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Abstract: The electric machine and the control system determine the performance of the electric
vehicle drivetrain. Unlike rare-earth magnet machines such as permanent magnet synchronous ma-
chines (PMSMs), synchronous reluctance machines(SynRMs) are manufactured without permanent
magnets. This allows them to be used as an alternative to rare-earth magnet machines. However,
one of the main drawbacks of this machine is its high torque ripple, which generates significant
acoustic noise. The most typical method for reducing this torque ripple is to employ an optimized
structural design or a customized control technique. The objective of this paper is the use of a control
approach to minimize the torque ripple effects issue in the SynRM. This work is performed in two
steps: Initially, the reference current calculation bloc is modified to reduce the torque ripple of the
machine. A method for calculating the optimal reference currents based on the stator joule loss is
proposed. The proposed method is compared to two methods used in the literature, the FOC and
MTPA methods. A comparative study between the three methods based on the torque ripple rate
shows that the proposed method allows a significant reduction in the torque ripple. The second
contribution to the minimization of the torque ripple is to propose a sliding mode control. This
control suffers from the phenomenon of “Chattering” which affects the torque ripple. To solve
this problem, a second-order sliding mode control is proposed. A comparative study between the
different approaches shows that the second-order sliding mode provides the lowest torque ripple
rate of the machine.

Keywords: electric vehicle; synchronous reluctance machine; field-oriented control; maximum torque
per ampere; optimal current calculation; sliding mode control; torque ripple minimization

1. Introduction

The rapid increase in the number of conventional vehicles has led to a significant
increase in greenhouse gas emissions, the depletion of fossil fuels, and various negative
consequences for the people living in these environments [1]. Unlike conventional vehicles,
which face the problem of fuel poverty, electric vehicles (EVs) can have significant emissions
and environmental benefits over conventional vehicles. As well, they can significantly
reduce fuel costs due to the high efficiency of electric drive components [2].

The electrification of the automotive sector is accelerating, and carmakers and equip-
ment manufacturers are reinventing electric machines to adapt them to the constraints of
electric drivetrains. A high power density, high torque density, wide speed range, and effi-
ciency are critical factors in the selection of electric motor technology for this application [3].
Permanent magnet synchronous machines (PMSMs) are by far the most widely utilized
electric machine technology in the electric vehicle (EV) market [4].

In 2021, PMSMs accounted for 84% of the electric car market [5]. However, the mag-
nets used in these machines are typically rich in rare-earth materials (REMs), primarily
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Neodymium, but also often contain a range of heavy rare earth, such as Dysprosium [6,7].
Nevertheless, the cost of REM-based machines has increased over several years. Further-
more, due to restricted resources, the use of REM-based machines in EV applications is
now being challenged [8].

The above factors have prompted several equipment manufacturers to design rare-
earth-free machines, such as Renault’s wound rotor synchronous machine (WRSM) in
the ZOE and the Audi induction machine (IM) in its e-tron models [9,10]. Due to the
robustness, simplicity of fabrication, small size, and compatibility with the requirements of
the EV electric machine, the synchronous reluctance machine (SynRM) is an alternative
for REM-based machines. The SynRM has a wound stator that has neither conductors
nor magnets like the IM and it operates like a WRSM without a DC field winding in its
rotor [11]. Moreover, the power converter used to supply this machine is a three-phase
inverter, which facilitates the replacement of the IMs and PMSMs without a specific power
converter. Figure 1 illustrates a simplified architecture of the essential components of an
electric vehicle propelled using a synchronous reluctance machine.

12v -H'

Battery DC/DC
|-H— Converter ————

- DC/AC
= Converter +

Charger
BATTERY

SR Y

Figure 1. Simplified electric vehicle drivetrain architecture propelled by a SynRM.

However, the nonlinear magnetic path of the SynRM and the operational satura-
tion of the rotor core segments cause significant torque ripples and acoustic noise [12,13].
However, these drawbacks can be significantly reduced with an optimal structure de-
sign [14,15] and /or a good control strategy [16—-18]. The optimization of flux barriers [19,20],
rotor ribs [21,22], rotor skewing [23,24], and adding permanent magnets [25,26] is the most
common strategy for an optimal structural design. Although optimizing the SynRM struc-
ture may offer satisfactory results, the design procedure is typically time-consuming.

The focus of this research is on control-based strategies for minimizing the torque
ripple of the SynRM. Several strategies to reduce the torque ripple effect of the machine
have been investigated in the literature.

The authors of the publication [11] present a general review of various control scheme
strategies for SynRM’s current regulation. This research examines the designs, techniques,
benefits, and drawbacks of synchronous reluctance machine control systems, such as direct
torque control (DTC), field-oriented control (FOC), predictive control, and many others.
This study demonstrates the limitations of each method for reducing the torque ripple
effect in a synchronous reluctance machine. The DTC method provides high dynamic
control, which makes it superior to other methods [11]. Because it does not use a current
controller, this approach achieves a substantially superior transient torque control per-
formance. Furthermore, it controls the machine solely by stator resistance, resulting in
reasonably robust machine control with quick dynamics. This method is appropriate for
specifications that require a better transient response rather than a steady-state response for
control [27]. Nevertheless, this method generates significant torque ripples as compared to
other approaches, and its implementation necessitates the use of a torque sensor or an extra
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sensorless torque block solution [28]. This adds significant computing time. Furthermore,
because this method uses a variable switching frequency to control the flux, it produces a
relatively high harmonic current and high torque ripples, causing significant noise levels in
the machine. In reference [29], the torque ripples were handled satisfactorily in the DTC
technique using multilevel inverters. Moreover, a mechanism is created and employed to
limit the torque in [27-29]. In this technique, the torque-limiting mechanism adjusts the
flux reference with respect to the torque error sign to ensure a steady machine operation.

