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Abstract—In this manuscript, a novel robust torque con-
trol strategy for Permanent Magnet Assisted Synchronous
Reluctance Machine drives applied to electric vehicles and
hybrid electric vehicles is presented. Conventional control
techniques can highly depend on machine electrical pa-
rameters, leading to poor regulation under electrical pa-
rameters deviations or, in more serious cases, instabilities.
Additionally, machine control can be lost if field weakening
is not properly controlled and, as a consequence, uncon-
trolled regeneration is produced. Thus, advanced control
techniques are desirable to guarantee electric vehicle drive
controllability in the whole speed/torque operation range
and during the whole propulsion system lifetime. In order
to achieve these goals, a combination of a robust second
order current based Sliding Mode Control and a Look-
up Table/Voltage Constraint Tracking based hybrid Field
Weakening control is proposed, improving the overall con-
trol algorithm robustness under parameter deviations. The
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proposed strategy has been validated experimentally in a
full scale automotive test bench (51 kW prototype) for being
further implemented in real hybrid and electric vehicles.

Index Terms—Traction motors, machine control, torque
control, electric vehicles.

[. INTRODUCTION

ERMANENT Magnet Synchronous Machines (PMSMs)

have been traditionally considered as appropriate can-
didates for Electric Vehicle (EV) and, specially, for Hybrid
Electric Vehicle (HEV) applications, due to their high power
density and high efficiency [1]. However, these technologies
require high density magnetic materials to produce the rotor
flux, usually sintered neodymium-iron-boron (NdFeB) alloys,
and other rare-earth materials, such as dysprosium (Dy),
leading to high price, risk of depletion and resource monopoly
issues [2], [3]. For these reasons, alternative technologies that
do not rely on these PM materials are attracting considerable
attention, such as Switched Reluctance Machines (SRMs)
[4], [5] and Induction Machines (IMs) [6]. Among them,
Synchronous Reluctance Machines (SynRMs) can be high-
lighted due to their high temperature operation capability, high
efficiency, and small [7] (usually ferrite magnets) or eventually
non use of PMs [8]. These features make the SynRMs one of
the most promising candidates for the next generation of EV
and HEV [3]. According to [9], modern ferrite PM-Assisted
machines can produce 75 % of the torque of an Interior PMSM
for the same size and liquid cooling technology.

A significant amount of research has been carried out in
the last years regarding SynRMs and PM-Assisted SynRMs,
with special attention on machine design and optimization
aspects [10]-[13]. Control aspects have also been studied in
the recent literature. In this sense, [14], [15] deal with the
high speed control of synchronous machines, in general, and
SynRMs, in particular, being this an important aspect for next
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generation high speed EV propulsion systems. In [16]-[18],
robust Direct Torque Control (DTC) and predictive control
strategies for SynRM are presented, among others.

Despite a variety of control approaches can be found in the
scientific literature, PI based Field Oriented Control (FOC)
is one of the most commonly used torque control technique
for synchronous machines [19]. This strategy must be comple-
mented with an optimal current set point generation algorithm,
which is required to drive an electric vehicle propulsion
system through the maximum efficiency points, including
Field Weakening (FW) operation when required. In industrial
applications, in general, and commercial EV electric drives, in
particular, it is of common practice to precalculate these set
points and store them in Look-up tables (LUTs) [20]-[25]. The
machine electrical parameters must be identified in order to
calculate the aforementioned LUTs. FEM analysis [26], [27]
or experimental procedures [27], [28] are usually employed,
from where electric machine d- and g-axis fluxes are obtained.
Permanent magnet flux and d- and g-axis inductances can
be calculated from these fluxes. However, it is important to
point out that an adequate mathematical approach must be
followed [27].

In contrast, other strategies follow a stator flux reference
frame control approach [29], or perform the optimum set
point calculations in real time from inductances and PM-flux
data [19], or by using estimated parameters [30], [31].

LUT based methods are commonly preferred in industry due
to their low computational burden and simplicity. However,
LUT approaches tune the control algorithm for an specific
set of electrical parameters and may eventually loss control
under parameter variations due to an incorrect FW regulation,
i.e., exceeding the stator voltage limit and leading to an
uncontrolled energy regeneration [32]. The high non-linearities
caused by the magnetic saturation effect [27] together with
electrical parameter variations due to machine ageing, man-
ufacture tolerances and temperature dependency confirm the
importance of relying on a robust control strategy that ensures
the correct operation of the EV drive during its whole life-
cycle.

