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Abstract—This article proposes a nonlinear controller based
on feedback linearization (FL) for synchronous reluctance motor
(SynRM) drives which takes into consideration the magnetic satu-
ration. The proposed nonlinear FL control based control technique
has been developed starting from the theoretical definition of an
original dynamic model of the SynRM taking into consideration
both the self- and the cross-saturation effects. Such a control tech-
nique permits the dynamics of both the speed and axis flux loops
to be maintained constant independently from the load and the
saturation of the iron core in both constant flux and variable direct
axis flux operating conditions. Finally, sensitivity of the perfor-
mance of the proposed FL control versus the variation of the main
motor parameters has been verified. The proposed technique has
been tested experimentally on a suitably developed test setup. The
proposed FL control has been further compared with the classic
field-oriented control (FOC) in both constant flux and variable flux
working conditions.

Index Terms—Feedback linearization (FL), magnetic saturation,
synchronous reluctance motors (SynRM).

I. INTRODUCTION

SYNCHRONOUS reluctance motors (SynRMs) have been
prototyped around 1923. Their low performance (in terms

of output torque and power) combined with their relatively high
price have, however, limited their adoption for a long time. Only
recently, novel techniques for the advanced design of rotors have
permitted increased values of the saliency ratios (9–12), to which
the performance of SynRMs is strictly related [2]. Nowadays,
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even if modern SynRMs offer output power levels comparable
to those of the corresponding induction motors (IMs), very
limited number of industries produce them. One of the reasons
is that due to their constructional characteristics, SynRMs can
be hardly operated in open loop. High dynamic performance
can be achieved by adopting vector control technique; indeed,
several rotor-oriented control (ROC) or stator flux-oriented con-
trol (FOC) schemes have been developed [3]–[5]. The theo-
retical performance of the SynRMs is limited, however, by
the strong nonlinearity of the machine, particularly because of
its magnetic characteristics; actually, the saturation phenomena
are different on the direct and quadrature axes, and significant
cross-saturation phenomena are observable [6].

During the last years, several approaches for high-
performance control of SynRM drives have been developed. In
detail, [7] proposed unified direct-flux vector control scheme
adopting a direct stator flux control approach implemented in the
stator flux reference frame. The stator flux is directly controlled
by the d-axis component of the stator voltage vector, while the
torque is controlled by regulating the q-axis component of the
stator current vector. The scope of [7] is more to device a general
control scheme to be possibly used for all kinds of motors than
to propose a high-performance control technique specifically
conceived for SynRM drives. In [7], it is explicitly written that
a coupling of the quadrature axis current equation with the
direct axis exists during flux regulation transients only, which is
typical of classic vector controllers. This is a concrete control
problem of SynRM drives, given that they are typically operated
under maximum torque per ampere (MTPA) operation. The
control system theory offers an important set of nonlinear control
methodologies for dealing with the nonlinearities of electric
motors and tries to overcome exactly the above-mentioned limits
of classic vector controllers.

Among nonlinear control techniques, one of the most promis-
ing is the so-called input–output feedback linearization (FL) [8],
[9]. This issue has been faced up initially with specific regard to
IM drives [10]–[12]. Nevertheless, very few applications of FL to
SynRMs are still present in the scientific literature [13]–[16]. In
particular, [13] proposes an adaptive input–output FL technique
used for speed and torque-tracking control of a SynRM drive,
assuming as state variables the direct and quadrature stator
flux components and the rotor speed. This controller is capable
of estimating online the motor static inductances on the two
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axes. The work [14] proposed an FL control technique whose
main control objective is the minimization of SynRM power
losses under the constraint of constant torque production. To
this aim, [14] includes the iron losses in the SynRM model, but
it neglects the iron saturation phenomenon. In [15], a nonlinear
controller is proposed, which directly regulates the torque by
selecting the product of d- and q-axis currents, concurring to the
production of the torque as one of the output variables. In [16],
an approach similar to the two previous papers is followed, but
only the rotor speed has been estimated. Finally, [17] proposes
an input–output FL technique, permitting the decoupling of the
stator flux and electromagnetic torque control loops. In [17],
the controller equations are based on the SynRM dynamic
model expressed in the stator flux reference frame. The dynamic
model exploited in [17], however, does not take into account the
magnetic saturation.

The input–output feedback linearization control (FLC) tech-
nique is, however, a model-based control and, therefore, suf-
fers primarily from two disadvantages: 1) the accuracy of
the dynamic model on which the control law is based; and
2) the corresponding correct knowledge of the model param-
eters. Starting from these remarks, this article, differently from
the previous papers presented in literature, proposes a nonlin-
ear controller based on input–output FLC for SynRM drives
based on an original accurate dynamic model taking into con-
sideration the self- and cross-saturation effects. The proposed
FLC technique considering the magnetic saturation has been
verified experimentally on a suitably developed test setup. It
has been experimentally compared with field-oriented control
(FOC), in particular with the ROC. Experimental tests have
been performed in both constant flux and variable flux working
conditions. As for the variable flux operation, the SynRM drive
has been integrated with the MTPA technique proposed in [18].
Finally, a sensitivity analysis has been made, showing the effects
on the performance of the proposed FLC of a strong detuning
of the main motor parameters (inductances and resistances).