A field-oriented control (FOC) strategy is proposed in [30] to achieve convenient
control of the SynRM. This method controls the SynRM in the d, g reference frame, repre-
senting the machine as a direct current (DC) machine. In this review, FOC is categorized
into two techniques for controlling decoupling currents iy, i; in the synchronous reference
frame: direct field-oriented control (DFOC) and indirect field-oriented control (IFOC). This
method features a precise control method, reduced torque ripples in comparison to the
DTC method, improved steady-state responsiveness, and a consistent switching frequency,
which makes it attractive to researchers because of its high steady-state performance [30].

Another control-based method for reducing the SynRM torque ripple is to add spec-
ified current harmonics to the original sinusoidal stator currents. The authors of [31]
investigated the average torque of a two-phase SynRM and defined the optimal current
using different stator inductance harmonics. Each torque harmonic requires multiple cur-
rent harmonics to be reduced. When numerous dominant torque harmonics are taken into
account, the process of determining the link between each torque harmonic and the corre-
sponding current harmonics can become lengthy and difficult. Therefore, the suggested
method makes determining the appropriate currents for a multiphase SynRM extremely
challenging. The stator inductances and low-order harmonics are measured in [32] to
determine the optimal currents using the electromagnetic torque equation. But nonetheless,
measuring the high-order stator inductance harmonics accurately is extremely difficult.
This means the optimal currents determined by measured inductances may not result in
the most effective torque ripple reduction. Some strategies for reducing torque ripples
rely on a reference currents calculation bloc. This bloc’s purpose is to generate reference
currents via the reference torque [16]. To minimize the torque ripple, the active torque
ripple cancellation control technique is examined in [33]. To provide a smooth output
torque, the active torque ripple cancellation method actively regulates the excitation of
current waveforms using torque to the current function. The term “active” refers to a
method for canceling the torque ripple of the machine while it is functioning at a varied
torque-speed range.

This paper will address the problem of the torque ripple minimization of a syn-
chronous reluctance machine used in electric vehicle propulsion. Based on a velocity/current
cascade control strategy, we first suggest changing the reference currents calculation bloc,
which transforms the reference torque into reference currents via a stator current optimiza-
tion method. In other words, the torque ripple can be reduced by optimizing the reference
currents because stator currents represent the machine’s torque. To assess the efficacy of
the suggested method, we will replicate the reference currents calculation investigated in
the literature, namely the control by flux-oriented control (FOC) and maximum torque per
ampere (MTPA) with PI control. The torque ripple ratio of each method is then examined
in a comparative study.

Secondly, based on the velocity/current cascade control, the optimal currents cal-
culations method from the first study will be chosen. We propose nonlinear controls to
replace the PI control, notably the classical sliding mode control, and the second-order
sliding mode control, to improve the stator current control and hence the torque ripple
minimization. The performance of each control approach is then compared, along with the
torque ripple ratio.

The structure of this article is as follows: Section 2 explains the modeling and behavior
of the synchronous reluctance machine, as well as the velocity/current cascade control
strategy. The reference currents calculation bloc description utilizing the FOC, the MTPA
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control, and the suggested optimal current computation approach are covered in Section 3.
In Section 4, the proposed classical and second-order sliding mode controllers are combined
with the optimal reference currents calculation method. Section 5 contains the conclusions
that bring this article to a close.

2. SynRM Modeling and Description of the Velocity/Currents Cascade
Control Strategy

In this section, the description of the modeling, as well as the velocity/currents control
strategy used in driving the synchronous reluctance machine in this work are presented.

2.1. SynRM Modeling

The synchronous reluctance machine is a pure AC machine that requires a polyphase
sinusoidal AC current. The torque of this machine is produced by a difference in magnetic
conductivities along the direct axes of the rotor, as well as by the quadrature, which
lacks permanent magnets and field windings [34,35]. The SynRM used in this work is a
three-phase flux barrier type with four-pole machine as shown in Figure 2a.

quadrature axis

@

-
-
-
-

flow barrier . i 0 B
c-axis d Ye a-axis

(a) (b)

Figure 2. (a): Cross section of an exemplary SynRM with four poles. (b): Transformation of the
system in synchronous (dq) reference frame [36].

2.1.1. Electric Model
SynRM'’s electrical model is based on the following assumptions [37]:

- Magnetic materials are isotropic and non-saturable.

- The hysteresis effect and iron losses are neglected.

- The inductance variations are sinusoidal (first harmonic hypothesis).
- The capacitive coupling between the machine’s windings is ignored.

Given the assumptions, the voltage v applied to a phase is equal to the resistive voltage
drop across the phase winding plus the flux change beneath a rotor pole and is denoted by

. dd
U:Rsl'i_ﬁ (1)
D = L(ph)-i

where

T
e v=[v, v, v] :thestator voltage vector;
o i=[iy iy i T. the stator current vector;

s O=[D, D, D] " the vector of the total fluxes through the windings a — b — c;
* Ry the resistance of a stator phase;
* @ and p: the mechanical position and the number of pole pairs, respectively;
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e L(p#): the stator inductance matrix given by [38]

Lao(p8)  Map(p8) Mac(pf)
L(pf) = | Mpa(p0) Lyp(p8) My (p0) 2)
Mcu(Pe) Mcb(pe) LC(pQ)

With L; is the stator inductance of phase i and M;; is the mutual inductance between
phasesiand j (i, j = (a, b, c)) [38,39].

The electrical equations in the d — q frame (see Figure 2b), in the absence of a zero
sequence current component, are given by [40-42]

dd,
s — pQd
i e

 ddy,
Ugs = Rsig, + =+ pQP,

Ugg = Rsid5 —+

®)

with the following:

* vy and v, are the stator voltage in the d and g axes.
* () is the machine velocity.
e &, Py, and Oy are the total stator and flux linkage in the d and g axes given by

Dys = Lyigs
Pgs = Lyigs 4)

— /P2
o, = @ds—i—q)%s

* Ly L, are the d and g-axes stator inductances.

