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Abstract: This paper describes the model-free control approaches for permanent magnet-assisted
(PMa) synchronous reluctance motors (SynRMs) drive. The important improvement of the proposed
control technique is the ability to determine the behavior of the state-variable system during both
fixed-point and transient operations. The mathematical models of PMa-SynRM were firstly written
in a straightforward linear model form to show the known and unknown parts. Before, the proposed
controller, named here the intelligent proportional-integral (iPI), was applied as a control law to
fix some unavoidable modeling errors and uncertainties of the motor. Lastly, a dSPACE control
platform was used to realize the proposed control algorithm. A prototype 1-kW test bench based
on a PMa-SynRM machine was designed and realized in the laboratory to test the studied control
approach. The simulation using MATLAB/Simulink and experimental results revealed that the
proposed control achieved excellent results under transient operating conditions for the motor drive’s
cascaded control compared to traditional PI and model-based controls.

Keywords: electric vehicle; inverter; permanent magnet-assisted synchronous reluctance motor;
PMa-SynRM; model-free control; traction drive

1. Introduction

By the end of 2021, the demand for electrical traction machines, including battery
electric vehicles and hybrid electric vehicles (HEVs), surpassed two million units [1-4].
Electrical traction machines are also required to further develop more electric aircrafts
(MEASs) [5-7]. For these reasons, several state-of-the-art machines have been developed in
the last few years, such as synchronous reluctance motors (SynRMs) and especially perma-
nent magnet-assisted synchronous reluctance motors (PMa-SynRMs). PMa-SynRMs can
produce 75% of the torque of an interior permanent magnet synchronous motor (IPMSM)
for the same size and liquid cooling technology [8,9]. In addition, state-of-the-art modern
motors provide more desired characteristics for electric vehicle (EV) applications, in particu-
lar, high efficiency at low and high speeds. Therefore, PMa-SynRMs constitute a promising
choice for these applications. However, PMa-SynRMs have a much more complicated
structure, which affects the control system, and its model is strongly nonlinear. Therefore,
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traditional control, such as field-oriented control (FOC) based on a proportional-integral
(PI) controller, cannot accomplish high performance for all operating conditions of these
modern machines.

Furthermore, in EV applications, safety, energy saving, and soft driving are mandatory
and require improvement of the control performance of the motor drive system. Many
studies have been conducted in the last few years regarding SynRMs and PMa-SynRMs,
with special attention to machine design and optimization aspects. Multiple-flux barrier
rotors and transversely laminated rotors were reported. Rotor laminations are made by
traditional punching or wire cutting, resulting in easy and cheap construction [10,11].
Control characteristics have also been investigated [9,12,13]. In this regard, in the current
control of PMa-SynRM drive systems, the essential objective is to ensure that the stator
currents track the reference values with minimum errors in both transient and steady-state
conditions. To design a robust controller with acceptable tracking performance, all the
model-based control (MBC) approaches mentioned in the literature applied to PMa-SynRM
require extensive knowledge about the dynamics and the model of PMa-SynRM systems.
In addition, the MBC performance can be affected by unexpected dynamic variations of
the system and parametric uncertainty, which are very common phenomena in industrial
applications. To overcome the limitations of MBC approaches, some studies proposed
model predictive control (MPC) as an appropriate current control scheme for electric motors,
which ensures a fast dynamic and a remarkable safety factor [14-16]. This method’s concept
is based on predicting controlled variables in the next calculation step using the measured
variables and a mathematical model of the controlled system. Then, the predicted results
are analyzed using a cost function in terms of the difference between the desired trajectories
and real outputs of the system. Compared to the previously mentioned control techniques,
safety and fast dynamics are two remarkable features of the MPC method. Despite these
advantages, the performance of MPC highly depends on the correctness of the model, given
that a mathematical model is used in the prediction section [17]. When using the prediction
at each sampling time of the MPC algorithm, some additional mathematical calculations
are imported into the control algorithm.

