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Abstract—The synchronous reluctance machine is a promising
technology in the electrical machine market. They are now
considered in various applications such as transportation or
industries. Despite the lack of magnet in such machines, a small
residual flux may remains in the ferromagnetic material. This
residual flux produces back-electromotive forces as the machine
rotates. In this paper, two methods are proposed to determine
the back-electromotive forces of the machine online. One is based
on the measurements of the short-circuit currents, the other
utilizes a linear disturbances observer. The estimations of the
back-electromotive forces are then used in the control of the
machine in order to compensate their undesirable effects such
as current ripples. Both techniques require only the knowledge
of the speed and classical electrical parameters of the machine.
Experimental results are shown to prove the effectiveness of the
proposed approaches.

Index Terms—Synchronous Reluctance machine, Back-
Electromotive Forces, ReMa model, disturbances rejection

I. INTRODUCTION

Synchronous Reluctance (SynREL) machines constitute a
former technology when it comes to electrical actuators [1].
Because of phase switching and machine design issues, Syn-
REL machines only became a serious competitor in the
electrical machines market very recently. These past decades,
technological advances in power electronic and computer
science have made SynREL machines more effective and
novel designs are continuously developed to improve them [2].
SynREL machines are generally three-phase machines, they
only differ from others by the particular shape of their rotor,
while their stator are highly similar to those of Permanent
Magnet Synchronous Machine (PMSM) and Induction Ma-
chines (IM) [3]. Although IM have a relatively low efficiency,
they are currently the most popular technology in the industrial
three-phase electrical machines. However, SynREL machines
challenge them [4] both in terms of efficiency and weight [5].
Compared to the PMSM, SynREL machine’s performances are
definitely inferior. Yet, the excellent performances of PMSM
are mainly due to the rare-earth permanent magnet [6] used
in such technology. In today’s society, theses elements raise
several issues in ecological and economical fields [7], [8].
The absence of rare-earth magnet in SynREL machines is a
significant advantage. In addition, it allows safer operations of

the SynREL machines, in particular if a short circuit appears
in the stator winding [9].

Despite the absence of magnet, small back-electromotive
forces (EMF) are produced by the residual magnetism of
the iron which constitutes the machine [10]. In generator
application, these residual magnetic flux, that depend on the
magnetic history of the machine, are discussed in [11] [12].
Considering the self start of an isolated SynREL generator,
the back-EMF have a paramount importance. Indeed, at low
current the back-EMF effect is predominant.

The study of the back-EMF was the subject of a previous
work by the authors [13] where a dynamical model of the
back-EMF was proposed. However due to the possible changes
during the machine operation, it seems useful to propose
online solutions to estimate the phenomenon which, to the
knowledge of the authors, was never studied.

This article aims to develop two different methods that
estimate the back-EMF in order to compensate their unwanted
effects: while the first method is based on short-circuit currents
measurements, the second one uses a linear observer so as
to determine the disturbances caused by the back-EMF. Both
methods require only commonly known machine’s parameters.
Another ambition of this paper is to confront the two proposed
methods to the reference ReMa (Residual Magnetism) model
presented in [13].

The paper is structured as follows: SynREL technology
and dynamical models considering residual magnetism are
presented in section II; in section III, the two new methods to
determine back-EMF online are detailed and the compensation
approach is presented; in section IV experimental results are
used to compare both methods to a reference model for small
currents, the reduction of the current ripples by compensating
the back-EMF is also highlighted. Finally, the conclusion is
presented in section V.

II. MODEL OF THE SYNREL MACHINE

The electrical equations of SynREL machine can be ex-
pressed by applying Kirchhoff’s voltage law [14] as (1) :

dL(0:)iabe

dt €abe (l)

= Vabc — Rsiabc -



where igc = (ia 4, ic)' is the vector of stator currents,
Vabe = (Vo vy )" is the vector of stator voltages, eqp. =
(ea e» ec)Tis the vector of back-EMF on each phase of the
machine, 6, is the electrical position of the rotor, R (scalar)
is the resistance per phase and L(6,) is the inductance matrix
defined as: !

