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ABSTRACT This article proposes the theoretical development and experimental application of the active
disturbance rejection control (ADRC) to synchronous reluctance motor (SynRM) drives. The ADRC is a
robust adaptive extension of the input-output feedback linearization control (FLC). It performs the exact
linearization of the SynRM model by a suitable nonlinear transformation of the state based on the online
estimation of the corrective term by the so-called extended state observers (ESO). Consequently, any
unmodeled dynamics or uncertainty of the parameters are properly addressed. The control strategy has
been verified successfully both in numerical simulations and experimentally on a suitably developed test
set-up that provides the ADRC robustness versus parameters variations which cannot be obtained with
other model-based nonlinear control techniques (e.g., FLC). Simulation results show the capability of the
ADRC to maintain its dynamic performance, even in the presence of quick variations of the SynRM
dynamic inductances. Experimental results confirm the robustness of the ADRC versus any model parameter
uncertainty. The proposed ADRC has been experimentally compared with a previously developed FLC, in
both a tuned and detuned working configuration, with the classic rotor oriented control, and with a finite state
model predictive control (MPC), where speed control is integrated into the MPC. Experimental results show
far better robustness versus any parameter variation.

INDEX TERMS Synchronous reluctance motor (SynRM), active disturbance rejection control (ADRC),
feedback linearization control (FLC), extended state observer (ESO), saturation effects.

I. INTRODUCTION strategies of SynRMs are concerned, several kinds of ori-

Nowadays, synchronous reluctance motors (SynRMs) have
seen an ever-increasing boost in several industry applications
requiring accurate torque and speed control with high effi-
ciency in the whole speed range, even at partial load.

In general, the control of SynRM is very challenging, given
that its theoretical performance is limited by the strong non-
linearity of the machine, particularly because of its magnetic
characteristics. Actually, saturation phenomena are different
on the direct and quadrature axes, and significant cross-
saturation phenomena are observable. As far as vector control

entations have been conceived, among which the classic
orientation on the rotor minimum reluctance axis (ROC = Ro-
tor oriented control), on the stator flux (FOC = Field oriented
control) or on the so-called active flux (A-FOC) [1], [2], [3],
[4]. The SynRM drive is usually operated under maximum
torque per ampere (MTPA) working condition. Its flux level
is online modified according to the load torque. This can
be achieved, in ROC by varying the amplitude of the direct
stator current component, in FOC by varying the amplitude of
stator flux amplitude, and, finally, in A-FOC by varying the
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amplitude of the so-called active flux. However, in variable
flux working conditions (e.g., under MTPA), whatever the
field on which the orientation is performed, the speed and
the flux control loops remain coupled by the torque equa-
tion ([5]), with a consequent unavoidable worsening of the
SynRM drive dynamic performance. One way to decouple
the speed and flux loops under variable flux conditions is to
adopt suitable nonlinear control techniques, in particular, the
so-called input—output feedback linearization control (FLC).
FLC has been initially used with specific regard to induction
motor (IM) drives [5], [6]. Nevertheless, very few applica-
tions of FLC to SynRMs are present in scientific literature so
far [7], [8], [9], [10]. Recently, Accetta et al. [11] proposed
an FLC for SynRM drives based on a particularly accurate
dynamic model of the SynRM accounting for both self and
cross-saturation and the mechanical equation of the drive,
and thus, inherently permits the flux and speed loops to be
properly decoupled in variable flux working conditions.

However, the input—output FLC technique is a model-based
control and, therefore, suffers primarily from two disadvan-
tages: 1) the accuracy of the dynamic model on which the
control law is based; and 2) the corresponding correct knowl-
edge of the model parameters.

ADRC [12], [13], [14] represents one effective solution to
the above-cited limits of the FLC since it does not require
the a priori knowledge of a model to perform the nonlinear
transformation of the state. Unlike the FLC approach, the
estimation of this function is generally carried out online, and
a disturbance observer can be adopted. In this respect, the
extended state observer (ESO) is a possible choice. Synthetiz-
ing, ADRC provides plant control robustness versus model
uncertainty and parameter variations, still maintaining the
best dynamic performance achievable by the SynRM. This is
the main advantage of the proposed ADRC over other high-
performance control techniques present in scientific literature.

In the field of synchronous motor drives, ADRC has
been applied several times to control permanent magnet syn-
chronous motors (PMSM): [15], [16], [17], [18], [19], [20],
[21]. In particular, the authors [15] and [16] proposed the
canonical ADRC applied to PMSM while the other works
proposed slightly different versions with some peculiari-
ties, for example, the authors in [17] dealt with a novel
parallel structure to improve dynamic responses, which re-
places the traditional cascade structure of position and speed
loops. Qu et al. [18] proposed an enhanced linear active
disturbance rejection controller (ADRC)-based rotor position
sensorless field-oriented control scheme. Lin et al. [19] in-
vestigated a class of linear—nonlinear switching ADRC to
design speed controllers and current controllers for PMSM
in servo systems, which aims at enhancing the ability of
disturbance rejection of speed and current controllers. Tian
et al. [20] dealt with the performance deterioration due to dc
and ac disturbances, and it proposes a discrete-time repetitive
control-based ADRC for the current loop. Finally, Zhang [21]
proposed a linear ADRC with a variable gain load torque
sliding mode observer to reduce the effects of the load torque
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disturbance of interior PMSMs. Recently, the authors in [22]
and [23] proposed ADRC approaches. In particular, Diab
et al. [22] proposed an enhanced linear ADRC (ELADRC)-
based rotor position sensorless field-oriented control scheme
for the permanent magnet synchronous motor (PMSM) drives.
In [22], the ADRC approach is used for current control, so
from this point of view, it is hardly comparable to the proposed
paper. Hou et al. [23] proposed a nonlinear ADRC for PMSM
speed controller with frequency domain analysis. A nonlinear
ESO (NESO) using a finite-time technique is constructed to
enhance the antidisturbance property. On this basis, the NESO
with a small bandwidth is sufficient to guarantee strong ro-
bustness without sacrificing noise suppression performance.