Therefore, a control principle called model-free control (MFC) has been proposed
to address the limitations of the abovementioned MPC and MBC techniques. MFC, also
referred to as model-free tuning in the literature, uses a local linear approximation of the
process model, which is valid for a small time window, and a fast estimator, which is
employed to update the approximation [18,19]. The main advantage of MFC is that it
does not require the process model in the controller tuning. Few experiments have been
conducted on real-world control system structures concerning the tuning process. This
paper introduces MFC development to control both torque and speed control of PMa-
SynRMs. To verify the advantages of MFC, both simulations and experiments were carried
out under several conditions.

This paper is organized as follows. A model-free control and control law are briefly
introduced in Section 2. The main issues regarding the control of PMa-SynRMs, related
state-of-the-art studies, as well as mathematical models are reviewed in Section 3, with
a focus on MFC applied to PMa-SynRM drive systems. In Section 4, simulation and
experimental results are provided to demonstrate the advantages of the proposed MFC.
Sections 5 and 6 summarize and conclude the paper. A small-scale 1-kW test bench based
on a PMa-SynRM with ferrite magnets was implemented to confirm the high performance
of the designed control scheme in the laboratory [13].

2. Model-Free Control and Control Law (Brief Introduction)
2.1. Model-Free Control

The idea of model-free control accomplished for control system applications was
originally proposed by Fliess et al. [20,21]. Many industrial applications have significantly
changed with technology development and have become more complex. Accordingly,
modeling the dynamic and process of these applications using mathematical models



Sustainability 2022, 14, 5423

30f21

becomes very difficult or at least time-consuming. In this case, using the MBC methods for
these kinds of applications will be impossible. Conversely, almost all industrial applications
generate and save a large number of process data that contain all the necessary information
related to the system’s operation. In this case, it is important to use these generated data,
obtained online/offline, directly for designing the controller or other purposes. In this way,
the model-free control (MFC) foundation is essential in controlling industrial applications.
So far, the types of the modern control system can be roughly categorized by MBC and
MFC, as in Figure 1.

Identification and/or Reduction

- : —| Complicated Model No model
Accurate Model Uncertain Model (High-order) (Unavailable, hard to obtain
Y v A 4 y
Model Based Control (MBC) Model-Free Control (MFC)

Figure 1. Control law’s block diagram.

MEC is a control method that uses only the online data obtained from the controlled
system to design the controller, without the additional need for information about the
mathematical model or parameters of the studied system. Therefore, the MFC can be
applicable for all nonlinear systems with complex or unknown structures.

The principle of model-free control is briefly introduced next. A nonlinear system can
be described by a state-variable written as follows:

x = f(x,u)
y = hix,u) @

where
X = [xl,xz,...,xn]T,'x e R"
u=[ug,tz,... um] ;u€R" )
T
y=[yLYy2. ., ym] ;y €R"

where x is the state variable, u is the control variable, y is the output variable, and n, m € N.
According to Equation (2), the system described by Equation (1) is flat. A control law
of variable u can be expressed as follows [13]:

U = Upef + ufeedback(g) (3)

with € = Yy — V.

This control law is suitable for all systems with known parameters. However, if only
some system parameters can be identified or the system described by Equation (1) cannot
be identified, the controller needs to be modified as a partially-known model, replaced by a
model-free control as follows:

iy ™)
b

(4)

Salllas!

u +

where &(y) /b is a known system, and F denotes an unknown part of the system.