La Mab Mca

L(ae) = Mab Lb Mbc ) (2)
Mca Mbc Lc

with :

L. = Lo+ Lacos(26.),

Ly = Lo+ LQCOS(QG@ + 2?”),

L. = Lo+ Lacos(26, — %’T), 3

Ma, = Mo+ Mcos(20, — 3F), )

My, = My+ Mscos(26,),

M., = My+ Mscos(26, + %’T),

here, Ly, My and Lo, Ms are respectively average values
and amplitudes of phase inductances and mutual inductances.
Leakage inductance have been neglected.

Remark 1. In this work, back-EMF denote voltages produced
when no current flows through the stator windings. Sometimes
this term is employed to denominate the voltages generated
by the reluctance variations. Depending on currents in each
phase, they are not strictly back-EMF from our point of view.

The back-EMF are generally neglected [14] because of
the absence of magnet within the rotor, however, as for
most electrical actuators, SynREL machines are mainly made
of ferromagnetic materials. The hysteresis property of such
materials leads to a small magnetic excitation after being
subjected to an intense magnetic field. This results in back-
EMF not being zero as modeled in [13]. It results in back-
EMF composed of two frequencies in the conventional three-
phase frame. The amplitudes and the shapes of the back-EMF
depend on the configuration during the magnetizing process,
their expressions are given in (4)

ea = —Dprorwesin(fe + dp)
—3Istatwe Masin(26, — op),

er = —Pporwesin(f, + 5o — 27/3) @
—3Istatwe Masin(20, — o9 — 21/3),

ec. = —Prpwesin(f.+ oo+ 27/3)

—3Istarwe Masin(20, — oo + 27/3),

where ®,,; and I, represent the amplitudes of the two
frequencies, dy and o( are the direction of the current and
the position of the rotor during the magnetization process.
Fig. 1 presents an example of simulation results. Unlike IM,
the phase-to-phase voltages are not sinusoidal. Indeed, the
presence of the second harmonic, due to the residual mag-
netism within the stator and the reluctance variations, on the
phase-to-neutral voltages implies the same second harmonic
on the phase-to-phase voltages.

gnoring the homopolar behavior allows us to consider the hypothesis
My =—1Loand Ly = My [15]
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Fig. 1. Simulation of phase-to-phase back-EMF when both the rotor and

stator are magnetized. we = 209 rad/s, M2 = 0.058 H, &, = 0.0045
Wb, Istat = 0.0228 A, o9 = 7/4 rad, 6o = —27/5 rad

Fig. 2. Schematic cross-section of a SynREL machine with two pole pairs
and phase windings (A: blue, B: red, C: green)

Fig. 2 shows a SynREL machine with two pole pairs (1, =
2). The dark areas represent the iron while white parts are
made of non-magnetic material such as air. In such machines,
the variations of inductances are mainly responsible for the
torque generation. The expression of the produced torque is
deduced from a power balance (iron losses are neglected) and
is expressed as follows:

T T 4

Lo = %npp [%@ie)iabc} Tabe + nppeab:}—iabca 5)
where w, is the electrical speed of the machine. The electrical
position and speed are linked to their mechanical counterparts
(0, and €, respectively) by the number of pole pairs:
0 = nppbm and we = nppQdy,. Equation (5) shows that
the back-EMF have an impact on the torque generated by
the SynREL machine. In particular they can cause undesirable
torque ripples.



Because the Park reference frame [16] is very often used
to control electric machines, the equivalent dynamical model
that takes into account the back-EMF in that frame is given
in (6). In the electrical reference frame, the direction of the
rotor that involves the maximum of iron is called direction
d whereas the so-called ¢ direction is the one with large air-
gap (see Fig. 2). With these definitions, the d and ¢ axes are
unique and orthogonal in the electrical reference frame. The
reference of the electrical position 6. is chosen such that 6,
= 0 rad coincides with the alignment between the direction d
and the phase A windings.