A. Comparison With the Scientific Literature

The proposed FLC assumes as state variables the direct and
quadrature components of the stator currents and the rotor speed.
The space-vector dynamic model on the basis of which the
proposed FLC has been developed is inspired from [19], whose
magnetic model has been proposed in [20], improving it in
a far better mathematical description of the cross-saturation
phenomenon. As for the control law, the proposed FLC follows
the approach in [10] and [11], where the chosen state variable
on the quadrature axis is rotor speed and not the electromagnetic
torque. From this point of view, this work differs from [14]
and [17], where only the stator equations have been linearized
by state feedback. In the proposed approach, speed control is
performed so that the dynamics of the torque are controlled
as internal dynamics of the system but without the need of
a dedicated control loop, as it is the case of FOC and FLC
in [17] in which the controlled variables are torque and flux.
The approach in [17], therefore, requires the adoption of two
controllers on the quadrature axis (torque and speed), whereas

the proposed approach requires only one (speed). To follow the
proposed approach, the mechanical dynamics of the system, and,
therefore, the inertia of the motor, must be accounted for, to
define the suitable set of nonlinear transformations of the states
and inputs. As for the FLC proposed in [13], since it assumes
the stator flux components as state variables besides the speed, it
reveals necessarily simpler than the proposed one, regarding the
dynamic model. Moreover, it presents the advantage of being
adaptive with the variation of the direct and quadrature static
inductances. This advantage is, however, paid by the fact that
the control system requires online knowledge of the stator flux
direct and quadrature components. These quantities cannot be
measured online while they are to be estimated by flux models or
observers. The control system performance and the accuracy in
the estimation of the inductances in [13], thus, suffer also from
the accuracy of the stator flux components by the flux model. On
the contrary, the proposed FLC requires the online knowledge
of the stator current components, which are measured quanti-
ties, and, thus, it is intrinsically more accurate than [13] and
potentially more performing. Finally, all the works in literature
dealing with the FLC of SynRMs do not consider the self- and
cross-saturation effects to the best of the authors’ knowledge,
and this is one of the major contributions of this work.

II. SPACE-VECTOR STATE MODEL OF THE SYNRM
CONSIDERING SELF- AND CROSS-SATURATION

A complete magnetic model of the SynRM has been proposed
in [20], where specific original flux versus current functions
have been deduced, permitting both the self- and cross-saturation
effects to be accounted for. Correspondingly, [19] proposed a
new space-vector model of the SynRM including self- and cross-
saturation effects expressed in state form. The definition of such
a model is crucial for developing the nonlinear FL technique
proposed in this article. The magnetic model proposed in [19]
has been significantly improved here in order to better describe
the cross-saturation phenomenon.

A. Literature Review of Magnetic Models of SynRMs

The work [21] presents a review of some explicit functions
for modeling the magnetic saturation of SynRM, dividing them
into two major approaches: 1) the flux versus current, to be
used when the current is assumed as a state variable; 2) the
current versus flux ones, to be used when the flux is assumed
as the state variable. As for the current versus flux approach,
two kinds of functions are cited: 1) the power function [22];
2) the arctan function (modeling the derivative of the current
to the flux and thus to be integrated) [23]. None of them,
however, accounts for the cross-saturation phenomenon. As for
the flux versus current approach, three kinds of functions are
cited: 1) piecewise functions proposed in [24] for describing
only the self-saturation and improved in [25] by integrating the
cross-saturation; 2) the polynomial functions [26] accounting for
the cross-saturation; 3) the rational functions [27] accounting for
the cross-saturation but not fulfilling the reciprocity conditions.
In particular, [21] proposes a magnetic model belonging to the
current versus flux approach and based on an improved version
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of the power function accounting also for the cross-saturation
and respecting the reciprocity condition. In [28], the authors
address the issue of the experimental magnetic characterization
of the flux versus current relationship of interior permanent mag-
net (IPMs) and permanent magnet (PM)-assisted SynRMs. In
particular, a simplified but effective model of the cross-saturation
phenomenon is proposed.

B. Proposed Magnetic Model

The proposed magnetic model is in the framework of a flux
versus current approach; so it is suitable for dynamic models
of SynRMs adopting the stator currents as state variables. As
for the magnetic characteristics of the SynRM, the following
functions are proposed, which consider both the self- and cross-
saturation effects and describe the relationships between the
direct and quadrature components of the stator fluxes and the cor-
responding components of the stator currents in the synchronous
reference frame. The stator flux direct (x) and quadrature (y)
components have been defined as follows:

ψsx=2α1

(
1

1+e−β1isx
− 1

2

)
+η1isx+Δψsx (1a)

ψsy=2α2

(
1

1+e−β2isy
− 1

2

)
+η2isy+Δψsy. (1b)

Tb. I show the complete list of the adopted symbols. In particular,
as for the self-saturation, it has been formulated by adopting
sigmoid functions, to which linear functions are added because
the magnetic characteristic of the motor is not completely flat
in deep saturation. As for the cross-saturation, it has been con-
ceived starting from the definition of a proper coenergy variation
function due to the cross-saturation. The coenergy variation
function has been expressed as the product of two functions,
one depending only on isx and the other depending only on
isy . This last condition is very important since it permits the
reciprocity conditions to be properly fulfilled. The mathematical
formulation has been created based on the analysis of [29, Fig.
2]. This last figure shows that the flux on the x-axis reduces for
increasing values of the current isy . Moreover, for a given value
of isx, the amount of reduction of the flux on the x-axis depends
on the absolute value of isy , being independent from its sign. The
higher the absolute value of isy is, the higher the flux reduction
on the x-axis is. Moreover, the same figure shows that the flux
variation on the x-axis is null for zero value of isx and very little
for high values of isx, while it presents a maximum for a certain
intermediate range of isx. These considerations suggest that the
flux variation on thex-axis should be weighted with a function of
isx presenting a bell shape. Since it is needed that such a function
presents a primitive (for the definition of the coenergy variation
function), the derivative of the sigmoid function has been chosen,
which is a combination of exponentials. In particular, the defined
coenergy variation function is the following:

ΔW ′ =

γ
1(

1+e
−(isx−μ1sgn(isx))sgn(isx)