The difference between &(y, 7,7, ...,y™), &(y), and  is that the &(y, 1,7, ..., y™) is
the known part of the a(y, 7,7, ...,y*)), the () is the only known part of the studied
system, and the y is the differential of the known part, respectively.
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Alternatively, it can be rewritten and rearranged as a straightforward linear model as follows:
y=—-F+b-u 5)

2.2. Control Law

Figure 2 represents the control law block diagram for the model-free control technique.
The control law is defined as follows:

F
U = Upef + ufeedback(g) + N (6)
where (5+1)
& (yrefr Yretr Yrefr - - Yret )
Uref = b )
and F is the estimated value of F, which is expressed as follows:
F=b-u—jy ®)

The function & is a regular function [22,23].
The feedback term #(eedpack can be described by applying the PI controller as follows:

Ufeedback = Kp e+ K- /5dt )

Substituting Equation (6) into Equation (5), and rearranging the expressions, Equation (5)
can be expressed as follows:

—~

y =-F+b- Uref + b- ”feedback(s) +F (10)

Trajectory )

};lel »
Planning

Figure 2. Control law’s block diagram.
2.3. Controller Design

The observation term purposes to afford an estimated signal F so that F — F ast — o
(under global convergence assumption for the estimation). Consequently, Equation (10)
can be rewritten as follows:

y =Db-Upf+Db- ufeedback(e) (11)
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Consequently, Equation (11) describes the dynamic of the closed-loop control system.
By substituting Equation (9) into Equation (11) and rearranging, Equation (11) can be
expressed as follows:

d(yref )

- +b~Kp~£+b~Ki/sdt:0 (12)

Referring to the control law displayed in Figure 2, the controller coefficients can
be determined using the following expression obtained by taking time derivation in
Equation (12):

e+b-Kp-e+b-Ki-e=0 (13)

Comparing Equation (13) to the 2nd order standard equation stated as follows:
G420 wn-q+wyg=0 (14)

the controller coefficients become:

2-C-w
Kp = % (15)
and
wy
K=" (16)

where { and w, are the tuning dominant damping ratio and natural frequency, respectively.

The gain b € R is a non-physical constant parameter. Instead of &, the b is present
in this paper, as shown in (4). It was chosen by the practitioner or obtained by trials and
errors. F, which is continuously updated, subsumes the poor parts of the plant and the
various possible disturbances without distinguishing between them [24,25]

3. Applying Model-Free Control to PMa-SynRM Drive
3.1. Mathematic Model of PMa-SynRM/Inverter

A variable speed drive (VSD), which powers the PMa-SynRM under study, is shown
in Figure 3. Owing to the rotor geometries of the PMa-SynRM discussed in [26], the current
control strategies in the literature differ from those applied to PMSM. The rotor geometries
of PMa-SynRMs are given by the salient-pole, in which Lq > Lq. Its torque expression was
given by Equation (17). In this case, the iy component should not be equal to zero to take
advantage of the reluctance torque produced by the high saliency ratio. Therefore, the
maximum torque per ampere (MTPA) control strategy was recommended for PMa-SynRMs.
The main idea of this control was to develop the requested torque using the minimum
value of the stator current magnitude:

Te = np{‘f’m —(Lq — Lq)iq} -4 (17)

The equations of a PMa-SynRM in the rotating dq reference frame and a mechanical
equation are expressed by a state-space representation as follows:

. . 1
{—Rsig + we(Lqiq —¥m)}/Lqg Iq (1) 0 (2]
(—Rsiq — weLaia) /Lq +1 0 . 0 0g
[1p{¥miq + (Lg — Lq)iqiq } — Bswm]/] 0 0 _% Ty
~——
f(x) B u (18)
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Vius = 400 Volt I

E'—L.j 1 PMA-SynRM
o IPMSM Dyno
CBU5_
iHU.‘i
T W— l
| PWM1-6 | |
|
. ADC
~“apc|  MicroLabBox F% i
UBUSUO Rosol v, -sinf Rcsolver' |
.
Control algorithm e;g r;}er v, -cost O

Figure 3. A three-phase inverter to control a PMa-SynRM prototype.