Vdq — Rsidq + We /quidq — €dq; (6)
. (0 1 _ (Lg ©
with ¢ = 1 0). In (6), Lgy = (O L(;

inductance matrix in the Park frame, vqq, tqq and eq, are
respectively the voltages, currents and back-EMF vectors in
the Park reference frame. These two back-EMF are composed
of a sinusoid p,o with an offset p,q such that e; = —pgo —pa2

didq _
Laq dt =

is the

and e; = —pgyo — pg2 With:
pio = We \/gq%otsin(%),
Pd2 = 3\/§IstatweM28in(06 - 0'0), (7)
Pgo = —We \/g‘l)thOS(Cso),
Dg2 = —3\/§IsmtweMgcos(96 —0p).

III. ONLINE DETERMINATION OF THE BACK-EMF

Because the back-EMF may change during the operation
of the SynREL machine, the ReMa model is quite sensitive.
When the SynREL machine is operating, the back-EMF can
not be directly measured. This section aims to develop two
different methods for the online determination of the SynREL
machine’s back-EMF. The estimations of the two proposed
methods can be used to compensate the disturbances caused
by the back-EMF.

A. Short-circuit currents measurement combined with a Go-
ertzel algorithm

As mentioned previously, there is no problem to short-
circuit the stator of a SynREL machine. Indeed, it is even an
advantage of this technology compared to the PMSM. During
a short-circuit (vqp. = 0) the equation (1) boils down to:

dL(ee) -sc abc -sc
dt Labe L(ee) dt slabe (8)

The inductance matrix L(6.) is considered known. Because the
back-EMF are composed of only two frequencies, it can be
demonstrated that the short-circuit currents contain these same
frequencies (considering the remark in the previous footnote
1. They are hence modeled as follows:

i°¢ = Apcos(0. + D) + Ascos(20, + Do), 9)

dZSC

€abec = —

and their derivatives are analytically deduced:

disc )
prai —weAgsin(l. + ®o) —

Aswesin(20. + ®3).  (10)

To find the parameters present in (9) a Goertzel algorithm
is used.

The Goertzel algorithm has been introduced for the first time
in 1958 [17]. This algorithm is similar to the discrete Fourier
transform applied only for some specific frequencies. Due to
its low algorithmic complexity, this method is particularly
useful when the number of frequencies is small. For this
reason, it has been widely used in fault detection from high
frequency injection [18]. The operating details of the algorithm
can be found in [19].

From that method, the short-circuit currents derivatives are
analytically estimated, thus there is no noise issues. Finally
the back-EMF are deduced using (8).

B. Disturbances observer in the Park reference frame

An other method to estimate the back-EMF of the SynREL
machine online is presented here. The method is based on a
sinusoidal disturbances observer as in [20]. The observer is
designed in the Park reference frame. In that frame, the back-
EMF are only composed of a constant value and a sinusoidal
signal for each axis as presented in (6). The electrical speed
we 1s slowly varying, thus considered constant, so the system
is linear. Hence a linear Luenberger observer is designed from
the system represented by the following matrix:

& = Ax+ Bu,
with:
i Lq
L Werd = 0 0 0 £ 0
~wert —f 0 0 £ 0 0 £
0 0 0o 1 0 0 0 O
A= 0 0 ~w? 0 0 0 0 0
0 0 0 0 0 1 0 0]’
0 0 0 0 —w?2 0 0 0
0 0 0O 0 O 0 0 O
0 0 0 0 o 0 o0 O
IN(E)
B . 0 000000 ;3
“\0 £ 000000)" (13
0 0 0 0 0O
( 1 0 0 0 0 O) ’ (14
the states of the system are:
= (ia iq Pa2 Pi2 DPg2 Pq2 Pdo pqo)T7 (15)
the inputs are:
U = (vd vq)T , (16)
and the outputs are:
y=Cx=(iq i) (17)

The observed states (Z) follow the dynamical equation:
T = AT + Bu+ Lops(y — C%). (18)

The gain observer matrix L,ps is chosen so that the matrix
(A — LypsC) is Hurwitz.
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Fig. 4. Control diagram with the second proposed method

This system can not be observed at zero speed. Moreover,
some uncertainties, particularly on L, and L, may have an
effect on the stability of the observer. If the speed varies, a
gain scheduling approach may be considered.