Finally, the voltage equations can be written as follows:
04, _ ids Ld i ids 0 —Lq ids
|:qu:| =K |:i‘75:| - |:L‘7:| dt |:iqs:| ro |:Ld 0 il]s (5)

2.1.2. Electromechanical Model
The electromagnetic torque of the SynRM can be expressed by [42]

Te = p(La — Lq)idsiﬂs (6)

From the electromagnetic torque equation, the fundamental relation of the dynamics
of the rotating part of the machine is given by [40-42]

a1
WZY(TE_Tr_er) (7)
. (): rotational velocity of the machine, in rad/s.
e T, electromagnetic torque produced by the machine, in Nm.
e Ti:load torque, in Nm.
*  f,: viscous friction coefficient, in Ns? /m?2.
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The SynRM state model in d — g is finally written as follows:
. —Rejy 4 pQk 1
st Ilid 'ds p %d 'fls fd 0
d iq _fslqs +prdlds 0 Li Vi
— | =, g 0 9 q s (8)
dt | Q 5p(La—Lq)iasiqs fo_T 0 0/ LY,
6 ] i i 0 0

2.1.3. Vehicle Load Torque Modeling

Figure 3 shows the driving force and the mean forces resistant to the advance of a
vehicle in a slope « [43].

Figure 3. The typical driving force and resisting forces components of a vehicle [43].

where

*  Fu: the slope force or tractive force that is required to drive the vehicle up.

*  Fupot the aerodynamic force created by the friction of the vehicle’s body moving
through the air.

e F,: the rolling resistance force.

¢ F.: the resistance force exerted by the vehicle weight as it goes up and down a hill.

*  M: the vehicle mass.

* g the acceleration due to gravity on Earth.

The expression of each resisting force is given by [44]

Faero = %chsfvz
Fyr = frymgcos(a) )
Fy. = mgsin(a)

where

e p: the density of the air, in kg/m?.

* ¢, the drag coefficient.

* g frontal cross-sectional area, in m?.
*  f: rolling resistance value, in N.

From [44—46], the linear speed of a vehicle V can be expressed using different forces
as follows: v

ME—Fm_Fuero_Frr_Frc (10)

Because V' = Ry where Ry, is the resistance of the EV in a slope.
The total load torque of the vehicle T; in the steady state can be written from the
Equation (9) by

1 .
T, = EPCXSngcQgc + mgRsc[sin(a) 4 frr cos(a)] an
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2.2. SynRM Cascade Control Strategy

Figure 4 shows the cascade velocity /currents control strategy used in this study [47].
The EV driver is presented by a velocity controller that provides the reference torque T
An indirect torque control approach is used to regulate the machine’s torque by regulating
the stator currents given by i; and 7. The reference currents calculation bloc is used to
transform the reference torque into reference currents 7 and 7. These currents are then
controlled in the internal control loop.

This strategy allows torque to be controlled indirectly by controlling the currents and
provides a separation between the electrical and mechanical variables.

Vge = ﬁﬁvgﬁﬂluﬁ
Vg, Vg [Park]
Viq ! Vane = |nverter

: Va |Vp| Ve
Currents |
E sensor
O R PR REEEPEEEE TEH FHEH HERRERS
Torque regulation Currents regulation
ol d 6
Ldt @
SynRM

Figure 4. Block diagram of the cascade velocity/currents control strategy [47].

3. Torque Ripple Minimization by Using the Currents References Calculation

In this section, different techniques for calculating current reference in the reference
currents calculation bloc have been adopted, to study the effect of currents on torque ripple
and control output.

3.1. Conventional Field-Oriented Control (FOC)

The conventional field-oriented control of the synchronous machine controls the
current with respect to the reference current which automatically controls the torque by
using only one component of the current and by setting the other to a constant (zero in
the case of a permanent magnet synchronous machine) [48]. Analogously, this command
consists of imposing a constant value on one component of the current and allowing the
other component to regulate the torque given that the expression of the electromagnetic
torque of the machine in the reference (d — g) is

Te = p(Lg — Ly)ig iy (12)
By imposing the reference of the component i; to a constant,
it =t (13)
From (12) and (13), the reference of the component i, can be calculated as follows:

. T
T p(Ly— Lq)ld

3.2. Maximum Torque per Ampere (MTPA)

MTPA or maximum torque per ampere operation is the most preferred operating
mode for any motor operating with the vector control [49].
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This method provides the maximum torque for a given operating current. This method
controls both currents i; and i;. The operating condition at the maximum point can be
deduced from the electromagnetic torque equation:

Te = p(Lg — Lg)ig,ig (15)

Assuming sinusoidal stator currents, Park’s transformation allows us to write

. 3.
igs = 5 Issinoy
. 3

igs = 5 Iscosy

with I; the amplitude of the stator current and v = wt + ¢, where w and ¢ are the electrical
network pulsation in rad/s and phase at the reference origin in rad, respectively.
Thus, from Equations (15) and (16), the expression of the electromagnetic couple becomes

(16)

3

T, = Ep(Ld — Lq)lszsin'ycos'y (17)
. . sin2y . )
Knowing that sinycosy = — the expression of the electromagnetic torque becomes
3 sin2y
T = EP(Ld - Lq)Isz =3 (18)

Then, the condition for the maximization of torque per ampere can be written as

aT, 3 5
—_— = —p(Ly; — L;)I5cos2y =0 (19)
d')’ Is=cte zp( i q) ’ T

Solving the Equation (15) allows finding the expression of the components of the
current as follows [49]:
Te

3
EP(Ld —Ly)

By replacing the measured values by the reference values in Equation (20), we can write

ig=ig = (20)

S
Beite | et 21
i =1

3
EP(Ld - Lq)

3.3. Optimal Currents Calculations

The electromagnetic torque of the machine can be written in the form [50]

_1.q0L,
T, = El %l (22)

The currents in the a — b — ¢ frame can be written as the following;:

|t d iy
i= |iy| =P(pd) |ig| = Tz2. R(P). ; (23)
with

* i, zero sequence current assumed to be null;

e P(p6): Park’s matrix;
e R(6): rotation matrix;
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e T3p: Concordia matrix.