Although there are all these examples PMSM, there are not
applications of ADRC to SynRM to the best of the authors’
knowledge. From this standpoint, this article proposes an orig-
inal theoretical approach by applying the ADRC to SynRM
drives, which is most useful for those applications that need a
good rejection against speed and load torque perturbations. It
should be noted that the application of the ADRC to SynRM
reveals, in the authors’ opinion, more challenging than in
the classic PMSM case, both interior mounted and surface
mounted. The reason is that, in the SynRM case, both the
static and dynamic inductances on the direct and quadrature
axis are highly different (because of the desired saliency),
and, more problematic, they are strongly varying with both the
direct and quadrature components of the stator currents. This
feature makes the application of ADRC on SynRM drives
more challenging than in the other PMSM cases, given that the
compensation terms estimated by the esos are highly varying
with the operating conditions. This is one of the original as-
pects of the proposed approach. This article can be considered
a follow-up and upgrade of [11], in the sense that with the
proposed approach, no accurate analytical model is required
because the nonlinear functions to linearize the system are
computed online. In this article, as in [11], the system has
been linearized by considering the speed as output, which is
a procedure that allows the linearization of the whole elec-
tromechanical system. This assumption implies that the speed
and flux are controlled without direct control of the stator
current (equivalently of the torque), which is considered an
internal variable. The idea is to design a controller permitting
the flux and speed to be controlled with the best dynamic
performance, without any coupling both in steady state and
in dynamic conditions between the two loops and avoiding, at
the same time, current, or torque controllers. A quite different
approach is proposed in [24], where the stator currents are
considered as the output of the system, and thus, are directly
controlled. This leads to a different strategy because only
the electrical part of the system can be linearized, and the
speed must be managed by means of a further external loop
(typically adopting a PI controller).

The proposed ADRC controller has been compared experi-
mentally with the field-oriented control [specifically with the
rotor oriented control (ROC)], because it can be considered
the industrial standard for the high-performance control of
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SynRM drives, and with the FLC for at least two reasons:
1) because it is a model-based control technique that can be
viewed as a generalization of the field-oriented control [5],
guaranteeing decoupled control of speed and flux loops in
variable flux working conditions, whereas field-oriented con-
trol cannot, 2) because ADRC can be viewed as an upgraded
version of the FLC, where the nonlinear transformations of
the state and the input necessary for guaranteeing decoupled
control of the flux and speed loops is not performed on the
basis of an a priori known dynamic model of the SynRM, but
on the basis of an ESO performing the online estimation of the
compensation term. To make a more meaningful comparison,
the authors have chosen a further high-performance control
technique with which the proposed ADRC has been experi-
mentally compared: the finite-state model predictive control
(MPC). Such a control technique has been chosen for some
reasons: 1) MPC is a model-based control technique and,
from this point of view, it belongs to the same category of
the proposed ADRC, 2) the finite set MPC generates as a
control variable a reference value of stator voltage space vec-
tor (provided to a pulsewidth modulation (PWM)) and, from
this point of view, it is comparable with the proposed ADRC,
whereas the continuous state MPC seems to the authors hardly
comparable with the proposed ADRC, 3) MPC is probably
among the most studied high-performance control techniques
of electric drives in these last years. In particular, the finite set
MPC, proposed by the authors themselves in [25], has been
adopted, where the speed control loop has been integrated into
the framework of the MPC technique. This has been made
with the specific scope of verifying the interaction between
the flux and speed controls in the framework of a unique
controller, as in the ADRC case.

This article represents the improvement and evolution
of [26].

A. COMPARISON WITH SCIENTIFIC LITERATURE

The most recent proposal of control techniques of syn-
chronous motor drives, in particular SynRM drives, are in
the framework of MPC [27], [27], [28], [29], and specifically
devoted to current control. Such references are not listed here
since, even if very interesting and up to date, they are not
coherent with the proposed approach which is based on the
decoupled flux and speed control, without any internal cur-
rent control. The most recent applications of MPC to speed
control of synchronous motors have been proposed in [30]
and [31]. Otherwise, former proposals have been published
in [32] and [33]. In particular, Gao et al. [30] proposed a
direct MPC where a sliding manifold term is added to the cost
function to realize the speed/current tracking; in particular,
the prediction of the speed is performed on the basis of a
discretized mechanical model, where the load torque is on-
line estimated by a Kalman filter. In [30], two cost functions
have been defined, containing both steady-state and transient
terms as well as some constraint-based terms. This approach is
comparable to the proposed ADRC as for the controlled vari-
ables, while it is hardly comparable from the control variables
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point of view, since the direct approach implies the direct
selection of the VSI switching pattern. Liu et al. [31] proposed
a continuous control set predictive speed control (CCS-PSC)
strategy for surface-mounted permanent magnet synchronous
motor (SPMSM) drives, where a reduced-order incremental
model of SPMSM is adopted for the prediction; in this ap-
proach, constraints on the variables are naturally accounted
for. Also this approach is hardly comparable to the proposed
ADRC for at least two reasons. First, the machine under test
is an SPMSM, implying an almost negligible saliency and
saturation effect. This justifies the adoption of a simplified
reduced-order model: such an approach could not be adopted
in the SynRM case, where accurate modeling, including mag-
netic saturation phenomena, is crucial for guaranteeing high
dynamic performance. Second, Liu et al. [31] proposed an
approach implying the direct selection of the VSI switching
pattern, differently from the proposed ADRC providing as a
control variable the stator voltage components supplied to a
PWM. Ding et al. [34] proposed a second-order sliding mode
(SOSM) controller based on disturbance observer (DOB) to
optimize the disturbance rejection property of the PMSM sys-
tem. Also this approach is hardly comparable to the proposed
ADRGC, since the proposed approach modifies only the struc-
ture of the speed controller, while the structure of the nested
current controllers classic of field-oriented control is still
present in the overall control scheme. Lin et al. [35] proposed
a speed control system based on the two-degree-of-freedom
(2DOF) structure. Also this approach is hardly comparable
to the proposed ARDC, since it modifies only the structure
of the speed controller, while the structure of the nested cur-
rent controllers classic of field-oriented control is still present
in the overall control scheme. To the best of the author’s
knowledge, the only application of ADRC to SynRM drives
in [36] presents an active disturbance rejection current control
scheme for SynRM drives. In particular, he designed two
identical control loops that manage the current of an SynRM
motor in order to make the current control robust to magnetic
saturation and winding temperature. However, it does not in-
vestigate the speed and the flux control. This article proposes
a complete scheme where the inputs are not current references
but the flux ¥, and the rotor speed, while the current control
is embedded in the proposed scheme. This improves robust-
ness beyond magnetic saturation, winding temperature, and
mechanical parameters, such as friction and inertia moment.
Finally, Li et al. [36] presented only simulation results, while
the proposed strategy is validated experimentally. In the au-
thors’ opinion, the above considerations justify the innovative
contribution of the proposed ADRC.