C. Feedforward

In [21] the observed disturbances are used to compensate
the latter via the inputs of the system. Here, a similar approach
is considered. The control diagram is represented on Fig. 3 and
Fig. 4 for the two proposed methods.

Thanks to the switch ”Sw” the perturbations caused by the
back-EMF can either be compensated ("Sw” activated) by the
back-EMF estimations or not ("Sw” inactivated).

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

In this section the experimental results are presented. The
different methods are analyzed and compared to each other.

A. Description of the test bench

For the experimental tests, a BSROOLE154055FB5 SynREL
machine from Bonfigioli is used. Its main characteristics are
listed in Table I. A Leroy-Somer 9SUMC300HAAAA PMSM
with the same speed and power range is attached to the
SynREL machine by the shafts. Both machines are fed through
three-phase inverters composed of NTHLO80N120SC1 SiC
MOSFET. Position and speed measurements are provided
by an incremental encoder with 5000 points per mechanical
revolution. All acquisitions are extracted through a dSpace

MicroLabBox Rapid Control Prototyping (RCP) System. The
experimental setup is presented in Fig. 5.

Current Sensors

Miokabihx -

dSpace MicroLabBox e

Human Machine Interface

g G ﬂ-k

(1 [

Fig. 5. Experimental setup

A classical current vector control combined with a
Proportional-Integral (PI) speed controller is used to drive the
PMSM machine at a constant speed. The PIs of the field-
oriented current controllers of the SynREL machine are chosen
such that the closed loop dynamic response is the same for
the both axis and the controllers are the same for all the
experiments.

TABLE I
MAIN PARAMETERS OF THE SYNCHRONOUS RELUCTANCE MACHINE

Parameters Value Units
Base speed (mechanical) 2., 157 rad/s
Number of pole pairs npp 2 —
Rated current I, 4.5 A
Power P, 1500 w
Nominal phase voltage Vi, 230 V
Resistance per phase R 2.6 Q
Unsaturated inductance amplitude Lo 0.078 H
Unsaturated inductance average value Lo  0.144 H
Unsaturated Mutual amplitude Mo 0.058 H
Unsaturated Mutual average value Mo -0.048 H
Unsaturated d-axis inductance Ly 0.289 H
Unsaturated g-axis inductance Lg 0.095 H

B. Experimental back-EMF determination

1) Estimated back-EMF': the PMSM is driven so that the
mechanical speed is kept constant. The SynREL machine is in
a first time short-circuited and no feedforward compensation
is considered ("Sw” inactivated). The short-circuit is accom-
plished by imposing the same constant duty-cycle on each
phase of the inverter-fed machine. Despite the potential dead-
time effect, it was experimentally verified that the behavior
was the same as with a real short-circuit. During this, the
Goertzel algorithm method is applied in order to determine the
back-EMF from this first method. The identified parameters
are stored in memory in order to be used hereafter. After that,
the SynREL machine is controlled to regulate the current at
zero. There is still no feedforward compensation ("Sw” inac-
tivated). The Observed back-EMF are computed and another
estimation of these latter is then available.
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Fig. 6. Comparison of the two proposed methods and the ReMa model
(Qp, = 72.2 rad/s)

On the figure Fig. 6 the two proposed methods results are
compared to the ReMa model [13] on phase A for a constant
mechanical speed of 72.2 rad/s. The two procedures provide
satisfactory results both in term of shape and amplitude al-
though the observer method is slightly better than the Goertzel
algorithm based method. The similarity of the results make us
more confident on the estimation of the back-EMF.