In this paper, a robust control algorithm for EVs and/or
HEVs mounting PM-Assisted SynRMs is fully designed and
tested. An improvement of the LUT based FOC scheme,
consisting of a second order current Sliding Mode Control
(SMC) and a robust hybrid LUT/feedback based set point
current generator, is proposed. The main advantage resides on
the fact that optimized LUT values are used unless parameter
deviations jeopardize the stator voltage limit. The current
setpoint LUT data is calculated in order to minimize the copper
losses at low speeds and magnetic losses at high speeds.
The SMC control technique has been selected among other
control strategies because of its robustness against parameter
variations (which can be significant in automotive PM-assisted
SynRM drives).

In the following, the machine mathematical model and the
proposed control algorithm are presented. Finally, experimen-
tal results obtained in a full scale EV drive platform of 51 kW
that validate the control approach are presented.

[I. PM-ASSISTED SYNRM ELECTROMAGNETIC MODEL
AND OPERATION CONSTRAINTS

Taking magnetic saturation phenomena into account, the dq
synchronous reference frame stator voltage equations of the
PM-assisted SynRM can be expressed as:

dV,(iq,1

va = Ryig + % — Pwon¥y(ia,iq), (1)
dV,(iq,1

vy = Raig + T | py i), @

where R is the stator resistance, w,, is the mechanical speed,
P is the pole-pair number and the current dependant magnetic
fluxes are:

Uq(id,tq) = Laliq,iq)ia + Vpm(id, iq), 3)
\I’q(ida iq) = Lq(idv iq)im “4)

being Lg(i4,iq) and Lg(iq4,74) the current dependant induc-
tances and being the flux of the rotor permanent magnets
Upm (ig, 1) relatively small. The electromagnetic torque can
be expressed as:

3 .
Tem = §P(\Il X 1)7 (5)

being ¥ = (¥4, U,), i = (iq,iq)-

Similar to a conventional PMSM drive, a PM-Assisted
SynRM drive exhibits speed and torque constraints due to
inverter current rating and available DC-link voltage. These
limitations must be taken into consideration [21] and can be
expressed in terms of current and voltage as follows:

V2412 < Lnas, (©)

. . v m 2 AN ‘/maw ?
Lii(iayiq) [Zd + p)} + Lq(ia, iq)ig < (Pwm> ’
(7N

Ld (Zd7 iq

being I,,,4, and V., the maximum allowable stator current
and voltage, respectively. In some cases, the stator resistance
R, can have a significant impact in the voltage limit expressed
by (7) and must be considered. However, the effect of R
has been neglected in this particular application because its
influence is low, as Ry, = 1.74 m$) and I,,,,, = 255 A.

According to these constraints, four optimum operation
regions are distinguished [19], [21], [33]: Maximum Torque
Per Ampere (MTPA, figure 1 region I), FW region without
and with torque reduction (figure 1 regions II and III, respec-
tively) and Maximum Torque per Volt (MTPYV, figure 1 region
IV). In the MTPA region, the ohmic losses (predominant at
low speeds) are minimized, while in the MTPV region the
magnetic losses (predominant at high speeds) are minimized.

[1l. PROPOSED ROBUST SYNRM CONTROL STRATEGY

Figure 2 shows the general diagram of the proposed robust
control strategy. In the following, the main blocks that consti-
tute the controller, i.e. the current regulators and the set point
determination strategies are presented.
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Fig. 1. Optimum control trajectories of a PM-Assisted SynRM.

A. Second order SMC current regulators

Although first order SMC can be considered as an ap-
propriate solution for controlling electric drives connected
to switching power converters [34], [35], this technique has
the disadvantage of producing a variable switching frequency,
which is not usually a desirable feature. Application of second
order SMC allows to retain the robustness characteristics of
the first order SMC control algorithm at a fixed switching
frequency. Additionally, possible chatter can be reduced [36].

The SMC approach consists of two steps [34]: a) selection
of a sliding surface (s) to where the system states are driven
(when the state trajectory is constrained on it, s = 0, the
controlled plant exhibits the desired performance) and b)
design of a discontinuous state-feedback capable of forcing
the system state to reach, in finite time, the aforementioned
surface.