Il. IMPACT OF SELF- AND CROSS-SATURATION ON THE
SYNRM DYNAMICAL MODEL

This section is devoted to the description of the dynamic
model of the SynRM, including magnetic saturation (both
self and cross saturation). The magnetic model of the SynRM
is here described only for clarity of reading in order to em-
phasize the complexity and computational requirement of a
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model-based controller relying on such a model (e.g., FLC
in [11]). It should be, however, stressed that the knowledge
of such a model is not required at all in the proposed ADRC
since the nonlinear correction terms are estimated online by
ESOs, as fully described in the following.

The magnetic behavior of SynRMs has been addressed in
the scientific literature mainly with current versus flux ap-
proaches. In particular, accurate models consider both self
and cross-saturation. Among the few dynamic models based
on the flux versus current approach, the model proposed
in [37] has been developed starting from a suitably conceived
coenergy variation function and considers both self and cross-
saturation phenomena, fulfilling the reciprocity conditions, as
required by the physics of the system.

Let us consider the state variables of the SynRM, that are
the space vector of the stator flux, Wy = [, V¥yy], and the
space vector of the stator current, iy = [isy, is], expressed in
the rotor reference frame. The following first equation can be
written:

d¥,
dt

= u; — Riis — jo, Y. (D

As shown in [37], the stator fluxes can be obtained from the
stator current using the following relations:

I/fsy = Lsyy isy (2)

Wsx = Lgxxsx,

where the direct and quadrature components of the static in-
ductances can be expressed as [37]

& — aq tanl.l (Biisx) +

Lsx Lsx

(i.v_vflL Sign(if}’)) 1 1
p sign ()t (50 sign (i) 41

Ly = n+

; - — (3a)
4 Loy ol isx COSh2 <(lsx_ﬂl:I1gn(lsx)))
W oy tanh (B
LX}',V = ﬂ = M + n2+
sy sy
. . tanh ((ixx_,ul Sigﬂ(isx))) X Sign (l ) + 1
sS1gn | igy SX
_ysie (isy) o) . (3b)

N

. 2
024y cosh ( >

The above functions (3a) and (3b), which are linked to
the magnetic description of the SynRM, require the knowl-
edge of 11 parameters. Moreover, as highlighted in [37], the
reciprocity conditions required by the cross-saturation are in-
herently met so that the inductances (3a) and (3b) are not
energy sources or sinks.

By introducing (2) into (1) and considering (3a) and (3b),
the following equation, expressed in state form, can be ob-
tained, where the stator currents are chosen as state variables

diy _ . . .
— =L = R — jooLyiy) )
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where L, ™! is defined as

L/—l — 1 Léxx L;‘yx . (5)
s L L —L L L/ L/

sxx™=syy sxy=syx Sy syy

The matrix coefficients on the left-hand side of (5) are the self
and cross-dynamic inductances and are given as (6) shown
at the bottom of the next page. The last equation of the state
model is, as usual, represented by the mechanical equation

dow,
dt
where J is the moment of inertia, f, the viscous friction, #; the

load torque, and t,, is the electromagnetic torque expressed as

3 1 1

3
tmn=—=p (Lgx—L lsxlsy =
m Zp( SX. syy) SXTSY 2p (Lsxx LS}’)’

= —fow, +t, — 1 @)

) wsx wsyo ®)

In particular, the electromagnetic torque (8) depends only on
the static inductances directly, and on the dynamical induc-
tances indirectly via the stator flux components.

11l. ACTIVE DISTURBANCE REJECTION CONTROL LAW
Assume 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
(or the stator flux or the active flux) and the rotor speed,
assuming that the drive is operated under MTPA, the speed
and the direct axis control loops are coupled by the torque
expression (8). As for the coupling between the speed and
flux loops, the following considerations should be made. In
IM drives, such coupling exists between the speed and the
rotor flux loops. In this case, the rotor flux loop bandwidth
is governed by the rotor time constant, which is much higher
than the stator transient time constant usually governing the
dynamic of the current loops, even if it is still much lower
than the speed bandwidth. This coupling, even if the rotor time
constant is much lower than the mechanical time constant of
the machine governed by its inertia, fully justifies the adoption
of FLC or ADRC for decoupling speed and flux loops in
transient flux working condition. In the SynRM case, the flux
loop presents the same dynamics as the direct current loop
which is still much slower than that of the mechanical system.
The above consideration fully justifies the adoption of the
FLC or ADRC in SynRM drives for improving the dynamic
performance under variable flux conditions.

The only way to decouple the speed and direct axis current
loops is to adopt a suitably defined nonlinear controller ac-
counting for the mechanical dynamic equation of the motor.
In [11], the FLC approach has been followed; in this article,
an original ADRC approach is presented.

An extended model will be used if ADRC is adopted. This
is achieved by introducing another state variable represent-
ing the total disturbance acting on the system. It permits the
dynamical model to be written as a chain of integrators, that
is in canonical form. The total disturbance is observed by an
ESO technique, and then a control law is synthesized. As will
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. . SXX SXX SyX
whose tasks are to adaptively compensate for the total distur- = <T) + i\ (14a)
bance and follow the reference, respectively. . R Yoy
OLgxx B(L'.vyy
A. EXTENDED MODELS @ = d;vy _ dlzvy
The proposed algorithm adopts two extended models: one for Ly Ly

the flux on the quadrature axis (flux extended model) and one
for the speed (speed extended model).