σ1

) 1(
1+e

−(isy−μ2sgn(isy))sgn(isy)

σ2

) .
(2)

From (2), the cross-saturation flux variation terms can be com-
puted as

Δψsx =
dΔW ′

disx
= −lxxlxy, (3a)

Δψsy =
dΔW ′

disy
= −lyylyx (3b)

where lxx, lxy , lyy , and lyx are given in the Appendix.
Since the nonlinear inductor should not generate or dissipate

electrical energy, the reciprocity condition must be satisfied [21],
[30], and the cross-saturation dynamic inductance can be coher-
ently defined as

L′
sxy =

dΔψsx
disy

=
dΔψsy
disx

= − 1
γ
lxxlyy. (4)

The analysis of (4) shows that, independently from the numer-
ical values of the parameters, the sign requirements described
in [31] are satisfied. Finally, the self-saturation dynamic induc-
tances on the direct and quadrature axes can be defined as

L′
sxx =

dψsx
disx

=

= η1+
2α1β1(

e
β1isx

2 +e−
β1isx

2

)2 +
1
σ1

sgn(isx)lxxlxyl
′
x,

(5a)

L′
syy =

dψsy
disy

=

= η2+
2α2β2(

e
β2isy

2 +e−
β2isy

2

)2 +
1
σ2

sgn(isy)lyylyxl
′
y (5b)

where l′x and l′y are given in the Appendix.
As for the static inductances, they are straightforwardly de-

fined as

Lsxx=
ψsx
isx

=η1+2α1

(
1

1+e−β1isx
− 1

2

)
1
isx

− lxxlxy
isx

, (6a)

Lsyy=
ψsy
isy

=η2+2α2

(
1

1+e−β2isy
− 1

2

)
1
isy

− lyylyx
isy

. (6b)

The entire magnetic behavior of the machine can be, therefore,
described by functions requiring the knowledge of 11 model
parameters (α1, β1, η1, γ, μ1, σ1, α2, β2, η2, μ2, and σ2), of
which 6 describe the self-saturation on both axes (α1, β1, η1, α2,
β2, and η2) and 5 describe the cross-saturation (γ, μ1, σ1, μ2,
and σ2). The parameters of the proposed have been identified by
adopting the methodology presented in [32].

As for the SynRM under test, whose photo is shown in
Fig. 9 and rated values and model’s parameters are described
in Tables IV and V, Fig. 1 shows the variation of the static
self-inductance on the direct (quadrature) axis versus the direct
(quadrature) axis current for several values of the quadrature
(direct) current, defined in (6). These figures show a set of
curves, obtained respectively for zero current on the other axis
(no cross-saturation is present) as well as for increasing values
of the current on the other axis. It can be observed that Lsxx
decreases with isx, as expected because of the self-saturation
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Fig. 1. Static self-inductance on the direct axis Lsxx and on the quadrature axis Lsyy for several values of the current.

Fig. 2. Dynamic self-inductance on the direct axis L′
sxx and on the quadrature axis L′

syy for several values of the current.

Fig. 3. Cross-saturation terms of the dynamic self-inductance on the direct and quadrature axes for several values of the current (top plots) and cross-saturation
flux (bottom plots).

Fig. 4. Block diagram of the proposed controller.
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Fig. 5. Bode diagram: open-loop transfer function for direct axis flux dynam-
ics.

Fig. 6. Bode diagram: open-loop transfer function for speed dynamics.

Fig. 7. Bode diagram: closed-loop transfer functions of the direct axis flux
dynamics.

phenomenon. It can be further observed that Lsxx decreases for
increasing values of isy . The higher the isy is, the lower is the
Lsxx; in particular, the inductance curves obtained with nonnull
values of isy are lower than that obtained with the null value of
isy for any value of isx. The same phenomenon is observable
on Lsyy . As for the dynamic self-inductance defined in (5),

Fig. 8. Bode diagram: closed-loop transfer functions of the speed dynamics.

Fig. 9. Photograph of the SynRM experimental setup.

TABLE I
LIST OF SYMBOLS

TABLE II
PARAMETERS OF THE CONTROLLERS

TABLE III
DESIGN SPECIFICS
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TABLE IV
RATED DATA OF THE SYNRM

TABLE V
PARAMETERS OF THE SYNRM SATURATION MODEL

Fig. 2 shows the variation of the dynamic self-inductance on
the direct (quadrature) axis versus the direct (quadrature) axis
current for several values of the quadrature (direct) current. The
shapes of dynamic inductances are similar to those of the static
ones, with some differences highlighted in the following. It can
be observed that the direct axis dynamic self-inductance curve
obtained for nonnull values of quadrature axis current, below a
certain current threshold and for increasing values of the direct
axis current, is lower than that obtained for zero quadrature axis
current (no cross-saturation). The reason is the reduction of the
direct axis flux caused by the further saturation of the self-axis by
the quadrature current. The shape of the dynamic self-inductance
above this threshold of direct axis current changes. In fact, the
direct axis flux reduction caused by the cross-saturation is not
equal in the entire range of the direct axis current. It is null for
zero direct axis current, then it increases getting a maximum,
and then it starts decreasing to a limited value because the
magnetic circuit is already fully saturated by the direct axis
current. On the quadrature axis, the self-flux reduction due to the
direct axis current, above a certain value of quadrature current,
is less observable. This phenomenon is coherent with the fact
that the quadrature axis magnetic circuit gets less easier the full
saturation. The above-described kind of variation is confirmed
also in [29, Fig. 2]. As for the proposed magnetic model, such a
phenomenon is shown in Fig. 3 (bottom plots), showing the flux
reduction on both axes caused by the cross-saturation. Since the
dynamic direct axis self-inductance is defined as the derivative
of the direct axis flux with respect to the direct axis current,
the component of the direct axis dynamic self-inductance due
to the cross-saturation changes its sign above a certain value
of direct axis current (see Fig. 3, top plots). This phenomenon
finally motivates why a certain value of direct axis current exists,
above which the direct axis dynamic self-inductance obtained
with a nonnull value of the quadrature axis current becomes
higher than that obtained for zero quadrature axis.