3.2. Model-Free of Current and Speed Control Development

The control system of PMa-SynRMs proposed in this paper (Figure 4) had a case
cascade construction consisting of two loops (i.e., inner current control loop and outer
speed control loop). The inner current loop was much faster than the outer speed control
loop, such that the model-free control for the current control was developed first. By
defining u = [u up]T =g vq]T, y=1[n yz]T =[ig iq]T, and rearranging the first and second
rows in Equation (18) in the form of Equation (5), the PMa-SynRM model is expressed as
follows:

dig _ Rsld We(Lqiq—¥m) 1

ar = + S FE— + vgq g 19)
% _ _Rslq o weLdid + Ve - L
A Ty q° I

According to the principle of the model-free as in [20,21], Equation (19) can be sepa-
rated to identify the known and unknown terms as follows. The known terms are

N / di
by = gt =Lq'g 20
i — V2 g
=73 qdt
and the unknown terms are
= {~Rsig + we(Lgiq — ¥m) } - 1
(21)

F, = (—Rgiq — weLgiq) -

According to the control law (Figure 2), the first term of the model-free control for
inner current loop control is determined as follows:

Ulpef = ylref — L dld
(22)
di
Udref = 2r2ef Lq a
The estimation of unknown terms is expressed as follows:
o1 1 dig
Fi=pu1 =y = 1504 — 5
(23)

o1 | diq
Fz—fqul_yz—fqvq_ﬁ
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The feedback terms of d- and g-axis current control are obtained as follows:

b1 - Uifeedback = b1 (Kpd ~eq + Kig [ €ddf)

by - tpgeedback = b2 (Kpq - €q + Kiq [ €qdt)

(24)

Concerning the design procedure in the controller design, Equation (24) can be rewrit-

ten as follows: . .
€q+b1-Kpg-eq+bp-Kig-eq=0

} , (25)
€q+b2-qu~€q+b2'Kiq'8d:0
The controller coefficients Kpq, Kig, Kpq, and Kjq are determined as follows:
2 2
Kpa = 7§1};(;]n1r1<id = MTT
) (26)
_ 20wy — “n
Kpq = 1172) t Kiq = Tzl

The second model-free control for the outer speed control loop is developed here. The
output of the speed control loop provides the torque reference of the MTPA algorithm,
generating optimized d- and g-axis current references. Therefore, Te was chosen as a
control variable of the outer speed control loop, such that u3 = Tergr. Then, rewriting the
mechanical equation of the PMa-SynRM represented by the third row in Equation (18) in
the form of Equation (5) yields:

1 1
—<_Bf'wm_TL>'j+Te'7 (27)
Separating this equation into the known and unknown terms, the known term is
expressed as follows:

dwm
dt

~ @ - dwm
= by 7 dt (28)
The unknown term is expressed as follows:
K
Fy = (~Bjwn —Ti) 7 (29)

Each part of the model-free control for the outer speed control loop is defined according
to the following expression:

' dw
Usref = yir:f =T tm (30)

The estimation of the unknown term is expressed as follows:

~ K; ) 1 dwm
3= g =g Tem 31)
b3u3feedback = b3 (pr cEw T+ Kiw Swdt> (32)

Regarding the controller design procedure, Equation (32) can be rewritten as follows:
éw+b1'pr'éw+b1'Kiw'€w:0 (33)
The controller coefficients Ky, and K, are determined as follows:

2 2
202 gy = o2 &N

b3 b3

Kpw =
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where (7 and wy; are the desired dominant damping ratio and natural frequency of the
outer speed control loop, respectively.

Trajectory gy 2 , P
Plannin Ira;ect}rry Park’s . |Yaus
¥ v, . i p Planning Transformation
3COM f (36) Iy (30), (31), |!erEr “100M| ) et ooy, | 4 i
— > » (3 » ,(23), Labr—/ v ey ] o
Vg B CL) = vl ey TP B T 5o H a5
E 1 i - b | PWMI-6 H no S,
, 3 ; E5 ® Coniroller || ¥
}EC(]hl 35) szf [ 22, ) .',d ",‘:f - V oniroller ::34
> » 3 4 ) S B &
Y, (28 By AN g ] > 5
;=
: | | o < *
ooefideen] — [P eE
20 P N In . Jij o .
5ETT ML M e
: 0 ]
v .sind ¢ 78
@ * Resolver [* v " L "
’—~. Module s
9111_,"'

Figure 4. Control system of PMa-SynRM based on a model-free control diagram.