1) FLUX EXTENDED MODEL
This model can be derived by using equations (1)—(4) lineariz-
ing, as in [11], with xy | = ¥

xwl =f1// + Uy )
where fy, the total flux disturbance, is defined as
fy =

By defining another state variable xy,, = fy, the flux extended
model can be written as

—Ryisy + wr‘ps)h (10)

Xw] = Xy + Uy, )51/,2=f1/,. (11D
2) SPEED EXTENDED MODEL

This model is derived like the flux extended model, assuming
that the speed is a measured output and #; ~ 0. In this case,
from the model equations (1)—-(4) and (7) and (8), and the
linearization employed in [11], and defining x,| = @, and
Xw2 = @, = a, the following equations can be derived:

X1 = X2, Xw2 = fo + ba)usy (12)

where f,, is called total speed disturbance defined as follows:

1 (L}, — Ly 1 (L
- syy 5 SYY +— szxv (14b)
Lsy Ls) y Lsx Lsxx

while b,, is defined as
3p (81 Ly +82 L 1 1
p(M+<__ )I//xx>- (15)
LS)C)C

0= 2
27 sxxLéyy _Léxv Lsyy
Also in this case, if an extra state variable x,,3 = f,, is defined,
the speed extended model becomes
Xol = Xw2, Xp2 = X3 + bmuxy, X03 = fo- (16)

Models (11) and (16) show that the flux and speed extended
models have the same structure but different dimensions.
Moreover, choosing the control variables as follows:

. L
wo=—fpp vy = (<R ) (D)

w
where £y, and £,3 are the estimates of xy,, and x,3, respec-
tively, and designing v, and v; so that the models (11) and (16)
satisfy the design requirements, the total disturbances can be
assumed as perfectly compensated. Two ESOs are then used
to estimate the total disturbances. Specifically, the estimation
of the total disturbance is obtained by estimating the second

fo=—fia+2 3p [ ]L,—l state variable in the extended flux model and the third state
! 27\ 181 827 variable in the speed model.
. Remark 1: The differences between this ADRC and the
+ ( 1 _ L) [w " D Usx =Ryl +or sy FLC in [11] (with which it will be compared in the following)
Ly Lgyy e —Ryisy — 0 Prsy are, therefore:
(13) 1) in the FLC in [11], the control inputs are formally
the same as (17), but the total disturbances fy = xy,
where and f,, = x,,3 are obtained analytically exploiting (10)
Lgyy Lsyy and (13). This computation, however, is affected by the
g1 = 312”‘ — % modeling errors and the related parameter uncertainty,
L Lsyy compounded by the involved expressions (10) and (13);
, d"psx O[]ﬂ] Y Sign (isx) tanh ((IW ! SIgn(lQ))) [tanh ((ls) 12 §1gn(l“))) . Sign (isy) + 1] (6 )
— - — 4 — a
T i cosh® (Biis) 207 cosh? ( Bt Mgn(m)))
/ 4w, b y sign (isy) tanh ((l” 12 Mgn(l” )> [tanh (—(l“ ot Tgn(l”))> - sign (i) + 1]
L, = = +m+ = 6b
Y disy COShz (/32 iSy) 2 2022 Cosh2 ((ZY) —H2 Slgn(lv\ ))) ( )
’ dlysx / dll"sy 14 Sign (isx) Sign (isy)
LSX)’ = di = tayx T di o 2 [ (ise—pa1 sign(isy)) 2 [ (isy—pasign(isy))\ (6¢)
lsy Lsx 40107 cosh (—” T ) cosh (—"‘ e )
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2) no a priori knowledge is necessary with ADRC to
compute these terms online, avoiding any issue due to
parameter uncertainty or unmodeled dynamics;

3) the use of ADRC introduces, besides the dynamics of
the flux and speed loops, the dynamics of ESOs.

In synthesis, it can be stated that in constant flux opera-
tion (is; = const), the expected dynamic performance of the
stator currents, electromagnetic torque, and speed responses
achieved with the proposed ADRC cannot theoretically be
much different from those achievable with the classic FOC.
On the contrary, in variable flux operation (e.g., under MTPA),
the expected dynamic performance will certainly be better
than those of FOC, but they cannot be theoretically better
than those achieved with the FLC. Performance achieved
with the ADRC can at least be equal to those of the FLC,
given that the model underlying it is absolutely accurate and
its parameters perfectly tuned. It should be noted, however,
that under detuned working conditions, the performance of
FLC deteriorates significantly, becoming much lower than
ADRC and often also than FOC. Therefore, the ADRC per-
mits dynamic performance almost equal to those achievable
with FLC but characterized by much higher robustness versus
parameters’ variations. This is because the correction terms of
the controller are not a priori given based on the model, while
they are estimated online by the ESO.

B. ESO FOR A THIRD-ORDER EXTENDED MODEL
This section will describe ESOs for both speed and flux ex-
tended models.

The ESO chosen for the state estimation of model (16)
follows the one presented in [38], whose set of equations is
given by

fu1 = Sz — € (%) (182)

Xo1 — Xl

K02 = K03 — P2 ( =

2 1 Xl — Xol
e (2152)

where € is a suitable positive parameter, and 8;(-), i = 1, 2, 3,
are suitably chosen function.

If the estimation errors are given by e; = Xy; — Xu;, | =
1, 2, 3, and defining

> + bolgy (18b)

(18¢)

e .
p[:T,l:l,z,:S (19)
€ 1

the dynamics of the variables p; are described by
€p=Ap+ebf, (20)

T _/31 10
where pz[,ol 0 ,03:| A=|—=B 0 1|, and b=

—B3 0 0

[0 0 —1]T

If the coefficients f; are chosen such that matrix A is
Hurwitz, and if the derivative of the total speed disturbance

214

is bounded, then the estimation errors (19) converge to zero
exponentially, as shown in [38].

Second-order dynamics can be considered for the flux ex-
tended model instead of a third-order one. For this reason, the
ESO chosen for the state estimation of model (12) is given by
Ly — Xy, )

€

Xy, =%y, — B < (21a)

A - Ly —xy
Y 1ﬁ2<1//1 1>

€

+ b]/,usx

(21b)

where € is a suitable positive parameter, and the functions
Bi(-), i = 1,2, are chosen like those used for the speed ESO.