The proposed FLC control technique assumes an a priori
knowledge of the magnetic behavior of the SynRM. This is
a slight complication of the control law; all the inductance

functions have to be implemented online, and, thus, the related
parameters must be previously identified offline. In the authors’
opinion, however, this does not limit the application of the
proposed method to other machines with different ratings. As a
matter of fact, the methodology for identifying offline the model
parameters defined in [20] is based on three simple stand-still
tests that do not require the machine to be run at any speed or
load. The tests just require the SynRM to be supplied by a voltage
source inverter (VSI) that is something implicit in its adoption.
The offline identification procedure can be easily integrated in
the control action as a preliminary self-commissioning phase,
within which even the controller tuning can be included. In gen-
eral, a proper tuning of the current regulators of a SynRM drive
would require, in any case, a proper magnetic characterization
of the machine.

The static and dynamic inductance surfaces function, if
straightforwardly implemented, would require a very high com-
putational demand. In this case, however, all these surfaces have
been experimentally implemented as linearly interpolated func-
tions, thus reducing significantly the computational demand.

C. Dynamic Model of the SynRM

IfΨs = [ψsx, ψsy] is the vector whose elements are the direct
and quadrature stator flux components in the rotor reference
frame and is = [isx, isy] is the corresponding stator current
components vector, the complete space-vector dynamic model
of the SynRM in state form, selecting the stator fluxes as state
variables, can be written as

dΨs

dt
= us −Rsis − jωrΨs. (7)

The stator current can be obtained from the stator fluxes by
means of the following relations:

isx=L
−1
sxxψsx, isy=L

−1
syyψsy (8)

where the expressions of Lsxx and Lsxx are given in (6).
By replacing (6) with (8) and properly differentiating, model

(7) can be also conveniently written by considering the stator
currents as state variables, instead of the stator fluxes, as follows:

dis
dt

= L′
s
−1

(us −Rsis − jpωrΨs) . (9)

The inverse matrix of the dynamic inductances in (9) is defined
as

L′
s
−1

=
1

L′
sxxL

′
syy − L′

sxy
2

[
L′
sxx −L′

sxy

−L′
sxy L′

syy

]
(10)

where L′
sxx, L′

syy , and L′
sxy and their expressions are given in

(4) and (5).
Finally, the mechanical equation of the SynRM is given by

J
dωr
dt

= −fvωr + tm − tl (11)

whereJ and fv are the moment of inertia and the viscous friction
coefficient, tl is the load torque, and tm is the electromagnetic
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torque produced by the motor and is given by

tm =
3
2
p (ψsxisy − ψsyisx) =

3
2
p (Lsxx − Lsyy) isxisy

=
3
2
p

(
1

Lsyy
− 1
Lsxx

)
ψsxψsy.

(12)

It is noteworthy that only the expression of the static inductances
appears in the dynamics of the speed since the electromagnetic
torque is explicitly dependent on the static inductances, and it
depends on the dynamic inductances only indirectly through the
stator fluxes.

III. NONLINEAR CONTROLLER DESIGN

Let us suppose that the SynRM drive is operated under
ROC or FOC or any FLC not involving the speed loop in
the controller design. If the controlled variables are the direct
axis current (proportional to the direct axis flux by the direct
static self-inductance) and the rotor speed, assuming that the
drive is operated under MTPA (variable direct axis current),
the speed and the direct axis control loops are coupled by the
torque expression (12). The only way to decouple the speed
and direct axis current loops is to adopt a suitably defined
FLC accounting for the mechanical dynamic equation. In the
following, the proposed approach is described. To design the
controller, (7), (9), and (11) are now considered. Moreover, the
two outputs of this model are represented by the direct axis
flux ψsx and the mechanical speed ωr. Note that this system
is a multiple-input multiple-output system; therefore, a state
feedback will be designed so that the resulting system can be
viewed as two decoupled systems: The first governs the ψsx
dynamics and the second governs the ωr dynamics. Finally, the
target of the proposed controller is the full decoupling between
these two systems in any operating condition, independently of
the load and the saturation condition.

With regard to the direct axis flux dynamics, if the Lie deriva-
tive ofψsx is computed, the first equation of (7) is obtained. This
means that if the state vector is defined as

x :=
[
isx isy ωr

]�
(13)

and the input usx is designed such that

usx = Rsisx − ωrψsy + νx := f1(x) + νx, (14)

then the dynamics of ψsx can be written in terms of the new
input νx as follows:

dψsx
dt

= νx. (15)

With regard to the speed dynamics, if the new state variable a,
called acceleration and defined as a := dω

dt , is introduced, then
it is possible to compute the second-order Lie derivative of the
speed along the trajectories of the system as follows:

dω2

dt2
= −fv

J
a+

3p
2J

([
g1 g2

]
L′
s
−1

+

(
1

Lsyy
− 1
Lsxx

)[
ψsy ψsx

])[usx −Rsisx + ωrψsy

usy −Rsisy − ωrψsx

]

(16)

where

g1 : =

(
∂Lsxx
∂isx

L2
sxx

−
∂Lsyy
∂isx

L2
syy

)

=
1
isx

(
L′
sxx − Lsxx
L2
sxx

)
+

1
isy

(
L′
syx

L2
syy

)
, (17a)

g2 : =

⎛
⎝ ∂Lsxx

∂isy

L2
sxx

−
∂Lsyy
∂isy

L2
syy

⎞
⎠

=
1
isy

(
L′
syy − Lsyy

L2
syy

)
+

1
isx

(
L′
sxy

L2
sxx

)
. (17b)