3.3. Trajectory Planning

Finally, as presented in Figure 2, desired trajectory planning must be implemented to
generate the input set-point yrgp. A second order filter is often implemented to plan the
desired trajectory for the controlled output. It permits limiting the derivative terms in the
control law. The proposed trajectory planning for the two inner current control loops is
expressed as follows:

2
YIREF _ 1/{(S> + 2&”5+1} (35)
Yicom Wn3 Wn3

2
YoREF _ 1/{(S> + 2€3s+1} (36)
Yacom Wn3 Wn3

where (3 and w3 are the tuning dominant damping ratio and natural frequency, respectively.
The trajectory planning of the outer speed loop is expressed as follows:

SALCR

Wn4
where (4 and wyy are the desired dominant damping ratio and natural frequency of the
speed loop trajectory planning, respectively.

Y3REF

37
Y3com (37)

4. Simulation and Experimental Validation of the Model-Free Control Applied
to PMa-SynRM

4.1. Experimental Setup

A small-scale test bench 1-KW relying on the prototype PMa-SynRM was conceived
in the laboratory, as shown in Figure 5. The prototype PMa-SynRM was supplied by a
3-kW 3-phase inverter (DC/AC) operating at a switching frequency of 16 kHz. Besides,
the input DC grid voltage of the inverter was fed by a three-phase variable power supply
combined with a three-phase diode rectifier. The PMa-SynRM was mechanically coupled
with an IPMSM (interior permanent magnet synchronous motor) feeding a resistive load
(see Figure 3). The measurements for the speed and rotor angle were acquired by a resolver
placed on the rotor shaft. The developed control scheme relying on the model-free control
was modeled in the Matlab /Simulink software, and then it was incorporated in the dSPACE
1202 MicroLabBox real-time interface to generate the gate control signals applied to the VSL
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The main PMa-SynRM parameters are listed in Table 1, whereas the model-free controller

parameters are listed in Table 2.

p—
N

Al

3,

3

Resistance load

Figure 5. Experimental setup.

Table 1. Specifications and parameters of the motor/inverter.

Symbol Quantity Value
Prated Rated power 1 kW
Mrated Rated speed 1350 rpm
T rated Rated torque 7.07 Nm

1p Number of pole pairs 2

PE Power factor 0.80

Rs Resistance (motor + inverter) 320

L4 Nominal d-axis inductance 288 mH

Lq Nominal g-axis inductance 38 mH

J Equivalent inertia 0.017 kg m?

B¢ Viscous friction coefficient 0.008 Nm s/rad
Y PMs flux linkage 0.138 Wb
fs Switching frequency 16 kHz
Ve DC bus voltage 400V

Table 2. Current/torque and speed regulation parameters.
Symbol Quantity Value

14 Damping ratio 1 0.7

Wn1d Natural frequency 1 3000 Rad s™!
C1q Damping ratio 1 0.7 pu.

Wniq Natural frequency 1 2000 Rad 5!
(2 Damping ratio 2 0.7
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Table 2. Cont.

Symbol Quantity Value
wWn2 Natural frequency 2 107.1419 Rad s~ !
(3d Damping ratio 3 1
Wn3d Natural frequency 3 300 Rad s~}
C3q Damping ratio 3 1
Wn3q Natural frequency 3 200 Rad s~!