C. DESIGN OF FLUX AND SPEED CONTROLLERS
Considering (16), if the control input is selected as in (17),
and considering that X,3 ~ x,3, then the following model is
obtained:

fup = V). 22)

Xl = Xw2,
This corresponds to a double integrator, while in the case
of the flux model, a single integrator is obtained: Xy, = v}.
A state feedback controller based on the assignment of the
eigenvalues can then be designed for model (22). However,
steady-state null tracking errors are to be obtained. For good
tracking of the reference, the state of model (22) is increased

by using a third variable z, whose dynamics is

(23)

Zw = Xloref — Yol
where x| ref 1S the reference value of speed. Model (22)—(27)
is reachable and the control law

r_ T
v, = —k,x

; (24)

T T
with k,, = [kwl ko kw3] Yop 2] s al-
lows the eigenvalues of the dynamic matrix of the model to be

assigned. The characteristic polynomial is given by

andx = [xwl

Aw(A) = 23 + kp1 A2 + ko + ks (25)

where the parameters k1, k2, and k.3 are determined assum-
ing that the desired zeros of (25) are with negative real part. In
order to implement the above control law, the state estimated
by the ESO is necessary. In particular, the implementation of
the control law requires the knowledge of x,,; and x5, while
the knowledge of x,3 allows the total disturbance f,, to be
compensated.

As for the flux model (16), the controller can be designed
similarly to the speed controller. Specifically, by considering
the control input given in (17) and £y, ~ xy,, the following
dynamics results:

(26)

. o
x¢1 = V,.

This is an integrator that is reachable; consequently, a state
feedback controller can be designed based on the assignment
of the eigenvalues. Also in this case, to obtain an unbiased
tracking error, the state dimension is increased by adding a

VOLUME 5, 2024



IEEE Open Journal of

= Industry Applications

wsx 9,«
ref X Uy Usy
>(O+CTRL ) 0 VI
ref -
. L' TP A sy Inverter
ref v
“o(O)-+CTRL, : L 0,
N lsa l
Wr Flux 7
ESO j Ysx ¢ Flux €T sy
model Wy
Speed )
ESO

FIGURE 1. Block diagram of the proposed control algorithm.

second variable zy,, so that

L = Xyger — Xy 27
where x; Vref is the reference flux. Thus, the control law
v, = —kl,x (28)

T T
withky, = [kl/,l k¢2:| andx = [xll,l zw] , allows the ze-
ros of the characteristic polynomial of the direct axis flux

Ay (L) =22+ kyih + kyo (29)

to be assigned.

The block diagram of the proposed control algorithm is
shown in Fig. 1.

Remark 2: This control strategy requires the existence of
the inverse of b,. This can be ensured if i, is different
from zero: however, this constraint corresponds to a physical
characteristic of the SynRM, given that the motor works only
if ¥, 18 higher than zero in any possible working conditions,
so this condition is always satisfied.

Remark 3: Note that the auxiliary input v, appears in the
definition of the total disturbance f,,. This creates an inter-
dependence between the linearized speed and flux models,
making the proposed ADRC not standard and different from
other applications proposed in the literature. This problem
arises from the dependence on the self and cross-saturation
inductances of the model from the stator current.

D. CLOSED-LOOP DYNAMICS
If the ESO dynamic is sufficiently fast, the characteristic poly-
nomials (25) and (29) approximate very well the closed-loop
dynamics of the speed and of the direct axis flux, respectively.
This means that the controller coefficients can be suitably
chosen to assign bandwidth and phase margin specifications.
In particular, for the speed dynamics, the parameters k7,
k2, and k.3 can be determined assuming that the desired ze-
ros of (25) are Ay = —Cwy + jouy/1 — &2, hep = —Cwy —
jwpy/1 —¢2, and A,3 = o, where w, and ¢ are the natural
frequency and the damping factor, respectively, while o is a
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negative constant. Therefore, if |o| >> w,, parameters ¢ is
directly linked with the phase margin by the relation

- \/—2;2 + 4t + 1
—tan~!

2

T

(30)

and, once ¢ is fixed, the w, is directly linked with the band-
width by the relation

_ B3ap
n — .
\/1—2;2+ 2 —4r2 + 474

;

€29

For the direct axis flux dynamics, parameters ky and ky»
of (29) are determined by assuming that the desired eigen-
values are Ay = —Cwy + jou/1 — 2 and Ayo = —Lw, —
jwny/1 — €2, where w, and ¢ are the natural frequency and
the damping factor, respectively. As for the speed dynamics, ¢
and w, can be chosen to assign bandwidth and phase margin
with the help of (30) and (31). Note that the approximation
|o| >> w, is no longer needed for the direct axis flux dynam-
ics since the system is actually second order.

This choice of controller parameters allows meaningful
comparison with other control strategies, as shown in Section
III-E, where all control strategies have been tuned with the
same phase margin and bandwidth.

It is very important to note that, in order to make the ESO
dynamics sufficiently fast with respect to the controller, and
consequently to make the above approximation effective, it is
necessary to choose € << 1 and coefficients 8; of matrix A,
in (20), such that the zeros of polynomials

AESO—o0(A) = A + B1A% + Bor + B3

Apso—y (1) = A2+ Bir + B2

(32a)
(32b)

are placed on the left-hand side of the complex plane, with
respect to the zeros of polynomials (25) for the speed loop and
(29) for the direct axis flux loop. Note that € cannot be chosen
very small to avoid the peaking problem [39, Ch. 14.5.1].
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FIGURE 2. Bode Diagram: closed-loop transfer functions of the direct axis
flux dynamics.
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FIGURE 3. Bode Diagram: closed-loop transfer functions of the speed
dynamics.

E. CONTROLLER DESIGN

To verify the improvements in the dynamic performance
achievable with the adoption of the proposed control tech-
nique, it will be first compared with the industrial standard in
high-performance control of SynRM drives: the field oriented
control. Among the different FOC algorithms, the ROC has
been adopted here for comparison purposes. Moreover, the
proposed ADRC has been further compared with the FLC
presented in [11]. In detail, the controller parameters wy, &,
and o (for both speed and flux loop), given in Section III-D
(adopted both in the ADRC and the FLC), and the parame-
ters of the PI in the ROC should be chosen so that the two
closed-loop systems present the same dynamics. In this case,
the same crossing pulsation @; and the same phase margin 714
are imposed.