As can be seen from (16), both the inputsusx andusy appear in
the expression. Then the model in this form cannot be feedback
linearizable in the “classical” form since the dynamic of speed
cannot be made independent of the control of ψsx. However,
from (14) and (15), it is apparent that the dynamics of ψsx do
not depend on usy. This suggests considering the two systems
as a cascade of two subsystems: the first that describes the ψsx
dynamics and the second that describes the ωr dynamics. In this
way, it is possible to design νx [and, consequently, usx by (14)]
in order to assign the dynamics of (15) and then to consider νx
as a time-varying quantity that perturbs the second subsystem
(the one of the speed). Obviously, νx is known and it will be
necessary to compute the feedback law to linearize the speed
dynamics. In other words, the following is defined:

usy = Rsisy + ωrψsx + ν̄y := f2(x) + ν̄y (18)

and by considering (14), (16) can be written as

dω2

dt2
= −fv

J
a+

3p
2 J

(h1(x)νx + h2(x)ν̄y) (19)

where

h1(x) :=
g1 L

′
sxx + g2 L

′
sxy

L′
sxxL

′
syy − L′

sxy
2 +

(
1

Lsyy
− 1
Lsxx

)
ψsy, (20a)

h2(x) :=
g1 L

′
sxy + g2 L

′
syy

L′
sxxL

′
syy − L′

sxy
2 +

(
1

Lsyy
− 1
Lsxx

)
ψsx. (20b)

At this point, it is possible to define the auxiliary input ν̄y as

ν̄y : = h−1
2 (x)

(
−h1(x)νx +

2 J
3p

(
fv
J
a+ νy

))

= h−1
2 (x)

(
−h1(x)νx +

2 J
3p

(f3(x) + νy)

)
(21)

with

f3(x) :=
fv
J2

(
3
2
p

(
1

Lsyy
− 1
Lsxx

)
ψsxψsy−fvωr−tl

)
(22)
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where νy is a new auxiliary input. With the above definition, the
system describing the speed dynamics becomes

dωr
dt

= a,
da

dt
= νy (23)

which appears in the standard linear form.
Note that each state function f1(x), f2(x), f3(x), h1(x), and

h2(x), appearing in the scheme of Fig. 4, can be conveniently
written as only functions of the currents isx, isy , and the speed
ωr, which are all measurable quantities. Indeed, by considering
the above given relationships, it is possible to write

f1(x) :=Rsisx − ωrLsyyisy, (24a)

f2(x) :=Rsisy + ωrLsxxisx, (24b)

f3(x) :=
fv
J2

(
3
2
p (Lsxx − Lsyy)isxisy−fvωr−tl

)
, (24c)

h1(x) :=
g1 L

′
sxx + g2 L

′
sxy

L′
sxxL

′
syy − L′

sxy
2 +

(
1−Lsyy

Lsxx

)
isy, (24d)

h2(x) :=
g1 L

′
sxy + g2 L

′
syy

L′
sxxL

′
syy − L′

sxy
2 +

(
Lsxx
Lsyy

−1

)
isx (24e)

where g1 and g2, given in (17), as well as the static and dynamic
inductances, given in (4)–(6), are already expressed as functions
of the currents isx and isy .

Remark 1: The proposed control scheme requires the exis-
tence of the inverse of h2(x), h−1

2 (x). However, it is possible
to prove that the inverse exists if ψsx �= 0, and this condition is
always satisfied because the SynRM works properly only if the
direct axis flux ψsx is strictly greater than zero for any working
condition. Thus, the conditionψsx > 0 ensures that the mapping
h−1

2 (x)h1(x) is a diffeomorphism, i.e., it is an invertible function
that maps one differentiable manifold to another so that both the
function and its inverse are smooth.

Remark 2: Note that the complication of considering the
auxiliary input νx in the definition of the state feedback to
linearize the speed dynamics has never been considered and
tested in past works. This problem comes from the fact that self-
and cross-saturation effects in the model imply the dependency
of the inductances on the stator current.

The block diagram of the suggested control scheme is shown
in Fig. 4, where the part related with direct axis flux control is
highlighted with blue color, the part related with speed control
is highlighted with green color, and how the auxiliary input νx
enters for linearizing the speed dynamics is highlighted with red
color.

A. Computation Requirement of the FL

As for the online computational effort, it is certainly higher
with the proposed FLC than that required by the classic FOC.
Both FL and FOC require the vector rotations from and to the
synchronous reference frame. Both of them require a flux model
(or observer) if closed-loop flux control is to be performed.
The difference between the two lies primarily in the nonlinear
transformations (14) and (18). As for the magnetic model that
is embedded in the FL controller, all the analytical functions

defining it, which are highly nonlinear and computationally
demanding, once the model is identified offline, have been
implemented online as linearly interpolated lookup tables, thus
significantly reducing the overall computational effort. In partic-
ular, the turnaround time has been evaluated in both cases, which
is strictly related to the execution time of the code. It is 8 · 10−6

s for the FOC and 10−5 s for the proposed FL, which means that
the required execution time is only 20% higher. This percentage
can probably be further reduced by optimizing the control code.
It is noteworthy that the measurement of the execution time or
“turnaround time” as called in the DS1103 interface, is an actual
measurement and not an estimation; it is the actual time that the
board uses to complete a computational cycle of the application
loaded onto the board itself.

