with
the same direction of the estimated ositionn, thus reducing the
rotor motion (equal to the angle error) and guaranteeing extact
value of the initial position. Another strategy, useful in all those
applications in which the rotor can turn in one direction only,
consists of an alignment according to a position that will surely
make the rotor rotate in the wanted direction.

VI. EXPERIMENTAL RESULTS

The experimental set-up consists of a one-quadrant power
supply, an IGBT inverter that operates at 10 kHz PWM fre-
quency, and control made through a microcontroller TMS
320C28335. This drive feeds the synchronous reluctance motor
with four poles and four flux barriers on the rotor presented in
Section V and shown in Fig. 14.

The experimental tests have been performed similarly to the
simulations presented in the previous section. Hence the same
time windows have been considered, and the same feeding
patterns mentioned in Section II have been used. Moreover, all
the experiences were carried out with a “cold” motor so that
the winding temperature was close to the reference value for
resistance measurement (see Table III).

Figs. 15, 16, and 17 show the phase current responses obtained
for different rotor position values in the same condition of the
simulation results (Figs. 10, 11, and 12). The behaviors are very
similar to those presented in the previous section. The results
given by the simulations are consistent with the experimental
tests. Minor differences can be because of the deviation of

Fig. 15. Behavior of the phase currents with a position of 0°.

Fig. 16. Behavior of the phase currents with a position of 135°.

Fig. 17. Behavior of the phase currents with a position of 90°.

magnetic properties due to manufacturing, end winding effects
not taken into account in the 2D simulations, and manufacturing
tolerances in stator and rotor cores.

Also, in this case, the maximum current in the d-direction is
lower than 2 A, but as mentioned, this does not affect the results
in terms of position, phase resistance, and axes inductances
estimation. The parameters computed with this current level
correctly estimate the machine in an unsaturated condition which
is the most frequent operating area (low and medium torque).
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Fig. 18. Experimental error between the estimated position and the real one
with different time windows.

TABLE IV
EXPERIMENTAL RESULTS OF PARAMETER ESTIMATION

As done for the simulation study, the experimental position
estimation error has been evaluated with different settings of
the identification procedure. Fig. 18 shows its trend in the same
conditions of the time window and starting point for calculating
the current derivative considered in the simulation study.

The experimental results are computed in the same conditions
of co-simulation. The errors obtained in the experimental results,
obtained in the different curves, are slightly higher than those of
the co-simulation. However, in the “best conditions”, described
in the previous section, the maximum error is under 4 degrees.
Still, either way, their values justify the utilization of this method
for the initial position estimation.

Finally, the experimentally estimated phase resistance and
axis inductances are reported in Table IV, compared to those
achieved in co-simulation and those provided by the FEA. In this
case, the difference between the experimentally estimated phase
resistance and the measured one used in the FEA is higher: this
is probably due to the higher equivalent resistance of the power
supply.

VII. CONCLUSION

This article proposes a new unified approach for the commis-
sioning of SynRel motor drives, which allows for identifying
the phase resistance, the axes inductances, and the starting rotor
position.

The approach exploits the flux model of the machine and an
original pattern of feeding voltage. The method is general, can
be implemented with standard control hardware, and applies to
all the synchronous reluctance machines.

The obtained results prove the effectiveness of the proposal.
The estimation errors range in a few percent for both the initial
position and the values of the parameters. The identification is
satisfactory in all the analyzed rotor positions and with different
choices of the measurement time windows during the feeding
patterns, which testifies the method’s robustness.

Ultimately, the estimation method proposed in this article is
the kernel for the fast commissioning of SynRel motor drives.
The estimated motor parameters allow the setting up of the
current control regulators. The estimated rotor position can also
be used to achieve a “soft” alignment (with minimum movement)
or a “safe” alignment in the wanted direction for applications in
which there is such a requirement. Compared to the typically
embedded one, the main advantage of the proposed method is
the short feeding time, which leads to minimal movement even
in no-load conditions.

Future work is to remove the simplifying modeling assump-
tions considered in this article to have a more accurate represen-
tation of the machine and improve the estimates.

APPENDIX

EXPRESSION OF SELF AND MUTUAL INDUCTANCES, FLUX

LINKAGES, AND VOLTAGES

Laa = Lσs + Lμs + LΔs cos (2θr)

Lbb = Lσs + Lμs + LΔscos (2θr + 2/3π)

Lcc = Lσs + Lμs + LΔscos (2θr − 2/3π)

Lab = Lba = −1/2 Lμs + LΔscos (2θr − 2/3π)

Lbc = Lcb = −1/2 Lμs + LΔs cos (2θr)

ϕa = LaaIa + LabIb + LacIc

ϕb = LbaIa + LbbIb + LbcIc

ϕc = LcaIa + LcbIb + LccIc

Va = RsIa + dϕa/dt

Vb = RsIb + dϕb/dt

Vc = RsIc + dϕc/dt
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