The machine torque can be written as:

1T )
ig T o1 9L(po) {ld]
T,= |4 .RT.TL .20 1y R (24)
‘ [lq] 2 o0 % Ig
We suppose
a(p6) c(pf)
JoL(pf
[ :RT'TQ-%'T&'R (25)

c(pd) b(po)
By replacing (25) in (24), the torque is given as follows:
Tem = a(pB)i + b(p6)i5 + 2c(pb)igiy (26)

The problem is to determine the currents iy and i; which will provide a constant torque.
This problem has an infinite number of solutions. To remedy this, the solution which generates
the least stator loss by joule effect is sought. The stator joule losses are defined by

P; = Ry(i5 +i7) (27)

The search for the solution becomes an optimization problem with the stator loss equation
as an objective function of two variables and the torque Equation (27) as a constraint [51]:

Tom = a(p0)i2 + b(p0)i2 + 2c(pd)igi, (28)
(i3 + z%) to minimize

In order to solve the problem, the Lagrangian function (A) is used. It can be written as

A = (i3 +2) + p(Ten — (a(p0) 3 + b(p6) 2+ 2c(p0)isiy ) ) (29)

with u being the Lagrange multiplier.
The derivation of A with respect to iy, iz, and y gives

2ig + p(—2aiy — 2cig) =0
2ig + pu(—2big —2cig) =0 (30)
T, = a(p0)i3 + b(p6)ij + 2c(pb)igiy

By solving the system of Equations (28), we can write

(1—pa)i

g = uc
i, = |Te] (31)
d 12 (a?b—ac2)+p(2c? —2ab)+b

122

AV W)
MUV T <0
a+b++/(a—b)2—4c?

2(ab—c?)

U= (32)

if T, >0
By replacing the measured values by the reference values in Equation (31), we can write

i* = (1—pa)iy
9 ue

. |T¢ | (33)
d 42 (a2b—ac?)+p(2c2 —2ab) +b

W22
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Velocity [r.p.m)]

In this section, we are interested in the reduction in the torque ripple through the
optimization of the reference current calculations used in the reference currents calculation
bloc. In order to examine the developed method, the optimization of the reference currents
are compared with the two methods of the literature, namely FOC and MTPA. For that, we
will integrate the three methods in the reference currents calculation bloc in the cascade
control strategy adopted in this study and presented in Section 2.2.

3.4. Simulation Results of Different Techniques of Current Calculation with PI Regulators

The reference currents calculation bloc will be used in this section to implement the
three reference currents calculations that were previously described. A PI controller is used
to regulate the velocity and current using the cascade velocity/currents control strategy.
The simulation results were achieved using the Matlab/Simulink software tools, with the
SynRM parameters utilized listed in Appendix A. The chosen velocity profile presented
in Figure 5a covers multiple operating points: low velocity (300 rpm), nominal velocity
(1500 rpm), and negative velocity (—300 rpm). As depicted in Figure 5b, various torque
loads were applied at various points during the steady and transient states. The PI velocity
controller parameters used are K, = 2.31, K; = 387, and PI currents controllers parameters

used in the simulation are K;? = 1400 and K; = 100.

1600 T

1400

1200

1000

@
=3
S

600

400

200

-200

-400 1 1 1 1 1 L 1 1 1 1 1 L 1 1

— T

Load torque [Nm]

Time [s]

(b)
Figure 5. Reference velocity and load torque profiles applied in the simulation: (a) reference velocity
profile and (b) load torque profile.
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3.4.1. Simulation with the Conventional Field-Oriented Control

The FOC reference currents calculation method is implemented in the reference cur-
rents calculation bloc as follows:

s T (34)

{i; =3 rated RMS current
q " p(Lg—Lg)ij

Figure 6 displays the velocity response using the conventional field-oriented control
with respect to the selected profile. With no static error, the velocity closely matches the
reference. Nevertheless, a tracking error results from the PI controller property. It is also
important to note that the velocity has no overshoot thanks to the controllers’ parameters
chosen in the simulation.

1600 |
—Q
QO

1400 -

1200 —

1000 -

800

1500

600 -

Qr.p.m

71 7M1 742 743 744 745

400

200

-200

-400 | | | | | | | | | | I | | |

Timels]
Figure 6. Velocity response obtained by PI controllers and conventional field-oriented control.

During the different moments of the application of the load torque, small decreases in
machine velocity are observed compared to the reference. In the same way, small overshoots
appear when the load is canceled. These drops and overshoots disappear gradually to
return to the reference, as shown by the zooms in the figure.

For the current control, Figure 7 shows the evolution of the current components 7; and
ig- The evolution of the currents shows a good control of both current components over the
different velocity and torque ranges, as shown in Figure 7a. Figure 7b demonstrates that
even at low velocity the current is constant at the id = 3A because of the value of id* = 3A.

Although this method ensures the correct operation of the machine over the entire
velocity /torque operating range, it can be seen that the reference current 7 is somewhat
undulating, which has an impact on the current i; and therefore on the torque ripple, as
shown in the different zooms of Figure 7a.

The torque evolution is shown in Figure 8. In this strategy, the torque has been
controlled from the calculation of the reference current using the classical field-oriented
control. It can be seen that the torque is able to convince the load torque (T1) and the
intrinsic torque of the machine (f,(2). Nevertheless, as illustrated in the zooms in Figure §,
this technique results in significant machine torque ripples at low and high machine
velocities, which are quantified at 41.07 and 48.08% with the torque load, respectively.