B. Controller Design

In Fig. 4, the controller called CTRLx is a PI-type controller
designed to assign a suitable closed-loop dynamics to system
(15), while the controller called CTRLy is a PID-type controller
designed to assign a suitable closed-loop dynamics to system
(23). The two controllers are driven by the direct axis flux and
rotor speed errors, respectively. Note that the two controllers can
be designed independently of each other, so that the respective
error dynamics can be asymptotically stable.

In particular, for direct axis flux dynamics, a PI controller has
been adopted, whose transfer function is given by

Gc,ψ = kp,ψ +
ki,ψ
s
. (25)

Although system (15) already contains a pole in s = 0, a PI
controller (which introduces a further pole in s = 0 and a zero
in s = ki,ψ

kp,ψ
) is employed because system (15) is obtained only

for a perfect parameters knowledge. As a consequence, if the
integral action is not included in the controller, nonzero steady-
state errors can occur. In this way, the system is more robust
against parameter uncertainties. This is an important theoretical
issue that has been been further demonstrated in the tests shown
in Section V-C. For speed dynamics, a PID controller has been
adopted, whose transfer function is given by

Gc,ω = kp,ω +
ki,ω
s

+
kd,ωs

1 +
kd,ω
kp,ωN

s
(26)

whereN > 10. In this case, an integral action has been included
for robustness reasons. However, since the speed dynamics are
governed by a double integrator [see (23)], a derivative action is
necessary to ensure stability of the closed-loop system and give
a positive contribution to the phase to assign a suitable phase
margin.

To verify the improvements in the dynamic performance
achievable with the adoption of the proposed control tech-
nique, it will be compared with the industrial standard in high
performance control of SynRM drives: the FOC. Among the
different FOC algorithms, the ROC has been adopted here for
comparison purposes. In detail, to compare the FLC to the ROC,
the controller parameters kp,ψ , ki,ψ , kp,ω , ki,ω , and kd,ω and the
parameters of the PI in the ROC should be chosen so that the two
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closed-loop systems present the same dynamics. In this case, the
same crossing pulsation ω̄t and the same phase margin m̄φ are
imposed, by designing the controller so that

|Gc(jω̄t)||Gp(jω̄t)| = 1, (27a)

arg(Gc(jω̄t)) + arg(Gp(jω̄t)) + π = m̄φ (27b)

where ω̄t and m̄φ are the design crossing pulsation and phase
margin, respectively, Gc(·) is either (25) or (26), and Gp(·) is
either (15) or (23). It should be noted that, while in the proposed
FLC the controlled variable is the direct axis flux, in ROC, the
controlled variable is the direct axis current. To make the design
of the control systems of FLC and ROC with equal closed-loop
bandwidth, it has been assumed that the controlled variable of
the ROC is the direct axis flux, computed on the basis of the
direct axis self-inductance at the rated current. Afterwards, the
direct current controller gains have been scaled according to
the constant gain introduced by the direct axis self-inductance,
so as to guarantee that the closed-loop bandwidth of the two
controllers are equal.

Using the controllers tuned with the parameters given in
Table II, for both ROC and FL, the Bode diagrams of the transfer
functions of the open-loop systems, plotted in Figs. 5 and 6,
are obtained. From these figures, it can be easily observed that
the two systems, respectively, SynRM controlled with FL and
SynRM controlled with ROC, have the same crossing pulsation
and the same phase margin, as shown in Table III. Moreover,
Figs. 7 and 8 show the Bode diagrams of the closed-loop transfer
functions. From these figures, it is possible to see that the same
closed-loop bandwidths are obtained, equal to about B−3db =
47.5 rad/s for the direct axis flux loop and B−3db = 3.37 rad/s
for the speed loop. Figs. 5 and 6 clearly show that the controllers
have been designed so as to guarantee a phase margin of 45◦ and a
gain margin equal to infinity for both the controllers. It inherently
implies the stability of the system. Moreover, the definition of
the nonlinear transformation of the states and inputs in (14)
and (18) guarantees that such a stability margin is guaranteed
in each operating condition, independently from the magnetic
saturation.

However, to obtain the transfer functions in the ROC case,
the assumptions of constant parameters and constant direct axis
flux amplitude should be made. In particular, for the transfer
function of the flux as well as for the transfer function of the
speed, the parameters obtained at rated currents are considered.
This represents a limitation for the ROC as compared with the
FL: In the FL, the specifics given in Table III are satisfied in
all working conditions, while in the ROC, these specifics could
change if the flux level is different from the rated one (condition
always happening under MTPA). They are, therefore, rigorously
respected in only one working condition. This fact is evident
because if the motor is controlled by FLC, the closed-loop
transfer function can be deduced from (15) and (23) where no
physical parameters appear, while if the motor is controlled by
ROC, the closed-loop transfer function contains the machine
parameters that are varying with currents due to the saturation
effects [e.g., the inductances in (4)–(6)].

C. Comparison Between the Proposed FL and ROC

The proposed FL overcomes ROC in terms of performance in
both constant direct axis flux and variable direct axis flux work-
ing conditions. The reason that it overcomes ROC in variable
direct axis flux conditions is that it can cover the nonlinearity
due to the torque expression. In fact, a coupling exists between
the speed and the direct axis current (direct axis flux) loops,
and a related nonlinearity in the system, between the direct (x)
and quadrature (y) axes in variable flux working condition due
to fact that the electromagnetic torque is proportional to the
product between the direct and quadrature current components.
The capability of correctly decoupling the speed and the direct
axis current (flux) loops in variable direct axis flux working
conditions is a standard prerogative of FL, while it is not of
ROC [10]. The reason that the proposed FL overcomes ROC
even in constant direct axis flux conditions is that it can cover the
nonlinearity due to the magnetic saturation, which is a peculiar
prerogative of this specific version of FL. Thanks to this feature,
the controlled system presents always the same dynamics with
a controller characterized by a fixed structure, independently
from the operating point (independently from the flux and load
values). This is not the case of the ROC, presenting a dynamic
variable with the operating conditions because of the variations
of the inductances with the magnetic saturation.

