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Abstract

The capacity to determine how the state variable system would behave during fixed-point
and transition operations is a significant enhancement of the model-free control technique.
This paper describes a vector control, also called field-oriented control (FOC) based on
model-free control approach for a synchronous reluctance motor (SynRM). The high per-
formance of the proposed model-free control (MFC)-based vector control of SynRM drive is
evaluated and compared with (FOC) based on classical proportional–integral (PI) controller
under diverse conditions. At last, the results reveal the suggested MFC’s efficiency and
technical advantages, as well as its advantages over the classical PI.
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1 Introduction

The synchronous reluctance motors (SynRMs) have recently attracted a lot of attention across
a wide range of industrial applications owing to its small size, lower cost, high reliability, high
overload ability, high dynamic, great reliability and high power density [1–6]. Furthermore, the
SynRMs are seen as a better alternative to induction motors and permanent magnet synchronous
motors for many applications, such as fans, washing machines and electric vehicles. Additionally,
owing to the absence of the winding and permanent magnet in the rotor, it exhibits a higher
energy efficiency, lower rotor temperatures, field-weakening capability, simple manufacturing
process and lower overall cost [7–14].

Most industrial applications require high performance, fast transient response and appro-
priate control flexibility of electric motor drives [15]. It is therefore important to con- duct
research on the potential of the SynRMs and their control which remains a challenging task.
Both field-oriented con- trol (FOC) and direct torque control (DTC) are two control techniques
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that have been widely investigated for SynRM [16–18]. In particular, FOC, also known as vector
control, has been widely used in electric drive systems, due to its good performance under both
steady-state and transient operating conditions [19, 20]. Vector control technology has resulted
in a classic control scheme that is broadly used in the electric drive industry [21]. Depend-
ing on whether decoupling is required, vector control techniques can be further arranged into
FOC, DTC, etc. [22]. Currently, in the traditional SynRM speed regulation system, the propor-
tional–integral (PI) con- troller is typically employed to set the speed, with a simple algorithm
and flexible parameters. Nevertheless, SynRM is a complex research target. Its nonlinearity,
multi-objectivity, high coupling and other characteristics show how complicated it is. As a re-
sult, under all of these machines’ operating conditions, traditional control techniques such as
FOC based on PI controllers are unable to provide excellent performance.

2 Literature review

Many control methods applied to the SynRM have been pro- posed in the literature; for example,
in [23], the authors have presented a fuzzy sliding mode speed control design procedure for
robust stabilization and disturbance rejection of the SynRM drive system. An adaptive non-
singular terminal sliding mode control scheme for SynRM drive system to improve the dynamic
performance and robustness has proposed in [24]. In [25], an intelligent maximum torque per
ampere tracking control of SynRM using a recurrent Legendre fuzzy neural network is proposed.
The authors of [26] have presented an improved model-free predictive current control method for
synchronous reluctance motor. A novel Hermite neural network-based second-order sliding mode
control method for the synchronous reluctance motor (SynRM) drive system is proposed in [27].
In [28], an artificial neural network is employed as an adaptive solution for reducing the torque
ripple in a non-sinusoidal synchronous reluctance motor. The authors of [29] have proposed
an intelligent backstepping control using recurrent feature selection fuzzy neural network to
construct a high-performance SynRM position servo drive system. A nonlinear backstepping
control of SynRM drive system for position tracking of periodic reference inputs with torque
ripple consideration is proposed in [30]. In [31], an adaptive backstepping sliding mode control
is used to suppress the chaotic oscillations in the SynRM with load vibration perturbation. The
authors of [32] have used a flatness-based adaptive neuro- fuzzy control of SynRM with output
feedback. A nonlinear controller based on feedback linearization has been designed for SynRM
drives that takes into consideration the self- and cross-saturation effects is proposed in [33]. In
[34], a non- linear advanced strategy of speed predictive control based on the finite control set
model predictive control is proposed for nonlinear SynRMs. An adaptive inductance estimation
technique for vector-controlled SynRM drive is presented in [35]. In [36] similar to [34], a finite
control set model predictive control method has been developed to improve the performance of
a SynRM drive. The authors of [37] have presented model predictive control of SynRM drive
configured in open-end winding.