Aiming to achieve satisfactory tracking performance for ¢4
and %4, the following sliding functions are adopted [36]:

iy = €iy +Ca / ei,dt, 3
Siq = eiq + cq/eith, (9)
where e;, = (i —iq) and e;, = (i} — i4), being cg and

cq positive constants. The integral terms of (8) and (9) are
incorporated to remove steady state errors that may arise in
practice. Satisfactory tracking is achieved when ds;, /dt = 0,
being j = {d, ¢}.

Taking the time derivative of the sliding functions, the
following space state expressions are obtained:

ds; d, . .

dtd = (i3~ ia) + caei, (10)
dSZ' d x .

dtq = %(zq —ig) + Cq€i, - (11)

where d(i})/dt = d(iy)/dt = 0 considering constant current
references. Using (10) and (11), the motor dynamics can be
rewritten as:

ds;q (—Rsiag +weWy)  Vaeq
= — —_— 2 2‘ 3 12
7 I, I, + cqée;y (12)
dsiq (—Rsig —weWq)  Vgeq
= — Lo, L.
dt L, L, Tt (3

The equivalent control signals v4,e, and vg,¢, can be ob-
tained forcing ds;,/dt = 0 and ds;, /dt = 0 in (12) and (13).
The voltages to be applied in the stator should be derived
according to the following control law [36]:

(14)
(15)

V4 = V4,ST + Vd,eq>
Vg = Vq,ST + Vq,eqs

where terms vq sy and vg g7 are computed applying the
Super-Twisting Algorithm (STA) [37]:

v 57 = L )\j|sij|1/2sgn(sij) +Qj/sgn(sij)dt} , (16)

where )\; and €); are positive gains to be tuned, being j =
{d,q} and sgn(s;;) = s4,/|ss;|. The goal of the first terms
of (16) is to guarantee that the sliding surfaces s;;, = 0 and
si, = 0 are reached at finite time. The selection of ¢4, ¢, and
the tunning equations to correctly adjust the STA are detailed
in [36].

Equivalent voltages are not strictly necessary for the second
order SMC. However, they include a number of benefits: a)
they improve the system’s transient response, b) the more
accurately they are calculated, the lower is the control effort
left to the STA algorithm, c) although equivalent voltage
parameters are machine parameter dependant, they do not
decrease the control algorithm robustness, as it relies on the
STA [36], and d) their incorporation simplifies the calculation
of the sliding function constants ¢4 and ¢4, as well as the STA
constants A\g, Aq, £24 and 2.

In order to consider the PM-Assisted SynRM magnetic
saturation phenomena, equivalent voltages of (14) and (15)
are calculated estimating the inductances Lg, L, and the
magnetic fluxes Uy, \ilq from LUTs containing FEM data
of such parameters (figure 2). Current references i; and i;
have been used for parameter estimation, instead of measured
values, in order to avoid feedback noise transmission to the
control signals. In order to improve the drive performance at
high speeds, the required phase advance has been applied to
the SMC output voltage inverse Park transformation electrical
angle (figure 2):

0. =0, + 1.5w.Ts, (17)

being T the control execution period.

B. Hybrid current set point generation strategy

In the absence of significant parameter mismatches, the
usage of precalculated LUTs that contain the optimal current
set points for the whole operation range is ideal. The dimen-
sions required to obtain ¢}; and ¢ in a LUT based approach

q
depends on the specific application. Although the usage of



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Vbe
Ld.Lq.\isz\i;q
est.
“ver () Two-level
. v 3 [ l‘!k‘v .T;‘
Wnorm VCT LUTs i Se(?OHd Ol‘der T ‘{{ - VSI N\
il " L |9 o] PWM /
T - a ig | SMC Control |]% UVWJ*F*_ PR — J@ [ syumnt
—em | ower
o

0 =0, +1.5w.T,
i

UVW,

Ly
Lw

dq

Speed
Normalization
C““TTE

0.1

Be.wm

Fig. 2. General diagram of the proposed SMC with hybrid LUT/VCT based feedback control strategy.

the torque reference as an input is mandatory, the mechanical
speed must also be considered in systems where FW operation
is required. Additionally, DC link voltage feedback is also
required in systems where Vpo can vary, as is the case of a
battery powered EVs or HEVs. However, this magnitude can
be eliminated from the LUT using the speed normalization
(Wnorm) concept [38], where the mechanical speed w,, is
related to the DC-link voltage Vpo as (figure 3):

1 \/norm
Wnorm = *|Wm| = _DbC |wm|7 (18)
1% Vbe

being V5&™ the normalized voltage for which the current set
point LUTs have been calculated.