The torque ripple rate is calculated at a steady state as follows:

T, —To
AT, (%) = —Smax___Smin 5 100 (35)

Cavg



Energies 2023, 16, 2701 12 of 30

- Te,,,: the maximum torque value.
- T, : the minimum torque value.
- Te,,: the average torque value.

These ripples are caused by the control of stator currents, which are directly related to
torque, as given in Equation (12). In other words, the conventional field-oriented control
does not provide optimal reference currents for optimizing stator currents and, as a result,
the reduction in torque ripples.

In the following part, the maximum torque per ampere (MTPA) method is tested
under the same simulation conditions to determine its capacity to reduce the machine’s

torque ripple.
4
7?:(1
3k iy

1k i

=in ! 8 808 817 826 83584 85 86 87 T 125 Ta 155 7 ) B
-4 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time|s]
(a
4 I

_id

iqlA]

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Timels]
(b)

Figure 7. Response of the current components obtained by the PI controllers and the conventional
field-oriented control: (a) i; response and (b) i; response.
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Figure 8. Torque response obtained by PI controllers and conventional field-oriented control.

3.4.2. Simulation with the Maximum Torque per Ampere Method

Applying the same simulated conditions as in the previous section. Similarly, the
MTPA approach will be implemented in the reference currents calculation bloc as follows:

(36)

Figure 9 depicts the velocity response to the profile selected using the maximum
torque per ampere approach. The velocity closely follows the reference with no static error.
However, there is a tracking error caused by the PI regulator’s property. It should also be
observed that the velocity has no overshoot. This is due to the regulator parameters chosen.
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Figure 9. Velocity response obtained by PI controllers and maximum torque per ampere method.

Figure 10 illustrates the evolution of the current components i; and i, for current
regulation. The evolution of the currents also shows a satisfactory regulation of the two
current components over a wide range of velocity and torque. Similarly, the zooms in

Figure 10a,b show that the reference currents exhibit undulations that affect the stator
currents and therefore the torque ripple.
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Figure 11 shows the machine’s torque. From this illustration, we can see that the
maximum torque per ampere method provides a machine torque that can overcome the load
torque (T7) and the intrinsic torque (f,€2) of the machine. Although the torque ripple rate
is a bit lower compared to the FOC method, the machine’s torque still contains a significant
ripple. The torque ripple rates at low and high machine velocities are quantified at 47.07
and 47.02% with the torque load, respectively, as illustrated in the zooms in Figure 11.

In the following section, we will put the optimal currents calculations method to the
test under identical simulation conditions in order to evaluate whether it can reduce the
machine’s torque ripple.

1% /j/"‘\ﬁ )

-1+

3.2
a2 s 7
: 2.8
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3 1 15
! ! ! ! ! ! ! ! ! ! ! ! ! !
0 1 2 3 4 5 6 7 10 11 12 13 14 15
Time s
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3.5 T T -
— g
*
o - -
2.5 -
2+ |
=15k -
I W\ww \M |
0.5 - 3 -
2.8
2.6]
0 2.4
2.2
8 8.25 8.5
205 ! ! ! ! ! ! ! ! ! ! ! ! ! !
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(b)

Figure 10. Response of the current components obtained by the PI controllers and the maximum
torque per ampere method: (a) i; response and (b) i; response.
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Figure 11. Torque response obtained by PI controllers and maximum torque per ampere method.

3.4.3. Simulation with the Optimal Currents Calculations Method (OCCM)

The same simulated conditions used for FOC and MTPA is also implemented for
the optimal currents calculation method (OCCM). Similarly, in the reference currents
calculation bloc, the optimal currents calculations method (OCCM) will be implemented
as follows:

i* = (1—pa)iy
q uc
= |7 (37)
d 42 (a2b—ac2)+p(2c? —2ab) +b
1262

Figure 12 shows the velocity response of the system for the selected profile. The ve-
locity onset has the same dynamic characteristics as in the previous case. However, the
velocity fluctuations are very small compared to the previous case.
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Figure 12. Velocity response obtained by PI controllers and optimal currents calculations method.

Figure 13 shows a good control of the current components iy and i;. The current
components show a reduction in fluctuations, as shown by the zooms in Figure 13a,b. This
can be justified by optimizing the reference currents, which necessarily has an impact on
minimizing the torque ripple of the machine.
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Figure 14 shows the machine’s torque. The optimal currents calculations method as
shown in Figure 14 assures a machine torque that can convince the machine’s load torque
(TL) and intrinsic torque (f,(2). Moreover, there is a minimization of the machine torque
ripple 9.08 and 10.8% with the torque load. This can be justified by the optimization in the
reference currents; therefore, the optimization in the currents regulation impacts on the
minimization of the torque ripple.

The different reference current calculation strategies presented similar dynamic per-
formances of the currents and velocity control. However, the optimization of the reference
current can reduce the torque ripple of the machine. The optimum current method solves
the problem of excessive consumption and minimizes torque ripples over the entire operat-
ing range. The minimization is performed with a harmonized stator current.

Table 1 summarizes the torque ripple rate for the three examined methods.

Table 1. Comparison of torque ripple rates of the three strategies

FOC MTPA OCCM
AT, Without Load With Load Without Load With Load Without Load With Load
At 300 r.p.m 41.7% 50% 40.7% 38.08% 9.08%
At 1500 r.p.m 48.8% 53.7% 47.2% 17.3% 10.8%

il Al

N1 12 18 14 15 16 17

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Timels]

@)

ialA]
=
T

Timels]

(b)
Figure 13. Response of the current components obtained by the PI controllers and optimal currents
calculations method: (a) i; response and (b) iz response.
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Figure 14. Torque response obtained by PI controllers and optimal currents calculations method.

4. Torque Ripple Minimization by Using Advanced Control Techniques

The reference currents calculation bloc can be used to minimize the machine torque
ripple, as we have observed in this study. The optimal current calculation method (OCCM),
when compared to the FOC and MTPA methods, was proven to be effective at reducing the
torque ripple of the synchronous reluctance machine.