Ca Damping ratio 4 1
Wna Natural frequency 4 150 Rad s~ !
Temax Maximum torque reference +6 Nm
T emin Minimum torque reference —6 Nm
Vde DC bus voltage 400V
fs Switching frequency 16 kHz

4.2. Simulations

The developed MFC algorithm for the PMa-SynRM drive was simulated under differ-
ent operation conditions before its implementation. Figure 6 shows the simulation results
of the set-point tracking d-axis inner loop current control response using the model-free
control. Interestingly, note that, during the transient response, the d-axis current tracked
the reference very well, and there was no steady-state error. The simulation conditions
were set as follows: for d-axis testing, the g-axis current command iqcom was set to zero.

T | | I ' ! ! I
f/chz tacom [1 A/Div] 13 99 A

)

Ch3: ia [1 A/Div] N

| | | | | | | | |
0.0 20.0  40.0 60.0 80.0 1000 120.0 140.0 160.0 180.0

Time (ms)

Figure 6. Simulation results: Dynamic response of the set-point tracking d-axis current control with
the MFC.

Figure 7 shows the set-point tracking g-axis current control simulation results using the
model-free control. Note that the control performance was satisfactory, with good set-point
tracking and zero steady-state error. The simulation conditions were set as follows: during
g-axis testing, the d-axis command igcon Was set to zero, and the load was the rated one.
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| | [ | [ [ |
/ChZ: iqcom [1 A/Div] +3.00 A

Ch3: iq [1 A/Div]

] | | | | |
0.0 20.0 400 60.0 80.0 100.0 120.0 140.0 160.0 180.0

Time (ms)

Figure 7. Simulation results: Dynamic response of g-axis currents with the MFC applied to the
PMa-SynRM drive.

Another simulation result is depicted in Figure 8. It shows the drive response to a step
change on the speed reference from 0 to 1000 rpm. In this figure, Chs 1, 2, and 4 represent
the speed command ncom, speed reference ngrgp, and measured speed 7, respectively.
Chs 3, 5, and 6 represent the torque reference Tergp and the d- and g-axis currents iy and
iq, and Chs 7 and 8 represent the d-axis voltage and g-axis voltage, respectively. The
parameters of the simulated drive are those of the test bench that will be later used for
experimental validation. They are reported in Section 4.1. The MFC was designed to keep
the torque within the range =6 Nm. Note that the speed response was satisfactory with
small overshoot and without steady-state error.

Although no torque sensor was employed in the experimental setup, the torque
seemed to be limited to the allowed range. Moreover, iq and ig were generated on the basis
of the MTPA algorithm discussed in [22].

Figure 9 shows the simulation of the disturbance rejection ability of the MFC applied to
the PMa-SynRM drive. In this figure, Ch 4 represents the measured speed 1, Ch2 represents
the d-axis current iy, Ch3 represents the g-axis current ig, and Ch1 represents the torque
reference Tergr. The simulation conditions were as follows: n = 1000 rpm; sudden increase
of 3.7 Nm on the load torque T1, at 0.3 s; and subsequent clearance of the load torque at 0.7 s.
Note that, under the action of the proposed model-free control, when the load changed
suddenly, the motor speed deviated slightly from its set-point, but it recovered very quickly.
Figure 9 also shows the disturbance rejection capability of the MFC. As a result, the speed
control performance was significantly improved, confirming the feasibility of the proposed
MEFC for this application.
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I 1 1 1 I | I
/Chl: ncom [200 rpm/Div]

Ch2: nrer [200 rpm/Div]

I
+1000 rpm

| | | | | | |

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)

0.9

| | 1 | | | |
1 46.00 Nm

Ch5: Terer [2 Nm/Div

00 0.1 02 0.3 04 05 0.6 0.7 0.9
Time (s)
| I I | | I I |
Ch7: vq [100 V/Div] -
Ch8: va [100 V/Div]
l l 1 ] l ] ] ]
00 01 0.2 03 0.7 0.3 0.6 0.7 0.9

Time (s)

Figure 8. Simulation results: Simulated drive response to a 0-1000 rpm reference speed pulse. From

top to bottom: speed reference and response, d- and g-currents, d- and g-voltages, and active region

number of the MFC controller.
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| | | | | I | |
/ Ch4: n [60 rpm/Div]

+1000 rpm—

]
]
i}

- +940 rpm /Chl‘. Terer [3 Nm/Div] ]

(% -

B Ch2: ia [2 A/Div] 7]

Ch3: i3 [2 A/Div]

| | | | | | | ] |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Time (s)

Figure 9. Simulation results: Disturbance rejection of MFC applied to the PMa-SynRM drive.