3 Contributions

SynRMs constitute a promising choice for many applications. However, SynRMs have a compli-
cated structure, which affects the control system, and its model is strongly nonlinear. Therefore,
conventional control, such as FOC based on PI controller, cannot accomplish high performance
for all operating conditions of these modern machines. In addition, traditional vector control
structures with PI regulator have some drawbacks such as difficulties in parameter tuning, poor
dynamic performances and reduced robustness. In order to avoid difficult mathematical mod-
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eling, MFC is suggested as an alternative to classical control. MFC is an algorithm dedicated
to systems with poor modeling knowledge. In this paper, FOC is implemented to formulate the
dynamic equations. Then, a control principle called model-free control (MFC), which is easy to
implement, has been proposed to address the limitations of the conventional control methods.
MFC uses a local linear approximation of the process model, which is only valid for a short
period of time via the unique knowledge of the input–output behavior, without the need of any
mathematical model; then, a fast and simple parameter estimation technique is employed to
update the approximation in real time. The main advantage of MFC is that it does not require
the process model in the controller tuning. This paper introduces MFC development to control
both torque and speed control of SynRM. To verify the advantages of MFC, simulations were
carried out under several conditions. Model-free control (MFC) in particular is an interesting
alternative; its main advantage is that the controller may be tuned without using a process model
[38]. This paper shows how MFC for field-oriented control (FOC) improves the performance of
motor drives. It presents three-phase synchronous reluctance motor (SynRM) model in Sect. 2.
Section 3 explains how the vector control is used to control the speed and enhance the perfor-
mance of the SynRM. On the other hand, Section 4 provides an overview of model- free control.
Besides, the vector control applied using MFC of SynRM is mentioned in Sect. 5. Furthermore,
the implementation in the MATLAB/Simulink environment and its simulation results are given
in Section 6 to demonstrate and compare classic PI and intelligent PI. Finally. conclusions and
references are cited in the last section.

4 The model of SynRM

The model of the SynRM is presented in a rotating d, q frame. The tension in the synchronous
reference frame in SynRM is as follows [39]:{

Vds = Rsids + Ld
d
dt ids − ωrLqiqs

Vqs = Rsiqs + Lq
d
dt iqs − ωrLdids

(1)

where Vds and Vqs represent the dq−axis stator voltage, Rs is the nominal value of the stator
resistance, ids and iqs represent the dq−axis stator current, Ld and Lq are the nominal values
of the dq−axis inductance of the stator, and ωr represents the electrical angular velocity of the
rotor, respectively.

The electromagnetic torque term is given by [39]:

Te =
3

2
p ((Ld − Lq) idsiqs) (2)

On the other hand, the mechanical equation of the SynRM is given by:

Jm
d

dt
ωr = pTe − pTr − fmωr (3)

where Te represents the electromagnetic torque of the motor, p is the number of motor poles, Tr
represents the mechanical load torque applied, fm is the nominal value of the damping coefficient
and Jm represents the rotor inertia. These sets of equations characterize the electromechanical
behavior of the SynRM.

SynRM’s voltage equations are implemented in MATLAB/Simulink environment block, as
shown in Fig. 1, using the parameters in Table 1.
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Figure 1: Representation of the SynRM

Table 1: Parameters of SynRM
Symbol Value
Rs 7.8 Ohm.
Ld 0.4 H
Lq 0.08 H
p 2 poles.
Jm 0.038 Kgm2

5 FOC of SynRM

The purpose of SynRM vector control is to achieve a model equivalent to the separately excited
direct current machine, i.e., a linear and decoupled model that allow to improve their dynamic
behavior [40].

The efficiency of motor control is highly dependent on precise knowledge of the mathematical
model chosen for the motor and its parameters. In the case of SynRM drives, the Park reference
frame is adopted because it is widely used in control and command techniques.

In order to benefit from the highest efficiency of the motor, at speeds below the rated speed,
the flux of the motor is chosen so that the current flowing in the stator has the highest torque
[39].