In this part, the torque ripple is reduced by using advanced controls. Indeed, the
torque is directly linked to the stator currents of the machine. Therefore, better control of
these currents can impact the torque ripple. Our objective is to investigate this hypothesis
by improving the control of the currents with advanced controls based on the theory of
sliding mode control in order to improve the dynamic performance (suppression of the
tracking error) and robustness. The optimal current calculation method will be combined
with the sliding mode control that replaces the PI velocity and currents controllers.

A conventional sliding mode control (SMC) is proposed to replace the PI controllers.
However, due to the disadvantages of the control, particularly the chattering phenomenon [52],
a second-order sliding mode control based on a super-twisting algorithm (STA) to minimize
the chattering and improve the current response, and thereby reducing the torque ripple,
is proposed.

4.1. Sliding Mode Control

Sliding mode control (SMC) is a class of a variable structure system (VSS) that targets
decreasing the complexity of high-order systems to first-order state variables, defined as a
sliding function and its derivative [53]. It is characterized by its simplicity of implementa-
tion, very good dynamic responsiveness, and, most importantly, its robustness with respect
to internal uncertainties, as manifested by an insensitivity to variations in the parameters
of the system to be controlled, as well as external disruptions [54-56].

This section will synthesize a conventional sliding mode control for velocity and
currents control to replace PI controllers in the velocity /currents cascade control strategy.

4.1.1. Synthesis of a Conventional Sliding Mode for Velocity Controller

The selected sliding surface depends on the velocity tracking error (eqy) as follows:
ea(t) = Q7 () —Q(f) (38)

The expression of the sliding surface (s1) is

s1(6) = ealt) +4y [ ea(e)dr (39)
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where A is a positive constant (A; > 0).

This choice of sliding surface results in an error that tends to zero (if s; = 0, then
eqn — 0).

Thus, the following state variables are used:

{xl(t) = /Ot eq(t)dt (40)

x2(t) = eq(t)

With x; and x, representing, respectively, the error and its integral. From (40), we
deduce that

1 (t) = x2(t) (41)

Thus, the sliding surface can be defined as
S1 (t) = XQ(t) +A1x1(t) (42)

Therefore, the electromechanical Equation (7) of the SynRM model is rewritten as follows:

. 1 1
x2:Q*—*Tg+ﬁQ+*TL

J J J
_'*_1 ﬁ _ * * 1
=Q ]Tg+ ](Q Q" +0 )—l—]TL (43)

:Q*—}Tg—i-?ﬂ*—];rxz—i-}ﬂ

Then, the system can be put in the form of a state space representation:

=1 (44)
X =f(x)+gu+d

Wlthf(x):Q*+fT'Q*_%X2/g:%, M:Te/ , d:%TL
In order to determine the continuous component (u.) of the SMC [57,58],

$1(x) =s(x) =0 (45)
Thus, considering (42) and (44), assuming that u = u,,

e =g (= f(x) —d — Mxz) (46)

The existence and convergence condition [58] is used to determine the discontinuous
component (1) as follows:
s1(x) -s1(x) <0 (47)

Given that,
$1(x) = Xo(t) + Aq1x1(t) (48)

After simplification and by posing u = uy,
Uy = —cysign(sy) (49)

Knowing that the sliding mode control law is the sum of the continuous control and
the discontinuous components [58],

u = ueq + ud (50)
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By replacing (46) and (49) in (50),
u=JO+ 0" + (M] = fr)eq + Tr. — cisign(sy) (51)

where the control u represents the total reference torque T,” provided by the velocity
controller. The term Tj, is considered as a disturbance to be compensated by the controller.
The final sliding mode control law for velocity is

T = JO* + £, 4+ (M] — fr)eq — cisign(s1) (52)

4.1.2. Synthesis of a Conventional Sliding Mode for Currents Controllers

The same method of synthesizing the velocity control law is used for the two current
components iy and i;. Similarly, the sliding surfaces (s, and s3) are defined in terms of the
current tracking error (¢4 and ¢;) as follows:

52(t) = eq(F) + A /Ot eq(T)dT

t (53)
s3(t) = eq(t) + /\3/0 eq(T)dT
where A, and A3 are positive constants.
The electrical Equation (3) can be rewritten in the following form:

dia _ vy — ﬁid +pLsQ i,

dt Rs

i (54)

g Lq . .
T vg — R—qu —pLsQiy

The terms pL,;Q) i; and pL;() i, are considered as disturbances to be compensated by
the current regulators. Thus, (54) becomes

dig Lg.

T

dt R

di, L, . (55)
ar TR

In the same way as the SMC velocity controller, to find the continuous components,
the following condition is used:

0 56
0 (56)

Thus, the continuous components (v¢4 and v¢;) have the following form:

&y |
Ved = Ldﬁ + Rsig + (M Lg — Rs)e;,

dir (57)
Ucw = LqE + Rslq + (/\qu - Rs)eiq

In order to determine the discontinuous components, the convergence condition is

used as follows:
{Sz(x) <s(x) =0
0

5(x) < sa(x) = ©8)
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After simplification, the discontinuous components (v;, and qu) are written as
vy, = —Cpsign(sy)
’ . (59)
04, = —C35ign(s3)

The sliding mode control law for the iy and i; currents controllers is the sum of the
continuous and discontinuous components:

Ug = V4, + 0y

{ L (60)

Ug = Ug, + Vg,

where 1, and u, represent the voltages generated by SMC i; and i, currents controllers.
Finally, the conventional sliding mode control law of the currents i; and i, can be written as
Vg =04, +0

Vg = Ug, + 0y,

4.1.3. Simulation Results

In this section, the conventional sliding mode controllers developed in the cascade
control strategy (see Section 2.2) are implemented using the optimal current calculation
method (OCCM). To evaluate the conventional SMC against the PI controllers, the same
torque and velocity profiles presented in Section 3.4 were used. The controller parameters
usedare Ay =3,c1 =1,Ap = A3 =2,and ¢p =c3 = 5.