IV. TEST SETUP

The employed test setup consists of a SynRM motor ABB
3GALO92543-BSB whose rated data are given in Table IV.
Table V shows the parameters of the complete saturation model,
identified with the technique proposed in [32]. The SynRM is
supplied by a VSI with insulated gate bipolar transistor modules,
model Semikron SMK 5O GB 123, driven by a space-vector
pulsewidth modulation (SV-PWM) technique with PWM fre-
quency set to 5 kHz. The adopted control technique has been
implemented on a dSPACE card (DS1103) with a PowerPC 604e
at 400 MHz and a fixed-point DSP TMS320F240. The sampling
time of controller has been set to 10 kHz. The SynRM motor is
mechanically coupled to a torque controlled permanent magnet
synchronous motor drive working as active load. Fig. 9 shows
the photograph of the SynRM drive test setup.

V. EXPERIMENTAL RESULTS

The proposed FLC technique, specifically developed for
SynRM drives, has been experimentally compared with the
ROC. The test setup described in Section IV has been exploited
for this purpose. As for the adopted version of the ROC, an ROC
has been used [5]. Both the FLC and the ROC controllers have
been tuned so as to present the same dynamic performance, as
fully explained in Section III-A. Moreover, some tests have been
made in constant flux and other in variable flux working condi-
tions. As for the variable flux operation, the SynRM drive has
been integrated with the MTPA technique as proposed in [18].
This is a very challenging working condition, in which FLC is
theoretically expected to overcome ROC in terms of dynamic
performance. As for the field weakening (constant power) and
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Fig. 10. (a) Reference and measured speed and (b) currents isx and isy , during a four-quadrant test with contemporary variation of flux and load.

Fig. 11. (a) Reference and measured speed and (b) currents isx and isy , during a test with constant flux and speed, and load steps.

maximum torque per voltage (MPTV) (reduced power) working
regions, [33] clearly highlights that field weakening and MPTV
can be performed regulating the direct component of the stator
current (exactly with the same logic of MTPA). Such an ap-
proach could be thus easily integrated in the proposed FLC to
cover the reduced power speed range. This is, however, out of
the scope of this article. Test 1 is a four-quadrant test. Such a
test has been performed in variable flux working conditions.
The SynRM drive, starting from zero speed, has been first
given a speed step reference of 50 rad/s at no-load. Once the
drive has properly tracked the reference speed, a load step
torque of 2.5 N · m is applied (corresponding to 25% of the
rated load), exploiting the PMSM drive as active load. Once
the speed controller has governed the drive speed back to its
reference, the load torque is modified with a step from 2.5 to
–2.5 N · m (making the drive work in regenerative mode).
Afterwards, the load is released and a speed reversal from 50 to
–50 rad/s is commanded at no-load. Once the drive has tracked
the reference speed of –50 rad/s, a step load torque of 2.5 N ·

m is first applied (making the drive work in regenerative mode)
after which a load step of –2.5 N · m is applied. Fig. 10(a)
shows the reference and measured speeds, obtained respectively
with the proposed FLC and with the ROC. Fig. 10(b) shows
the corresponding waveforms of the isx and isy stator current
components. The speed waveform shows clearly that both the
proposed FLC and the ROC guarantee a very fast dynamic re-
sponse as well as a null steady-state tracking error. The dynamic
performance achieved with the proposed FLC is, however, better
than that obtained with ROC. The rise time obtained with the
FLC is clearly lower, even if theoretically both FLC and ROC
present the same closed-loop bandwidth. Fig. 13 shows the
integral absolute error (IAE) as well as the overshoots and rise
times/settling times computed on the speed loop. It confirms that
the IAE presented by the FLC is always much lower than that
presented by ROC, which is almost one order smaller in all cases.
They clearly highlight that FLC significantly overcomes ROC
in terms of dynamic performance in both transient response and
load rejection capability. As for the stator current waveforms,
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Fig. 12. (a) Reference and measured speed and (b) currents isx and isy , during a test with speed steps and MTPA conditions, at load.

Fig. 13. Performance indexes.

isy presents a stepwise waveform with positive (negative) peaks
at either each positive (negative) variation of the reference speed
or positive (negative) step of load torque. Correspondingly, even
isx presents the same shape, with an increase of isx at each speed
step, because of the MTPA. A slightly different value of isx with
the FLC and ROC can be observed, which is due to the set of
nonlinear transformation present in the FLC and not present in
ROC where a cascaded loop control is operated. Test 2 is a load
rejection test. Such a test has been performed in constant flux
working conditions. The SynRM drive is operated at a constant
speed of 50 rad/s. A step load torque of 10 N · m has been first
applied and then released to the SynRM drive. The test has been
performed with the machine magnetized at constant level (isx
= 4.5 A). Fig. 11(a) shows the reference and measured speeds
obtained, respectively, with the proposed FLC and with the ROC.
Fig. 11(b) shows the corresponding waveforms of the isx and
isy stator current components. It can be clearly observed that,
even in constant flux operation, FLC presents a far better load
rejection than that presented by ROC: After the application or
release of the load torque, the measured speed approaches its
reference much faster in the FLC case than in the ROC one.