By fixing the current ids, the torque according to (2) becomes a linear function of the current
iqs; then, the shape of the electromagnetic torque becomes:

Te =
3

2
p ((Ld − Lq) i?dsiqs) (4)

where i?ds is the constant current ids.
The quantities 3

2p (Ld − Lq) i?ds are constant, and the torque is directly proportional to iq,
and hence the following representation:

Te = Aiqs (5)

with:

A =
3

2
p (Ld − Lq) i?ds (6)

The system representation of SynRM vector control is shown in Fig. 2.
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Figure 2: FOC of the SynRM

6 Model-free control

The idea of model-free control for control system applications was originally proposed by Fliess et
al. [38, 41]. As technology has evolved, many industrial applications have changed significantly
and become more complex. As a result, it becomes very difficult or at least time-consuming to
model the dynamics and flows of these applications with mathematical models. In this case, it
is not possible to use model-dependent methods for such applications. Instead, MFC uses only
online data obtained from the plant to design the controller without any additional information
about the mathematical model or the plant parameters being studied. Therefore, MFC is suitable
for all nonlinear systems with complex or unknown structures.

6.1 Principle of the method

Consider a physical system governed by an unknown differential Eq. (7) describing the in-
put–output behavior, assumed to be finite-dimensional linear or not and to be well approximated
within its operating range,

E
(
y, ẏ, . . . , y(a), u, u̇, . . . , u(b)

)
= 0 (7)

where E is a sufficiently smooth function of its arguments. Suppose that for an integer ν,
0 < ν 6 a, we have ∂E

∂y(ν)
6= 0. The control input is denoted by u and the output is denoted by

y. The implicit function theorem allows us to locally rewrite (7) in the form

y(ν) = Q
(
y, . . . , y(ν−1), y(ν+1), u, . . . , u(b)

)
= 0 (8)

The idea of the model-free control presented in this article consists in substituting the model (8)
by a “phenomenological” model, valid over a short period of time ∆t.

By setting Q = F + αu, (8) becomes

y(ν) = F + αu, (9)

where

• α ∈ R is non-physical constant parameter chosen by the practitioner so that F and αu
have the same amplitude,
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• u and y represent the input and output of the system, respectively,

• F = y(ν)−αu, which is updated, subsumes not only the unmodeled dynamics, but also all
the unknown signals (disturbances, noise),

• ν is the order derivative chosen by the practitioner. It can be arbitrarily chosen.

Remark 6.1. The order of derivation is not necessarily equal to the order of derivation of in
(7). In general, we choose equal to 1 or 2.

The designer must choose the value of the order ν, carefully, taking into account the order of
the controlled system and the structure of the feedback control input. Otherwise, the stability
of the system may be deteriorated. In several existing examples, M. Fliess and C. Join indicate
that ν may always be chosen quite, i.e., 1 [42–47] or 2 [48], and 1 in all concrete situations. For
instance, intelligent PID (iPID) is designed with ν = 2, while intelligent PI (iPI) is used with
ν = 1.

6.2 Estimation of F

6.2.1 First method

The quantity F in Eq. (9) from the measurement of the output to knowing input [48, 49] is
updated at every sampling time. At sampling time k (that is, t = kTs, where Ts is the sampling
period), the estimated result of F .

F̂ (k) = ŷ(ν)(k)− αu(k − 1), (10)

where F̂ is the estimated of F , ŷ(ν)(k) is the estimated of y(ν) at the time k and u(k − 1) is the
control input applied to the system during the previous sample period.

6.2.2 Second method

Take the equation of the ultra-local model with ν = 2, for example,

ÿ(t) = F (t) + αu(t) (11)

Consider the ultra-local model (11). According to a classic result of mathematical analysis, F
may be approximated, under a weak integrability condition, by a piecewise constant function.
Replace therefore Eq. (11) by

ÿ = Φ + αu (12)

where Φ is a constant.
From the rules of operational calculus, Eq. (12) reads

s2Y − sy(0)− ẏ(0) =
Φ

s
+ U (13)

In order to get rid on the initial conditions, derive both sides of the above equation by d
ds