Figure 15 shows a very good response over the entire velocity and torque range. In
contrast to the PI control (see Figure 12), the static error and tracking error are almost zero.
It should also be noted that the velocity fluctuations are very small or even negligible. The
velocity drops and overshoots when applying or removing the load have been significantly
reduced, as shown by the zooms in Figure 15.

From this result, the static and dynamic performance of the velocity response is
significantly improved by using an SMC velocity controller.
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Figure 15. Velocity response obtained by SMC controller and optimal currents calculations method.

For the currents control, Figure 16 shows good control of the iy and i, current com-
ponents. The current curve shows large current peaks compared to the PI controller (see
Figure 13). These peaks are due to the high dynamics of the velocity controller to eliminate
the tracking error. Moreover, it is caused by the discontinuous theme of the SMC o, as it is
called in the literature, the chattering phenomenon.
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The torque response of the SynRM employing the SMC is shown in Figure 17. It can
be seen from this figure that the SMC with the optimal current calculation method ensures
a machine torque that can convince the resistive torque (T ) and the intrinsic torque (f;(2)
of the machine.

When compared to the PI controllers, at a very low speed and under load, for example,
the torque response in the sliding mode shows a slight increase in torque ripples (10.07%
compared to PI 9.8%). These ripples are a consequence of the chattering effect which is a
drawback of the sliding mode control.

The next section suggests a control strategy based on the theory of higher-order sliding
mode control to address this flaw.
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Figure 16. Response of the current components obtained by the SMC controllers and optimal currents
calculations method: (a) i; response and (b) 7; response.
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Figure 17. Torque response obtained by SMC controllers and optimal currents calculations method.

4.2. Higher-Order Sliding Mode Control

The control of systems by the classical sliding mode has shown that it presents an
undesirable chattering phenomenon. In order to reduce or eliminate these phenomena,
many solutions have been proposed in the literature [59].

The higher-order sliding mode has been chosen, and this method is based on the
theory of the classical sliding mode control presented previously. In addition, it ensures
that the desired performance is maintained and that there is a better convergence accuracy.
The discontinuous control term is applied to the higher-order derivatives of the sliding
variable while maintaining the advantages of the classical sliding mode control, because
the discontinuity does not appear directly in the control but rather in one of its higher
derivatives [59,60].

To lessen the chattering phenomenon, we suggest using a second-order sliding mode
control built on the super-twisting algorithm (STA) in this work. By minimizing this
phenomenon, the excellent static and dynamic performances offered by the conventional
sliding mode control are maintained while reducing the torque ripple. In order to determine
its effect on the torque ripple of the synchronous reluctant machine, we will thus propose
the STA for the velocity and currents controllers and evaluate it against the SMC and the PL

4.2.1. Synthesis of the Velocity Controller by Super-Twisting Algorithm
For the synthesis of the speed controller, the sliding surface s, is defined by

s4lt) = () = ea(t) + 11 [ eyt ©

This sliding surface is chosen similarly to that of the conventional sliding mode control.
From the mechanical Equation (7) of the SynRM,

N T PN ¢
Q—]Te ]Q ]TL (63)

Using (62) and (63), the derivative of the surface is expressed as

L1 f 1
QO=-T,—=Q—--Tp (64)

|
It should be noted that the super-twisting algorithm system is specifically developed
for systems with a relative degree n = 1 whose goal is to reduce chattering problems. This
algorithm does not require the knowledge of the second derivative of the sliding variable
as in the case of other algorithms. Thus, the algorithm guarantees that the trajectories of
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the system twist around the origin in the phase portrait [61] which brings about having the
model of the system in relative order one:

v1=¢(y1,t) + Y(x, usr(t) (65)

with 11 being the sliding surface, and ¢ and Y being bounded functions [62,63]:

p| <@ (66)
0<Ym<Y(x,t) <Yy

From Equations (65) and (64), we can deduce

. _f, 1.1
n ZQ*+§Q*+(Tf+/\1)€Q+jTL*7Te (67)

The definition of the upper and lower bounds of the previously defined functions is
chosen as follows [47]:

i - 1
psT = Q" + iQ* + (7f +A1)ea + = Tr

J J J
Ysr =1 (68)
1
ugst = _TTe
So, the sufficient conditions of convergence can be chosen as
W =3Pgr
A =54/2DgT (69)
p=05

By choosing Sy = s3, the order can be written as
ust = U +up (70)

With

(71)

1y = —Wsign(sy)
iy = —Alsi|0sign(s:)

4.2.2. Synthesis of Current Controllers by Super-Twisting Algorithm

In a similar way to the surface used in the classical sliding mode, the sliding surfaces
of the currents (s5 and s¢) are defined by

{%@_W@_%m+bﬁ%mﬁ
+ (72)
se(t) = ys(t) = eq(t) + A3 [y eq(T)dT

From the electrical equations of the machine, the surface derivatives can be expressed as

~  R. —R 1
Vo =13+ —ij+ (=—+A)eg+ —E,

Ly Ly Ly _fdvd 73
.. R, - 1 (73)
y3:zq—l—L—qzq—l—(Tq—i-)Ll)eq—i-L—qu—L—qvq

From Equations (65) and (73), we can deduce



Energies 2023, 16, 2701 24 of 30

: R —R 1 % R —R 1
Pasr = 1g + LdQ +( I +A1)eg + » Eq $gsr iy + L, Iy + (Tq + 1)eq + L, f
Yig =1 Yysr =1 (74)
u = —iv u — —i'(]
dst — L, d st = Lq g

The upper and lower bounds of the previously defined functions are chosen as follows:

; R —R 1 : R . —R 1
Dy, = |lig+ —i5+(=—+A —E Dper = |ig + g + (5 +Ar)e —&-‘—E‘
dst g+ Ldld+( L +A1)eq| + 'Ld q’ st q Ly q ( L, 1) q L, d
Yi,o0 =05 Vi =1 qusr =05 /YlIMST =1 (75)
1 1

U, =—-——vo
q Qmax
Lq

4.2.3. Simulation Results

Using the OCCM reference currents calculation bloc with the identical velocity and
torque profile in the PI and SMC case, the STA sliding mode controllers of the velocity and
currents were implemented in the cascade control strategy.