These results are consistent with what is expected theoretically,
confirmed by the IAE indexes and settling times shown in
Fig. 13. Test 3 is a fast speed-transient test at light load. Such
a test has been performed in variable flux working conditions.
A set of speed step references including a speed reversal, of the
type 0→ 20 → 40 → 60 →–60→-40→–20→0 rad/s, has been
given the drive, while it is subjected to a constant load equal to
2.5 N · m, corresponding to 25% of the rated load. Fig. 12(a)
shows the reference and measured speeds obtained, respectively,
with the proposed FLC and with the ROC. Fig. 12(b) shows
the corresponding waveforms of the isx and isy stator current
components. It can be observed that both FLC and ROC present
good dynamic performance in speed control. The measured
speed correctly tracks its reference with a low rise time and null
tracking error. Since the drive is constantly loaded with 25% of
the rated torque, it can accelerate/decelerate exploiting just the
difference between the maximum torque and the load one. This
is the reason that FLC outperforms ROC less in this test than
in the former ones, as clearly emphasized by the IAE index in
Fig. 13.

Finally, the last test is related to rated load and rated speed
operation under MTPA. The SynRM drive has been given a
reference speed equal to the rated speed of 150 rad/s at no-load.
Afterwards, at t = 2 s, a step torque equal to the rated load of
14 N · m has been applied, exploiting the PMSM drive as active
load. Fig. 14(a) shows the reference and measured speeds during
this test, while Fig. 14(b) shows the corresponding isx and isy
current components. The speed curve shows that the measured
speed correctly tracks its reference at no-load. As soon as the
rated step torque is applied to the drive, the measured speed
reduces, but the control system suddenly reacts increasing the
electromagnetic torque so that in less than 1 s, the measured
speed gets its reference. The dual situation happens as soon as
the load rated torque is released. The current waveforms are
coherent with the speed one. While the drive is running at no-
load, isy is controlled at a minimum value permitting to cope the
mechanical friction losses. When the rated load is applied, isy
increases suddenly in order to compensate the load. According
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Fig. 14. (a) Reference and measured speed and (b) currents isx and isy during rated load and rated speed operation.

to the MTPA logic, isx presents almost the same shape as that of
isy . All these figures witness the correct load rejection capability
of the drive at rated values.

A. FLC Behavior Under Detuned Working Conditions

Input–output FL is a very powerful nonlinear control tech-
nique, theoretically guaranteeing better dynamic performance
than ROC (or FOC). FLC, however, strongly relies on the
following two aspects.

1) The accuracy of the model underlying the FLC; for this
reason, a dynamic model accounting for the magnetic
saturation including cross-saturation has been suitably
defined and exploited.

2) The correctness of the model’s parameters; with this re-
gard, a specific parameter estimation technique has been
developed permitting all the model parameters to be prop-
erly identified [32].

In general, the unperfect knowledge of the model’s param-
eters causes the presence of a nonnull tracking error and a
modification of the dynamic performance of the FLC controller.
Such effects are quite hardly predictable in advance. In order to
verify the sensitivity of the proposed FLC versus the variation
of the main parameters of the SynRM model, some tests have
been performed under strongly detuned working conditions. The
sensitivity of the proposed FLC versus the variation ofRs,Lsxx,
andLsyy has been analyzed. In particular,Rs has been varied of
100%, while Lsxx and Lsyy have been varied of ±50%. Three
operating speeds have been chosen: 10 (low speed), 100 (below
rated speed), and 200 rad/s (field weakening).

Fig. 15 shows the reference and measured speeds as well as
the direct axis current with the FLC. With the controller properly
tuned, the FLC exhibits the expected dynamic behavior, in
accordance with the controller design described in Section III-A.
Moreover, the steady-state tracking errors of both the speed and
direct axis loops are null because the chosen linear controller
has a pole in the origin of the complex plane.

Fig. 15. Reference and measured speeds and the direct axis current with the
FLC properly tuned.

Fig. 16 shows the case of ±50% of variation of Lsxx. The
same test has been made at 10 (low speed), 100 (below rated
speed), and 200 rad/s (field weakening). Figs. 17 and 18 show
the same kinds of waveform related to the variations ofLsyy and
Rs. These figures clearly show that the effects of the detuning
of Lsxx are almost negligible at low speed, while it is visible at
medium speed and becomes critical at high speed, in particular
in field weakening, as expected. The effect is more visible on the
current than on the speed. As forLsyy , the effect of the detuning
is perfectly observable even at low speed, becoming significant
at increasing speeds, with critical oscillations of both the speed
and current. The detuning of the stator resistance presents a dual
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Fig. 16. Reference and measured speeds and the direct axis current with the
FLC with the Lsxx and L′

sxx detuned of ±50%.

Fig. 17. Reference and measured speeds and the direct axis current with the
FLC with the Lsyy and L′

syy detuned of ±50%.

Fig. 18. Reference and measured speeds and the direct axis current with the
FLC with the Rs detuned of 100%.

behavior. It is almost negligible at high speed, while it becomes
significant at low speed. The above figures clearly show that the
imperfect knowledge of the inductances can be very critical for
the control performance and thus fully justify the integration of
a suitably developed magnetic model in the proposed FLC.

It should be finally noted that the steady-state error is null,
even in the presence of a strong detuning of the parameters.
This is due to the chosen structure of the controller.

VI. CONCLUSION

This article proposes a nonlinear controller based on input–
output FL for SynRMs motor drives which takes into considera-
tion the magnetic saturation. The proposed nonlinear FL-based
control technique has been developed starting from the theoreti-
cal definition of an original dynamic model of the SynRM taking
into consideration both the self- and the cross-saturation effects.
Such a control technique permits the dynamics of both the speed
and flux loops to be maintained constant independently of the
load and the saturation of the iron core in both constant flux and
variable flux operating conditions. The proposed technique has
been tested experimentally on a suitably developed test setup.
It has been further experimentally compared with FOC in both
constant and variable flux operations, exhibiting better dynamic
performance in both working conditions. Finally, the limited
degradation of the performance of the proposed FLC versus
the variation of the main motor parameters has been further
verified.
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APPENDIX
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