4.3. Experimental Validation of PMa-SynRM Drive Based on Model-Free Control

The designed MFC for the PMa-SynRM drive was experimentally validated on a
laboratory test bench. The experimental setup is depicted in Figure 5. The entire controller
parameters of the current/torque and speed are presented in Table 2. The model-free control
stability and response were easy to set compared to the FOC with PI controller. Thus, by
defining and selecting the governing damping and natural frequency as mentioned in the
literature [19], the controller coefficients of the PI controller for both the current and speed
loops control may be calculated by (26) and (34). The PI controller was provided to deal
with inevitable modeling errors and uncertainties. Therefore, the PI controller guaranteed
the stability of the model-free control the ensure that the current and speed control achieved
the steady-state error.

Figure 10 shows the current control test of the set-point tracking d-axis inner loop.
In this figure, d-axis command iycom, d-axis reference igrgp, which is provided by the
d-axis trajectory planning, and the actual d-axis current are represented. Ch5, Ché6, and Ch7
represent the measured stator phase currents A, B, and C, respectively. These results are
similar to those obtained by simulation and confirm that the current control performance
was satisfactory.

The same test was conducted with the g-axis current while the d-axis current was
regulated to zero. In this case, the motor was at a stand-still. Figure 11 depicts the
experimental data, where Ch1 represents the g-axis current command igcom, Ch2 represents
the g-axis current reference igrgr, and Ch3 represents the g-axis current measurement iq.
Ch5, Ché, and Ch7 represent the measured stator phase currents A, B, and C, respectively.
Overall, the current control performance seemed satisfactory.
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Figure 10. Experimental result: Set-point tracking d-axis current control response curve based
on MFC.

Figure 12 depicts the speed startup of the PMa-SynRM drive using the MFC. In this
figure, Chs 1, 2, 3, and 4 represent the torque reference T¢rgr, d-axis current iy, g-axis
current igq, and measured speed 1, respectively. Chs 5 and 6 represent the output vq and vy,
chosen as the output of the MFC. Moreover, Chs 7 and 8 represent the estimated unknown
terms of the d- and g-axis models. As expected, the torque was limited, and the speed
response showed neither overshoot nor steady-state error. It is worth recalling that the
torque reference generated iq and iy command references according to the MTPA algorithm.
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Figure 11. Experimental result: Set-point tracking g-axis current control response curve based
on MFC.

Figure 13 shows the experimental validation of the disturbance rejection ability of
the proposed MFC applied to the PMa-SynRM drive. In this figure, Chs 1, 2, 3, and 4
represent the torque reference Tcrgr, d-axis current iy, g-axis current iq, and measured
speed n, respectively. Chs 5 and 6 represent the output vq and v4, chosen as the output
of the MFC. Moreover, Chs 7 and 8 represent the estimated unknown terms of the d- and
g-axis current models. The experimental conditions were set as follows: nggp = 1000 rpm,
and sudden increase of the load torque (T1) to 3.7 Nm at 0.2 s. Note that the proposed
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model-free control compensated for the load torque variation and rejected its effect on the
motor speed in a short time. This figure shows the effectiveness of the MFC in rejecting load
torque disturbance and maintaining zero steady-state speed error. As a result, the speed
loop control performance was good. This result confirms the feasibility of the proposed
MEFC for speed control of PMa-SynRM.
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Figure 12. Experimental result: Speed acceleration curve based on MFC.
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Figure 13. Experimental result: Disturbance rejection ability based on MFC.