Figure 18 demonstrates excellent tracking over the whole velocity range. A zero
static error and zero tracking error are displayed in the velocity response. Overshoot and
undershoot are extremely rare, and there are barely any velocity fluctuations, as shown in
the zooms of the figure.
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Figure 18. Velocity response obtained by STA controller and optimal currents calculations method.

Figure 19 shows good regulation of the current components i; and i;. The waveform
of the currents is similar to the SMC case with less fluctuation, as shown in the zooms.

Figure 20 depicts the torque response of the SynRM using the SMC. It shows that
the SMC with the optimal current calculation method assures a machine torque that can
convince the machine’s load torque (T7) and intrinsic torque (f;Q2). When compared to the
PI and SMC control, the torque response of the STA control demonstrates a reduction in
the torque ripple. As an illustration, at a low speed with load, the torque ripple rate in the
PI control is 9.8%, 10.07% in the SMC control, and 5% in the STA control.

Table 2 summarizes the machine torque ripple rate for low and high speeds with and
without load torque.
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Table 2. Comparison of torque ripple rates for the three control modes.

PI SMC STA
AT, Without Load With Load Without Load With Load Without Load With Load
At 300 r.p.m 38.08% 9.8% 43% 10.07% 29% 5%
At 1500 r.p.m 17.3% 10.8% 21.7% 10.8% 12.7% 8%

This table makes it abundantly evident that applying STA control considerably reduces
the torque ripple of the synchronous reluctance machine.
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Figure 19. Response of the current components obtained by the STA controllers and optimal currents
calculations method: (a) i; response and (b) i; response.
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Figure 20. Torque response obtained by STA controllers and optimal currents calculations method.

5. Conclusions

In this work, we addressed the problem of torque ripple reduction in a synchronous
reluctance machine for an electric vehicle drivetrain application.

We have based our approach on control-based solutions. In a cascade velocity /currents
control strategy, we first proposed a new reference currents calculation bloc based on the
optimization of the stator joule loss. In order to examine the contribution of this method
on torque ripple reduction, we compared it to two methods used in the literature, namely
the conventional field-oriented control and maximum torque per ampere. The simulation
results clearly show the effectiveness and superiority of this proposed method in reducing
the torque ripple of the machine.

To improve the system’s static and dynamic performance, in the second part, we
synthesized advanced velocity and current controllers based on the variable structure
theory. Classical sliding mode controllers have been proposed using the method provided
in the first part, namely the calculation of optimal currents. When compared to the PI
controllers, the simulation results demonstrate a gain in performance but a minor increase in
torque ripple. This is related to the chattering phenomenon, which constitutes the drawback
of conventional sliding mode control. We then presented second-order sliding mode
controllers based on the super-twisting algorithm to avoid this problem. The simulation
results show that in addition to the improvement in the drivetrain performance, the torque
ripples are significantly reduced.

In conclusion, a combination of the optimal current calculation method and the second-
order sliding mode control produces the most effective combination for improving the
synchronous reluctance machine’s performance and torque ripple reduction.
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Abbreviations

The following abbreviations are used in this manuscript:

EV Electric vehicle

SynRM Synchronous reluctance machines

PMSM Permanent magnet synchronous machine

WRSM Wound rotor synchronous machine

REMs Rare-earth materials

FOC Field-oriented control

DFOC Direct field-oriented control

IFOC Indirect field-oriented control

MTPA Maximum torque per ampere

OoCccM Optimum current calculation method

PI Proportional integral

SMC Sliding mode control

STA Super-twisting algorithm

¢s, Pa, ¢q,  Stator flux linkage in the d and g axes

ig, ig Stator current in the d and q axes

Vi, Vq Voltages in the d and q axes

Lg,, Ly, Inductance in the d and g axes

L; Stator inductance of phase i

M;; Mutual inductance between phases i and j

(@) Rotational velocity of the machine, in rad/s.

o Rotational velocity reference of the machine, in rad/s.

Te Electromagnetic torque produced by the machine, in Nm
T Load torque, in Nm

fr Viscous friction coefficient, in Ns? /m?

Fn The slope force or tractive force that is required to drive the vehicle up
faero Aerodynamic force created by the friction of the vehicle’s body moving through the air
F,., Rolling resistance force

Fre Resistance force exerted by the vehicle weight as it goes up and down a hill
M Vehicle mass

g The acceleration due to gravity on Earth

o Density of the air, in kg/m?

Cyx Drag coefficient

S¢ Frontal cross-sectional area, in m?

Rs¢ Rolling resistance opposing the slope

iy 1'2]‘ Reference current in the d and q axis

A Lagrangian function used to optimize the currents
Appendix A

Table Al. The synchronous reluctance machine’s parameters.

Parameter Value
Rated power P, =11kW
Number of pole pairs p=2
Rated RMS current I=3A
Power supply voltage 220/380 V
Phase resistance Rs = 6.2 Ohm
Direct inductance L; =034 H
Quadrature inductance L; =0.105H
Rated speed 1500 r.p.m
Maximum velocity 1800 r.p.m
Torque at rated velocity 7 Nm
Torque at maximum velocity 58 Nm

Machine inertia
Viscous friction coefficient

J = 0.005 kg - m?
f=0.01 Nm/s
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