With this aim, for both ROC and ADRC, the Bode diagrams
of the transfer functions of the closed-loop systems, plotted in
Figs. 2 and 3, are obtained (the corresponding Bode diagrams
of the FLC are not shown since they are superimposable to
those of the ADRC). From these figures, it can be easily
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TABLE 1 Performance Indicators Related to Test in Fig. 6

ADRC FLC TUNED FLC DETUNED
IAE 253 25.7 49.8
ITAE 4.96 5.22 13.83

observed that the three systems, respectively, the SynRM con-
trolled with ADRC, the FLC, and the ROC, have the same
bandwidths equal, respectively, to 47.5 rad/s for the flux loop
and 3.4 rad/s for the speed loop. Moreover, in correspondence
with the cutoff frequency, the systems have the same phase,
equal, respectively, to —82.5 © for the flux loop; for the speed
loop, a phase equal to —92.7 © has been obtained in the ADRC
and FLC cases, and —125 ° in the ROC case.

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, the param-
eters obtained at rated currents are considered for the transfer
function of the flux and the transfer function of the speed.
This represents a limitation for the ROC as compared with
the ADRC and FLC, where the specifics are satisfied in all
working conditions. In the ROC case, these specifics could
change if the flux level is different from the rated one (con-
dition always happening under MTPA). They are therefore
rigorously respected in one only working condition.

In synthesis, analytical relationships between the controller
gains and, from one side, the phase margin and, from the other
side, the bandwidth of the system have been given. With the
proposed approach, there is a direct analytical relationship
between the system desired performance and the controller
gains [see (29)—(31)]. An analytical methodology has also
been proposed to ensure that the ESOs present a sufficiently
fast dynamic. This methodology is described by (32). The
selected values of 47.5 rad/s for the flux loop and 3.4 rad/s
for the speed loop are chosen coherently with the values of
the dynamic inductances of the motor (for the flux loop) and
its inertia (for the speed loop). The stability of the system
is intrinsically guaranteed by the control design procedure
described in Section III-C, III-D, and III-E. Once the values of
bandwidth for the flux and speed loops are selected, the phase
margin of the system and the natural frequency are defined
univocally by (30) and (31). This corresponds to selecting the
zeros of the characteristic polynomials of the flux and speed
loops; see (25) and (29). With regards to the stability proof
of the ESO, it has been extensively treated in other literature
works (see, for example, [12] and [13]) and, for this reason,
was not repeated in this article.

IV. SIMULATION RESULTS

The performance of the proposed ADRC for SynRM drives
has been initially tested in numerical simulation. As for the
SynRM under test, the motor whose rated data are shown
in Table 2 has been simulated in Matlab-Simulink environ-
ment. In the following, all the simulation and experimental
tests have been performed by integrating into all the control
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TABLE 2 Rated Data of the SynRM

SYMBOLS VALUES

Rated power (kW) 2.2

Rated voltage (V) 380

Rated frequency (Hz) 50

Pole-pairs 2

Rated speed (rpm) 1500

Rated current (A) 5.5

Rated torque (Nm) 14

Inertia momentum (kg-m2) 0.00351
100 T T T T T ™~~~ reference

real

speed (rad/s)

current (A)

isz

current (A)

0 1 2 3 4 5 6 7 8
time (s)

©

FIGURE 4. Reference and measured speed and isy, is, with the ADRC
during the 0 - 20 — 40 — 60 — —60 — 0 rad/s at no load (simulation).

systems the MTPA technique proposed in [40]. A first numer-
ical test has been made to verify the dynamic performance
of the ADRC. In particular, a set of speed steps, including a
speed reversal, of the type 0 — 20 — 40 — 60 — —60 — 0
rad/s at no load has been given in the SynRM drive. The same
test has also been performed experimentally (see Figs. 8 and
9). Fig. 4 shows the reference and the measured speed of the
SynRM drive as well as the corresponding iy, iy, Stator cur-
rent waveforms under this test. The speed waveform shows the
very high dynamic performance of the speed loop under very
fast speed changes, with low rise times and zero steady-state
tracking error. The iy, waveform shows a spike-like shape,
with spikes of positive/negative signs occurring at each vari-
ation of the reference speed, as expected, to accelerate the
motor in both directions. The i, waveform shows a spike-like
shape, with spikes of positive sign occurring contemporary to
those of iy, as expected due to the adoption of the MTPA.
It can be observed that the ADRC permits the i, i5, current
components to be controlled in a decoupled way (exactly as
ROC) and with very high dynamic performance.

A second numerical test is a load rejection test. In par-
ticular, the drive has been operated at the constant speed of
100 rad/s (almost 2/3 of the rated speed), and a load step
torque of 10 Nm has been applied at 1s and released at 6 s.
The same test has also been performed experimentally (see
Figs. 10 and 11). Fig. 5 shows the reference and the measured
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FIGURE 5. Reference and measured speed and iy, isy with the ADRC at
high speed and high load torque (simulation).

speed of the SynRM drive as well as the corresponding iy, isy
stator current waveforms under this test. The speed waveforms
show a good load rejection capability of the controller even
under variable flux working conditions; the speed controller
can quickly cope with the application of the load torque,
governing the measured speed to the reference in about 0.5 s,
with steady-state null error. As for the waveforms of the direct
and quadrature components of the stator current, iy, presents a
waveform almost proportional to the electromagnetic torque,
as expected, with step changes occurring at each load step
application. At the same time, i, is a time-varying quantity
presenting almost the same shape of iy, given that the SynRM
drive has been operated under MTPA.