It becomes clear that ¢} and 7; depend on the machine elec-
trical parameters. From (7), it can be derived that variations
in the-statorresistance—and d- and ¢- axis inductances affect
directly the voltage limit ellipse (figure 1), leading to possible
controllability problems in FW and MTPV operation.

Conventional FW compensators only consider ¢4 current
modification to elude the voltage limit curve, not relying
on the i, current [38], [39]. The d- and g-axis currents are
coupled in the MTPV region, being the trajectory calculation
a complex task. In [40], an optimized field weakening strat-
egy is proposed, where either ¢); or the phase angle of the
reference current I'* are the voltage loop control actions. The
corresponding transfer function is defined, allowing the precise
design and adjustment of the voltage control loop. The regula-
tor is designed considering constant electrical parameters and
DC link voltage. Additional control blocks would be required
in order to control a machine in MTPV mode and guarantee
a smooth transition between FW and MTPV regions.

Reference [32] deals with this issue applying a Linear FW
Control (LFC), i.e., the MTPV curve is linearized, simplifying
the relationship between ¢4 and ¢, currents. In contrast, in [29]
a unified direct-flux vector control approach is implemented
in the stator flux reference frame, allowing robust MTPV
operation. This strategy requires a stator flux observer and
an additional PI for MTPV current limitation. However, if
the precalculated LUT data is to be maintained, the approach
presented in [33] can be incorporated to the SMC control
structure (figure 3) in order to improve the robustness of the

SynRM torque control. Thanks to this, current references iy, iy
are simultaneously modified throughout the regulation of the
normalized mechanical speed wy, o, (figure 3).

Following this approach, the normalized speed of (18) is
controlled using a Voltage Constraint Tracking (VCT) regu-
lator, which aims to maintain the stator voltage vector close
to the voltage limit margin in the FW and MTPV regions
according to the error produced between the second order
SMC regulator reference voltage V' and the voltage limit
Vmaw:

Vbe
V3’
where K, provides a security margin (K, < 1) in order to
ensure that the voltage limit is never reached.

The normalized speed modified by the VCT algorithm in
the £ instant is defined by:

Av = Vs* — Kvaa:c = (U2)2 + (U*)2 - Kv

q

(19)

WVCT(k) = Wnorm(k) + 6w(k)7 (20)

being

ow(k) = dw(k — 1) + aAwv, 20

where « is a positive constant and dw(k) is a correction term,
saturated as follows:

dw(k) = {gw(k‘)

if dw(k) <0,

if sw(k) > 0. @2)

When the inverter output voltage exceeds the maximum
voltage limit (Av > 0) including the security margin, the term
dw(k) becomes positive, increasing the value of wy (k) until
the voltage error Av becomes zero. Therefore, the dg current
set points are simultaneously modified (the reference current
vector is maintained within the voltage ellipse constraint)
in order to maintain the stator voltage in the voltage limit
curve. In contrast, when the inverter output voltage is not
saturated (Av < 0), the correction term dw(k) is negative.
Taking into account the saturation effect defined in (22),
the corrector term does not affect the normalized speed, and

WVCT(k) = wnorm(k)-
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The main advantage of the proposed method relies on the
fact that it only modifies the theoretically or experimentally
predefined optimum set points when it is required, maintaining
the LUT values when deviations are sufficiently small to
ensure machine controllability.

Another benefit of this approach relies on the fact that,
apart from the current regulators, only an additional control
parameter (o) must be adjusted. Additionally, the added com-
putational burden of the proposed strategy is low.

In order to adjust the VCT regulation parameter ¢, sim-

ulations have been carried out considering +10% errors in
the SynRM electrical parameters (figure 4). As it can be seen
from figure 4, the system losses control if no VCT regulation
is achieved (a = 0), driving V" into saturation. Taking into
account the EV drive dynamics and according to simulation,
a value of o between 0.01 and 0.1 has been considered for its
fine tuning in the experimental platform.