2Φ

s3
= s2

d2Y

ds2
+ 4s

dY

ds
+ 2Y − d2U

ds2
(14)
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Multiplying both sides by s−N , > 3, permits to get rid of positive powers of s, i.e., time deriva-
tives, which are very sensitive to corrupting noises. Negative powers of s correspond to iterated
time integrals. Thanks to the correspondence between d

ds and the multiplication by −t, we obtain
in time domain for N = 3

F̂ (t) =
60

τ5

∫ t

t−τ

(
τ2 + 6σ2 − 6τσ

)
y(σ)dσ − 30α

τ5

∫ t

t−τ

(
τ − σ2

)2
σ2u(σ)dσ (15)

According to [50], the robustness with respect to corrupting noise is ensured via the integrals in
Eq (15). There is no need to know the precise probabilistic/statistical nature of the noises which
are viewed as quick.

Remark 6.2. Expression (15) can be digitally implemented resulting in a FIR filter. For this
purpose, the method is modified and we integrate backwards in a small fixed length window T to
provide a feasible implementation in real time.

6.3 Inteligent controllers

6.3.1 Generalities

Consider once more the ultra-local model (9). Close the loop by the intelligent controller

u = − F̂ − y
∗(ν) + C(e)

α
(16)

where

• y? is the reference output trajectory,

• e = y − y? is the tracking error,

• F̂ is an estimated value of F ,

• C(e) is a causal or unexpected function of e, i.e., C(e) depends on the past and present, not
on the future. It can be P, PI or PID controller.

The combination of Eqs. (9) and (16) gives the functional equation:

e(ν) + C(e) = 0. (17)

C should be chosen so that correct tracking is guaranteed asymptotically, i.e.,

lim
t→∞

e(t) = 0 (18)

Note that F̂ does not appear anymore in Eq. (17), i.e., the unknown parts and disturbances of
the plant vanish. (When F̂ is close enough to F and by combining Eqs. (9) and (16), F−F̂ ' 0).
We are therefore left with a linear differential equation with constant coefficients. The tuning
of C(e) parameters becomes therefore quite straightforward for obtaining a good tracking of y?.
This is a major benefit when compared to the tuning of “classic” PIDs.

The superiority of intelligent controllers, which was already noted in [51, 52], is, however,
confirmed:

(1) Tuning the gains of intelligent controllers is s quite simple, whereas it is complex and
painful for classic PI or PID controllers.
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(2) Contrarily to intelligent controllers, a properly tuned conventional PI or PID controller is
unable to take into account heat effects, aging processes, characteristic dispersions due to
mass production, etc.

(3) Intelligent controllers handle fault-tolerant control much better than conventional con-
trollers.

This setting is too overall and might not produce tools that are simple to use. The next paragraph
fixes this flaw.

6.3.2 Intelligent PIDs

The model-free control law for the system (7) is defined as follows

u = u? + ufeedback (19)

where ufeedback is a common regulator, such that if ν = 1, y(1) = F +αu, we choose ufeedback as
an PI regulator, if ν = 2, y(2) = F + αu, we choose ufeedback as an PID regulator, and if ν > 2,
we can use generalized proportional–integral regulators (GPIs). The u? command is calculated
from (19), limited to the case of ν = (1, 2), when ν = 2, the command (19) can be expressed as
follows,

u = −
F̂ − ÿ? +KP e+KI

∫
e+KD ė

α
(20)

and when ν = 1

u = −
F̂ − ẏ? +KP e+KI

∫
e

α
(21)

where KP , KI and KD are the classic regulator gains.
In the first case, when ν = 2, if KI = 0, we obtain an intelligent proportional derivative

controller, or iPD. In the second case, when ν = 1, quite often KI may be set to 0. It yields
an intelligent proportional controller, or iP, quite often encountered in practice. Their lack of
any integration of the tracking errors demonstrates that the anti-windup techniques, which are
familiar with classical PID and PI controllers, are no more necessary.

Remark 6.3. The model-free control presented here keeps the simplicity of a classic regulator,
in this case a PI. Moreover, the fact of identifying and estimating the internal dynamics of the
system endows the controller with a kind of auto-adaptation and robustness, which improves the
performance of the control.