A third numerical test has been made to verify the antidis-
turbing capability offered by the ADRC in dynamic working
conditions. In this test, the SynRM drive runs at the con-
stant speed of 60 rad/s at no load. It is supposed that, at
t =1 s, both the dynamic inductances of the SynRM are
incremented instantaneously by 50%. The simulation test has
been performed in three cases: 1) adoption of the ADRC, 2)
adoption of the FLC with fixed parameters, and 3) adoption
of the FLC in which the parameters adapted instantaneously
to those of the SynRM. The obtained results, shown in Fig. 6,
clearly highlight that the performance of the ADRC maintains
almost the same, since the ESO can estimate the correction
term correctly, even if the parameters of the SynRM vary
suddenly. It is confirmed by the fact that the performance
achieved with the ADRC is almost equal, or slightly better
than those obtained with the FLC in which the parameters
adapt instantaneously to those of the SynRM. On the contrary,
this is not the case of the FLC with fixed parameters whose
dynamic performance worsens consistently after the variation
of the dynamic inductances. Table 1 shows the integral ab-
solute error (IAE) and integral time absolute error (ITAE)
indexes of the speed control loop for all the controllers . It
can be easily observed that the IAE and ITAE indexes show an
improved performance of the speed controller achievable with
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current (A)
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FIGURE 6. Reference and measured speed and iy, isy with the ADRC
during the 60 — —60 — 0 rad/s at no load with varying SynRM parameters
(simulation).

TABLE 3 Parameters of the SynRM Saturation Model

SYMBOL VALUE SYMBOL VALUE

5 0.1072 51 0.3044

H1 3.210 m 1.0923-10~2
2 1.4380 az 0.1224

o1 0.6987 B2 1.1125

o2 0.8023 n2 2.7329.1072
[e%} 1.1627 Ro 8142

the proposed technique, in comparison with the FLC, both in
the tuned and detuned versions.

V. EXPERIMENTAL TEST SETUP

The proposed ADRC has been tested experimentally on an
experimental rig developed on purpose. The SynRM mo-
tor is the ABB 3GAL092543-BSB whose rated data are in
Table 2. Table 3 shows the parameters of the complete satura-
tion model, identified with the technique proposed in [37]. A
PMSM is coupled with the SynRM, which works as an active
load. The entire control algorithm has been implemented on
a Dspace DS1103 board. The entire control system runs at
a sampling frequency of 10 kHz. As for the PWM, a space-
vector PWM with a switching frequency of 5 kHz has been
adopted. Note that the 10-kHz running frequency of the con-
trol system is sufficient to ensure high performance of the
SynRM drive, but the control algorithm could be executed
much faster since it does not require a high computational
effort. Typically, with the proposed hardware, it can run at
100-200 kHz, but it makes no sense to operate the drive at
this high frequency. The voltage source inverters is based
on Semikron IGBTs model SMK 50 GB 123 characterized
by a threshold voltage of 1.2 V and a differential resistance
of 0.02 Q. Fig. 7 shows the photo of the SynRM drive test
set-up.
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FIGURE 7. Photograph of the SynRM experimental set-up.
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FIGURE 8. Reference and measured speed with the ADRC during the
0 — 20 — 40 — 60 — —60 — 0 rad/s at no load (experiment).
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FIGURE 9. isy and i, with the ADRC during the
0 — 20 — 40 — 60 — —60 — 0 rad/s at no load (experiment).

VI. EXPERIMENTAL RESULTS

The first experimental test corresponds to the first simulation.
Fig. 8 shows the reference and the measured speed of the
SynRM drive while Fig. 9 shows the corresponding iyy, iy,
stator current waveforms under this test.
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FIGURE 10. Reference and measured speed with the ADRC at high speed
and high load torque (experiment).
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FIGURE 11. Load torque with the ADRC at high speed and high load
torque (experiment).

The second experimental test corresponds to the second
simulation. The experimental tests were repeated four times
for increasing load torque values, respectively, 7, 8, 9, and 10
Nm (up to almost 2/3 of the rated torque). As for applying
the load torque, the torque controlled PMSM drive described
in Section IV has been exploited. Fig. 10 shows the reference
and measured speed, Fig. 11 the electromagnetic torques, and
finally Fig. 12 the direct and quadrature components of the
stator current iy, isz, during these tests. The experimental re-
sults confirm what was stated regarding the simulation results,
showing excellent load rejection capability achievable with
the proposed ADRC. The speed waveforms show a good load
rejection capability of the controller even under variable flux
working conditions; the speed controller can quickly cope
with the application of the load torque, constantly governing
the measured speed to the reference one in a time interval
comprised between 0.5 and 1 s, with steady-state null error.
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t — time (s)

FIGURE 12. i and isy with the ADRC at high speed and high load torque
(experiment).

Moreover, it can be noticed that the speed overshoots and the
recovering times are almost independent of the load torque
values. The electromagnetic torque waveforms show a very
fast torque response of the drive to the load application. The
ADRC can control the generated torque from 0 to 2/3 of the
rated load in about 0.18 s, independently from the value of the
load and with almost no overshoot. As for the waveforms of
the direct and quadrature components of the stator current, iy
presents a waveform almost proportional to the electromag-
netic torque, as expected, with step changes occurring at each
load step application. At the same time, iy, is a time-varying
quantity presenting almost the same shape of iy, given that
the SynRM drive has been operated under MTPA.

A. COMPARISON BETWEEN ADRC, FLC, ROC AND MPC

The ADRC is supposed to offer, at the same time, very high
dynamic performance and robustness versus model/parameter
uncertainty of the SynRM drive in variable flux working
conditions. To show it, the proposed ADRC has been com-
pared experimentally with both the classic ROC [40], with
the FLC accounting for the magnetic saturation (both self
and cross) presented in [11] and finally with the finite state
MPC presented in [25], where, to make a more reasonable
comparison, the speed control has been integrated in the MPC
structure. In particular, to highlight the increase of robustness
versus model/parameter uncertainty offered by ADRC com-
pared with FLC, the FLC in [11] has been tested in both tuned
and detuned working conditions, as better explained in the
following.