IV. EXPERIMENTAL RESULTS

A. Experimental platform description

In this section, experimental results that validate the pro-
posed SynRM control strategy are presented. Tests have been
carried out in the automotive test bench of figure 5, which is
constituted by the following main elements:

e A counter-load IM of a maximum speed of 8000 rpm and
maximum power of 157 kW that emulates the electric
vehicle behavior.

e A 1:1.8 gearbox that allows a maximum speed up to
14400 rpm for the machine under test.

¢ A modular dSPACE Rapid Control Prototyping device,
equipped with a slot-CPU control board (DS1006) and
an AC Motor Control Solutions board.
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TABLE |
NOMINAL PARAMETERS OF THE PM-ASSISTED SYNRM.
Item Symbol Value | Units
Maximum power Py 51 kW
Maximum speed Wmaz 12000 rpm
Machine Pole Pairs P 3 -
Stator Resistance Rs 1.74 mS)
d-axis nominal inductance Lg 0.7 mH
g-axis nominal inductance Lg 1.7 mH
Permanent Magnet Flux linkage Wym 0.38 Wb
Stator nominal current Lnom 255 A
DC-link nominal voltage Vb nom 320 \%

o Complete road vehicle real time model (DYNACAR®))
including both longitudinal and lateral car dynamics to
emulate real driving conditions.

o An industrial Semikron IGD-1-424-P1N4-DL-FA power
inverter, with a nominal power of 140 kW and a maxi-
mum switching frequency of 25 kHz.

« An HBM HBMT40B torquimeter.

The proposed control strategy has been validated in a
51 kW automotive PM-Assisted SynRM, whose most signifi-
cant parameters are listed in Table I. Taking into account the
nature of this machine, the effects of magnetic saturation and
cross coupling in the machine’s electrical behavior have an
important impact and cannot be neglected. The d- and g-axis
induetances-and-ferrite-magnets{flux magnetic fluxes obtained
throughout Finite Element Model (FEM) analysis are shown in
figure 6. The switching frequency of the converter has been set
to 10 kHz. A dead-time compensation algorithm [41] has been
carried out in order to minimize its effect. The optimal current
set point LUTs have been precalculated using the FEM data
of the machine. The control dynamics requirements and the
SMC parameters used for this application are listed in Table
II.

TABLE Il
SMC PARAMETER SETTINGS.

Target control dynamics
Item Symbol Value
Damping coefficient & 1
Settling time Ts 10 ms
Cd,q Selection and STA parameters
Item Symbol Value
Sliding function parameters Cd,q 580
STA parameter Q2 Qaq 1.682¢®
STA parameter A Ad,q 2.8532¢3
VCT parameters
Item Symbol Value
DC-link voltage security margin ky 0.9
VCT positive constant « 0.01

B. Experimental validation

Figure 7 shows the results of the proposed SMC control
strategy when conventional LUT based approach and hybrid
LUT/VCT approach are used for current set point determina-
tion, at machine maximum torque (130 Nm). The SMC current
regulation is satisfactory, producing a low torque ripple. Note
that, as in real EV applications, electromagnetic torque has
been indirectly measured from the stator currents. If the VCT
feedback is not included (figures 7(a), 7(c) and 7(e)), the stator
voltage surpasses the voltage limit for a given mechanical
speed, and the system is driven into an uncontrolled regen-
eration. This means that the maximum speed of the vehicle
would be significantly reduced in a real EV application. In
this particular case, the maximum machine speed of 12000
rpm corresponds to a maximum vehicle speed of 120 km/h.
Taking into account that the control gets lost at around 4000
rpm, the vehicle maximum speed would be limited to 40 km/h,
which would be unacceptable for the end user.

This issue is due to the fact that there are significant differ-
ences between the FEM data and the experimental machine,
mainly due to the following reasons:

o No rotor temperature measurement is available. FEM
analysis has been carried out for a particular set of stator
winding and magnets temperatures. Therefore, the LUTs
do not take into consideration the parameter variations
produced by the temperature.