2) back-EMF compensation: the feedforward compensa-
tion is now considered. The estimated back-EMF are used
to compensate the current ripples caused by the back-EMF.
Again the PMSM is driven so that the mechanical speed is
kept constant. The SynREL machine is controlled to keep its
currents at zero. While the observer’s estimated back-EMF
are computed online, those of Goertzel’s algorithm are based
on the previous short-circuit process. The currents ¢y and %,
are measured for different compensation methods as shown on
Fig. 7 and Fig. 8.

The performances of the estimation methods are deduced
from the efficiency of the disturbance compensation. Although
visible for the direct current 7,4, the effect of the back-EMF
compensation is particularly notable on 7,. This is due to the
fact that the disturbances are bigger on the ¢ axis than in
the direct one because of the lower value of the inductance
Ly compared to Lg. On Fig. 7 the two proposed methods
provide similar results. However, the methods implying a
Goertzel algorithm consumes more computational resources.
This algorithmic complexity may be improved by deducing
the three currents from only one measured using the classical
relations between the currents.

The effects of the disturbances compensation is even better
when the speed increases since the higher the speed, the
bigger the disturbances. Furthermore, when the disturbances
frequency increases, the natural disturbances rejection of the
PI current controllers is less and less effective.

Fig. 8 shows the results for the back-EMF compensation
methods when the machine rotates at a mechanical speed of
105 rad/s.

Q,, (rad/s)

Measured currents (A)

0 0.2 0.4 0.6 0.8 1 1.2 14 16
time (s)

Fig. 7. Current measurements for different compensations of the back-EMF
(Qy, = 36.6 rad/s)
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0 0.1 02 0.3 0.4 0.5 06 0.7 0.8

Measured currents (A)
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Fig. 8. Current measurements for different compensations of the back-EMF
(Qy, = 105 rad/s)

On that figure the effect of the compensation is visible
for both axes. The compensation from the observer method
provides better results. However, the methods based on the
Goertzel algorithm has no risk of instability and is easier to
tune. Indeed, depending on the required frequency resolution,
a simple relation relies sample frequency and the measure
duration. While the choice of L,,, matrix is no that trivial.

3) Perspectives: it is commonly accepted that the residual
magnetism can change during operation. To confirm this,
the back-EMF are observed for different current loads while
the PMSM makes the SynREL machine rotate at a constant
speed. No back-EMF compensation is considered here ("Sw”
inactivated). Starting from a regulation of the 74 and %, currents
at zero. A current step is generated by imposing iq = i = 1.5
A. After that the currents are once again regulated to zero.

The Fig. 9 shows the back-EMF (in the three-phase frame)
on phase A observed by the second method for the described
operations of the SynREL machine. From that figure, it can be
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Fig. 9. Observed back-EMF for different operations

seen that the back-EMF change depending on the history of
the machine. The ReMa model, that does not change online, is
close to the solid line of Fig. 9 as proved on Fig. 6. However,
after applying a current step on both d and ¢ axis, the back-
EMF change. When currents are flowing through the stator
windings, the back-EMF are over estimated. Indeed, during
such operation, the inductance L, and more likely Ly can
saturate. This generates errors in our model, these errors on the
inductances are included into the observed perturbations. For
such cases, the estimation of the back-EMF can be improved
by taking into account the saturation of the inductances.
More generally the both proposed methods are sensitive to
inductances variations. This latter point is suggested as a
further work to improve the present development.

V. CONCLUSION

Two methods to determinate the back-Electromotive forces
of a SynREL machine online are presented in this paper.
The two suggested strategies require only commonly known
machine’s parameters. The first proposed method is based on
a short-circuit currents measurement. The second approach
relies on a linear disturbances observer in the Park reference
frame. The estimations of the two proposed methods can be
used to compensate the disturbances caused by the back-EMF.
Both methods are compared to a previously developed ReMa
model of the SynREL machine. The experimental results show
that both methods are effective to estimated the back-EMF
of the SynREL machine. Experiments show good results for
the compensations at low currents. Making the compensation
more efficient at higher currents is a considered perspective
that certainly requires a more precise inductance model.
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