The third experimental test corresponds to the third simu-
lation. Fig. 13 shows the reference and the measured speed
of the SynRM drive while Fig. 14 shows the corresponding
Isx, Igy stator current waveforms under this test. The speed
waveforms show that the best dynamic performance has been
obtained by the correctly tuned FLC, followed by ADRC,
ROC, and MPC. This is to be expected since, when the FLC
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FIGURE 13. Reference and measured speed during the
0 — 60 — —60 — 0 rad/s at no load (experiment).
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FIGURE 14. i, is, during the 0 —~ 60 — —60 — 0 rad/s at no load
(experiment).

is correctly tuned, the nonlinear correction terms involving
the input and state are accurate and do not introduce any
dynamics. On the contrary, the same nonlinear correction
terms involving the input and state are not a priori known
in the ADRC, where they are online estimated with defined
dynamics, which unavoidably slightly reduces the dynamic
performance of the controller. The ROC presents, among the
three controllers, the worse dynamic performance since the
speed and flux loops are inherently coupled in variable flux
working conditions (MTPA). MPC shows, as for the speed
control, almost the same dynamic performance offered by
ROC, witnessing that the coupling between the speed and
flux loops still maintains in variable flux operation. The same
speed waveform shows the trace of the FLC under detuned
working conditions. Specifically, the FLC controller has been
purposely detuned by considering a wrong value of the non-
linear state feedback of 30%. It can be seen that if FLC is not
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FIGURE 15. Reference and measured speed at constant speed of 50 rad/s
with 5 Nm load step torque (experiment).

properly tuned, it presents dynamic performance worse than
ROC and far worse than ADRC, which on the contrary, offers
a good robustness thanks to the online estimation of the non-
linear correction terms. Moreover, the detuned FLC presents
a nonnull speed steady-state tracking error, differently from
the tuned FLC as well as ADRC and ROC. Consequently, the
isx, sy Waveforms in Fig. 14 present the expected spike-like
shapes. The only waveform that is not consistent with the
others is that of the detuned FLC, which presents completely
different steady-state values of iy, iy, at 60 rad/s; in particular,
isx higher than 3 A is more than double than the corresponding
value obtained with the other controllers. The above test con-
firms what is well known from the theoretical point of view.
The ADRC cannot outperform FLC if it is perfectly tuned (ac-
curate model and well-known parameters). In these working
conditions, ADRC can perform at least like FLC, not better.
ADRC outperforms FLC in conditions of varying parameters,
in correspondence to which FLC becomes detuned and its
performance drastically decrease.

As a second experimental comparative test, all the con-
trollers have been tested at the constant speed of 50 rad/s
with a load step torque of 5 Nm which is initially applied and
then released. Fig. 15 shows the reference and the measured
speed of the SynRM drive while Fig. 16 shows the corre-
sponding iy, iy, stator current waveforms under this test. The
speed waveforms show that the best load rejection capability
is obtained by the correctly tuned FLC, followed by ADRC,
ROC, and MPC, as expected because of the above explained
reasons. On the contrary, as in the speed transient test, the
detuned FLC presents the worst load rejection capability with
a significant steady-state speed tracking error (around 20%).
From this point of view, it can be observed a very fast torque
response obtained with the MPC is associated with a higher
torque ripple, which does not imply good speed dynamics for
the above-cited reasons. Coherently, the iy, is, waveforms in
Fig. 16 present the expected square-like shapes. As in the
speed transient test, the detuned FLC presents completely
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FIGURE 17. Estimated and load torques at constant speed of 50 rad/s
with 5 Nm load step torque (experiment).

different steady-state values of iy, is,. Finally, the torque
waveform, given in Fig. 17, shows a correct drive behavior
with a very fast torque response obtained with all the con-
trollers.

To highlight the importance of the robustness achievable
with the ADRC, the reduction of the dynamic performance
obtained with the FLC has been analyzed, purposely impos-
ing an error in the knowledge of the main model parameters
adopted by the controller. In particular, wrong values of the
static inductances Lgyy, Ly as well as the stator resistance
R; have been imposed to the FLC, in an operating range of
+40%. Figs. 18 and 19 show the surfaces and Fig. 20 the
plot describing the IAE of the i, and speed loops versus the
percent variations of Lgyy, Lgyy, and Ry, computed on a speed
start-up of the SynRM drive from 0 to 50 rad/s at no load; the
drive has been operated under the MTPA technique in [40];
thus a contemporary variation of i;, and the speed occurs.
Both surfaces Figs. 18 and 19, related to the variations of
Ly and Lyy,y, clearly show that the minimum value of IAE is
achieved when the controller is correctly tuned, as expected.
At the same time, they show that the maximum increase of the
TAE, corresponding to the highest reduction of the dynamic
performance, is obtained when the contemporary maximum
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FIGURE 18. IAE of the isx loop vs the % variation of L, and Ly, with FLC
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FIGURE 20. 1AE of the isx and speed loops versus the % variation of Ry
with FLC (experiment).

variations of Ly, and Ly, occur. The noticeable maximum
IAE increase is up to 40% for the i, loop and 25% for the
speed loop, witnessing a significant decrease in the dynamic
performance under detuned conditions. Fig. 20, related to the
variation of Ry, exhibits the same kind of variation of the
IAE index. Even in this case, the minimum values of the
IAE indexes are obtained when the value of R is correctly
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tuned. At the same time, the maximum increase of the IAE
is observable for the highest variation of R, with a percent
increase up to 40% in the iy, loop and 20% for the speed loop.
The above tests fully justify the adoption of the ADRC to
improve dynamic performance with respect to the ROC case
and improve the robustness of the control action in detuned
working conditions.

VII. CONCLUSION

This article presents the theoretical development and the ex-
perimental application of the ADRC of SynRM. The ADRC is
a particular nonlinear control technique: it can be considered
as a particular kind of FLC, where the nonlinear transfor-
mation of the state is estimated online rather than computed
employing the model. This approach addresses the unmod-
eled dynamics, uncertain model parameters, and exogenous
disturbances. The effectiveness of the proposed control law
has been verified experimentally on a suitably developed test
setup. Experimental results fully confirm the high dynamic
performance ensured theoretically by ADRC. The proposed
ADRC has been experimentally compared with the classic
ROC, with FLC in both tuned and detuned conditions, and
with MPC. Results clearly show the advantages of adopting
the ADRC in terms of dynamic performance and robustness
versus model/parameters unknown.
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