5. Comparison of Traditional FOC with PI Controller, MBC, and Model-Free Control

Traditional FOC based on the PI controller applied to PMa-SynRM was introduced in
a previous study [24]. In addition, the MBC based on differential flatness-based control
applied to PMa-SynRM was proposed in [13]. Thus, the comparison of the experimental
results between the FOC with the PI controller and the MBC (the differential flatness-based
control) is expressed below.
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Figure 14a shows the current control test of the set-point tracking d-axis inner loop
of the FOC with the PI controller, and Figure 14b illustrates the current control test of the
set-point tracking d-axis inner loop of the differential flatness-based control applied to the
PMa-SynRM drive system. In Figure 14a,b Ch1 is the current igcon, Ch3 is the measured
current iq, Ch4 is the measured current ig, and Ch5 is the measured speed n. As shown
in Figure 14a,b, in a transitory operation, the iq of the FOC with the PI controller exhibits
a small overshoot compared to the differential flatness-based controller, and the iq of the
FOC with PI controller shows oscillations.
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Figure 14. Experimental result: Comparison of the set-point tracking between (a) the FOC with the
PI controller and (b) the MBC.

However, the differential flatness-based control was the model-based control (MBC),
as mentioned in the introduction. Its performance depends on the system model. More
clearly, the control laws of the model-free control and the differential flatness-based control
are shown in Figure 15.

U
Tnverse
Y com | Trajectory Dynamic u
Planning Equation
8 ]
(IDE)

y

Figure 15. The difference between (a) the differential flatness-based control law and (b) the model-free
control law.
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The control law of the differential flatness-based control (See Figure 15a) has the
inverse dynamic equation, which contains the system models including Rs, Ly, Lq, and
Y. In contrast, the control law of the model-free control (See Figure 15b) estimated all the
system parameters through the unknown term, F.

As a more concise summary, Table 3 shows a comparison of the advantages of tradi-
tional FOC+PI, differential flatness-based control, and model-free control.

Table 3. Comparison of three different control techniques applied to the PMa-SynRM drive system.

FOC + PI Controller

Differential Flatness-Based Control Model-Free Control

- More effective with a nonlinear motor

- More suitable for a linear motor drive drive system
system - Model-based control system - Tailored for the control of unknown or
- Design controller coefficient using - Control performance depending on partially known systems
Laplace transform system parameters - Partially known parameters
- Control performance depending on - Performance enhancement using (inductance for current control)
system parameters observer

- Require more computation resources

6. Conclusions

In this study, we analyzed the application of an MFC for the current and speed
control of motor drives. This novel control approach was applied to PMa-SynRMs for the
combined control of the outer speed control loop and inner current control loop. After a
brief introduction of the MFC fundamentals, the design approach was comprehensively
described, providing a step-by-step procedure. Suggestions for extending the design to
different drive controllers were also provided. Simulations and numerous experimental
results highlighted the promising features and characteristics of MFC applied to electrical
motor drives. Finally, the potential of MFC pointed out in this study should stimulate
further exploration and analysis of this type of controller to achieve the expertise required
to transfer the results to practical applications.

Interestingly, the proposed MFC provided high performance for the PMa-SynRM
drives compared to FOC with the traditional PI controller. Besides, it had a higher dynamic
performance than the PMa-SynRM drive using the differential flatness-based control.

In this study, the simulation and the experimental validation were performed by a
prototype PMa-SynRM at GREEN Lab, Université de Lorraine. This machine can operate in
constant torque and constant power regions if a proper field weakening control is applied.
In summary, by applying MFC, the performance of the PMa-SynRM was improved not only
in terms of the inner current control loop but also the outer speed control loop. Moreover,
the controller coefficients of the proposed MFC are not complicated to define, and a unique
design approach can be applied for the PMa-SynRM drive.
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