Let us emphasize the following differences with respect to more classic approaches of PID
controllers:

• No identification procedure is needed since the whole structural information is contained
in the term F (includes not only the unknown structure of the system but also any dis-
turbance). A local linear approximation of the process model can replace the unknown
global description of the plant, which is only valid during a short time window. Therefore,
it makes it possible to control high-dimensional and/or strongly nonlinear systems without
any complex and time-consuming parameter tuning.

• A fast and simple parameter estimation technique, which is employed to update the ap-
proximation in real time.

The model-free control schema is described in Fig. 3.
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Figure 3: Model-free control scheme

7 Application of model-free control to SynRM Drive

The model-free control presented in the previous section will be applied to a vector control
of SynRM. The complex non-linear dynamic model of SynRM can be approximated using an
ultra-local model.

7.1 The ultra-local model

Ultra-local model control consists to estimate via only the input and the output signals of non-
linear system that can be compensated by control to obtain a good output trajectory tracking
effect.

To properly represent the dynamics of SynRM, the ultra- local model in (1) and (3) can be
expressed as follows: {

ẏd = d
dt ids = Fd + αdud

ẏq = d
dt iqs = Fq + αquq

(22)

ẏω =
d

dt
ωr = Fω + αωuω (23)

where

y =

 ids
iqs
ωr


αd and αq represent the scaling factors of D-axis and Q-axis stator input currents, αω express
the scaling factor of the motor speed, ud, uq and uω are the system inputs, Fd, Fd − q and Fω
denote the unknown parts including disturbances and uncertainties, and y is the system output.

7.2 Estimation of F

The estimation value of F which is valid during a short lapse of time is evaluated from u and ẏ
at any time step as follows: {

F̂d(k) = ẏd − αdud(k − 1)

F̂q(k) = ẏq − αquq(k − 1)
(24)

F̂ω(k) = ẏω − αωuω(k − 1) (25)
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where F̂d(k), F̂q(k) and F̂ω(k) are the estimated values of Fd, Fq and Fω, respectively, at time
step k, and ud(k − 1), uq(k − 1) and uω(k − 1), are the commands at time step k − 1.

Closing the loop with a linearizing control including a proportional–integral action, we obtain
the intelligent proportional–integral controller, or iPI, as described in the following section.

7.3 Model-free control

Based on the ultra-local model, the control law of model-free controller is given as: ud = − F̂d−ẏ
?
d+KPde+KId

∫
ed

αd

uq = − F̂q−ẏ
?
q+KPqe+KIq

∫
eq

αq

(26)

uω = −
F̂ω − ẏ?ω +KPωe+KIω

∫
eω

αω
(27)

where F̂d, F̂q and F̂ω denote the estimated values of Fd, Fq and Fω, respectively, ẏ?d, ẏ?q and ẏ?ω
are the desired output, ed = y?d − yd, eq = y?q − yq and eω = y?ω − yω are the tracking errors,
and KPd, KId, KPq, KIq and KPω and KIω are the classic PI tuning gains. It is clear that the

tracking performance of system can be accomplished by only tuning KP and KI when F̂ is well
estimated; moreover, the closed-loop model-free controlled nonlinear system stability has been
verified [53].

The block diagram of the vector control based on model- free control of a synchronous reluc-
tance motor in this paper is shown in Fig. 4.

Figure 4: Block diagram of the SynRM vector control with the model-free control

8 Simulation results

The proposed MFC algorithm for the SynRM drive was implemented and simulated under differ-
ent operation conditions. The control performances obtained with MFC are compared with the
performances achieved using conventional PI. The classical PI controller requires knowledge of
all machine parameters and its payloads, which may not be realistic. The obtained results with
fixed step time ∆t = 0.0001s are shown below. The simulation conditions are set as fol- lows:
The drive response corresponds to a step change on the speed reference from 0 to 1500 rpm, and
during q−axis testing, the d−axis command was set to 3 A. Results for the two controllers (PI
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and MFC) are shown in Figs. 5, 6, 7 and 8, in which the outputs of the closed-loop system are
given. Figure 5 illustrates the evolution of the speed of the SynRM with PI and MFC controllers
compared to the desired trajectory. The trajectory of speed with the MFC system (black color)
is very close to the desired trajectory (green color). On the other hand, the PI trajectory (red
color) of the speed response is satisfactory. We can say the same thing about torque and dq−axis
stator current response. For example, Fig. 6 shows that the torque ripple response with MFC
controller (black color) is reduced compared to torque (red color) controlled by PI controller,
which is with this last one considerable. It was the same for dq − axis current control response
curve shown in Figs. 7 and 8, interestingly, note that, during the transient response, both d-axis
current and q-axis current tracked the references very well, and there was no steady-state error
using MFC. On the other hand, the dq−axis current of the FOC with the PI controller exhibits
a considerable overshoot.