« Small deviations between the specified and the real airgap
(due to manufacturing and mounting tolerances) highly
affect the electrical parameters of the machine. This
aspect is aggravated in PM-assisted SynRM machines,
due to the sensitivity of ferrite magnets to this particular
parameter.

e A 25D FEM model has been considered and, as a
consequence, no information about the stray inductances
of the winding heads can be obtained from the simu-
lations. These stray inductances increase the resulting
phase inductances, obtaining higher terminal voltages
than expected.

However, system robustness is guaranteed when the hybrid
LUT control strategy is included (figures 7(b), 7(d) and 7(f)).
A robust torque and FW control performance is achieved in the
whole operating range (figure 8) using the second order SMC
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Fig. 8. Torque, current and stator voltage regulation SMG experimental
results using the proposed hybrid LUT/VCT based FW strategy.

control strategy combined with the proposed optimal current
set point generation. Current references are properly modified
by the VCT algorithm (figure 8(b)), while torque production
capability is reduced once the current limit is reached (figures
8(a) and 8(b)), and also during MTPYV, in order to ensure the
required voltage regulation. As it can be seen in figure 8(c),
smooth transitions between the different operation regions is
achieved. The corresponding current vector trajectory through-
out the different operation regions in the dq plane is shown in
figure 9.

The difference between the torque setpoint and the actual
torque (measured using a torquimeter) reveals the aforemen-
tioned mismatch between the real electrical parameters and
the ones predicted by FEM analysis, as deviations of around
15 Nm have been confirmed at constant torque region and for
maximum torque setpoint.

Figure 10 shows the torque regulation for transients (in this
case, torque changes from motoring to regenerative braking).
Being an EV propulsion system, torque reference transients are
ramped in order to improve the confort of the passengers. Both
the SMC regulators and the hybrid set point generator prove
to be robust in the occurrence of such torque transients. The
SMC control equivalent voltages v4,¢q and vy, are required
to obtain a satisfactory transient response.

In order to evaluate the drive performance under real driving
conditions, a standard Worldwide harmonized Light vehicles
Test Procedure (WLTP) has been carried out. Driving cycles
aim to analyze a vehicle’s performance in terms of con-
sumption, pollution and efficiency, among other factors. The
WLTP is an specific driving cycle supposed to represent light
duty vehicle operation and its accuracy ensures more realistic
results that conventional driving cycles [42]. The latter’s speed
profile and torque response in both urban and extra urban



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

300 T T T T T
200 ]
— FW trajéctory
= 100t , ]
& «—MTPA trajectory
jectory ‘with current limitation
0f ]
MTPV trajectory
100 i i i i i
-300 -200 -100 0 100 200 300
ia [A]

Fig. 9. Current trajectories in the dq axis (current vector reference in
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Fig. 10. Torque control stability using VCT strategy when changing from
motor driving to reverse braking t a constant speed of 7000 rpm.

cycles are shown in figure 11, including the torque response of
the SynRM machine, which satisfactorily follows the reference
requested by the driving cycle. Figure 11(c) shows how the
VCT feedback acts modifying the d-axis current set point
when required. These results corroborate that the proposed
strategy is ready to be implemented in real EVs and/or HEVs.

V. CONCLUSIONS

PM-Assisted SynRMs are promising candidates for future
EV and HEV rare earth free electric drives. However, due
to design aspects, the electrical parameter variability of such
machines can be very high. As it has been demonstrated
throughout experiments, electric parameter deviations have a
high impact in the machine controllability, causing serious
controllability problems in this type of drive. As a conse-
quence, robust control strategies are required in order to ensure
a satisfactory torque control.

In this paper, a robust control strategy that combines second
order SMC current regulators with an optimal hybrid current
set point generation algorithm has been proposed, ensuring a
satisfactory torque regulation in the whole machine operation
range under parameter variations. Experimental tests have
been carried out in a state of the art test bench which
emulates the EV and/or HEV real application, validating the
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Fig. 11. Worldwide harmonized Light vehicles Test Procedures (WLTP)
results.

proposed approach, both under speed and torque variations and
also under simulated real driving conditions. It is therefore
reasonable to guess that the proposed VCT would properly
cope with the angle and speed estimation errors introduced by
any sensorless strategy. Moreover, the proposed strategy can
be easily extended to other synchronous machine types, such
as pure SynRMs and PMSMs.
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