PI controller algorithm is simple, but it requires high accuracy in system model and param-
eters. The simulation results presented in Figs. 5, 6, 7 and 8, show that MFC controller gives
good results and the trajectories follow the desired tracks. At t = 2s, the load of 10N.m

Figure 5: Speed response of motor

has been suddenly applied to the running machine. The reference speed is fixed at 1500 rpm.
The simulation conditions are as follows: The speed ranges from 0 to 1500, sudden increase of
10N.m on the load torque at 2 s and during q-axis testing, the d-axis command was set to 3 A.
Figures 9, 10, 11 and 12 show the high disturbance rejection ability of the MFC applied to the
SynRM. Figure 9 shows the speed evolution of the motor, where it is clear that MFC has a good
speed trajectory (black color) compared to the reference one (green color) and the trajectory of
speed with the MFC system (red color) is very close to the desired trajectory (blue color). On
the other hand, the PI speed trajectory (black color) is satisfactory with small overshoot. As
a result, the speed control performance was significantly improved, confirming the feasibility of
the proposed MFC for this application. MFC allows to avoid the current ripple and to follow
correctly the reference trajectory without fluctuation for the d-axis. Note that, under the action
of the proposed model-free control, when the load changed suddenly, the q-axis deviated slightly
from its set point, but it recovered very quickly, which is clearly not the case with the PI con-
troller; we notice a considerable overshoots on the dq−axis and the torque at the time t = 0.25s,
when the speed becomes 1500 rpm and at the time when the load is added. Furthermore, large
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Figure 6: Torque response of motor

fluctuations after t = 2s, due to the load. The PI controller is provided to deal with inevitable
modeling errors and uncertainties.

Interestingly, the proposed MFC algorithm provided high performance for the SynRM drives
compared to FOC with the classical PI controller. In summary, by applying MFC and the
corresponding intelligent controllers, the performance of the SynRM was improved in terms of not
only the current control but also the speed control. Also, the disturbance rejection capability of
the MFC confirms the feasibility of this technique for this application. Moreover, the coefficients
of intelligent controllers of the MFC are not complicated to tune, and a simple design approach
can be applied for the SynRM drive.

9 Conclusion

In this paper, model-free controller (MFC) is used for speed and current control of motor drives
in order to achieve a good speed and current tracking trajectories, solve the problem of model
mismatch caused by the change in the motor parameters, and reduce the degradation of control
performance caused by the known and unknown disturbances of the motor. This novel control
method is applied to the vector control of SynRM to realize the combined control of speed
and current control. The simulation results show that the method has fast dynamic response
and small fluctuation of engine torque, which has great advantages compared with traditional
PI control. Finally, the potential of MFCs demonstrated in this study should inspire further
research and analysis of such controllers to gain the necessary expertise to translate the results
into practical applications.
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4(5):1–23

[52] Fliess M, Join C (2009) Model-free control and intelligent PID controllers: towards a possible
trivialization of nonlinear control?. In: Proceedings of 15th IFAC symposium on system
identification, SYSID, Saint-Malo, vol 15, pp 1531–1550

[53] Fliess M, Join C (2014) Stability margins and model-free control: a first look. European
Control Conference (ECC), IEEE, New York, pp 454–459

18


	Introduction
	Literature review
	Contributions
	The model of SynRM
	FOC of SynRM
	Model-free control
	Principle of the method
	Estimation of F
	First method
	Second method

	Inteligent controllers
	Generalities
	Intelligent PIDs


	Application of model-free control to SynRM Drive
	The ultra-local model
	Estimation of F
	Model-free control

	Simulation results 
	Conclusion

