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ABSTRACT This article reviews Flux-Weakening (FW) algorithms for Permanent Magnet Synchronous
Machines (PMSMs), focusing on the automotive sector, especially in electric and hybrid electric vehicles.
In the past few years, the spread of Electric Vehicles (EVs) has improved the technology of electric machines
and their control to achieve more compact and competitive solutions. PMSMs are the most widespread
electric machines used in EVs thanks to their high-power density and potential operation at constant power
range during high speed. Such high speed implies a high electromotive force. An FW technique is mandatory
to reduce the electromagnetic flux generated by the electric machine due to the voltage limits of the
traction inverter and the energy source. This article classifies and analyses the state-of-the-art FW control
strategies by comparing their main advantages and drawbacks. The Vector Current Control (VCC) method
that regulates the modulus of the applied voltage is the most common one in the literature thanks to i) its
robustness to parameter modification and model unsureness, ii) low computational complexity, and iii) high
dynamic response and control stability.

INDEX TERMS Electric vehicles, flux weakening, maximum torque per voltage, motor control strategies,

permanent magnet synchronous machines.

I. INTRODUCTION
Nowadays, the use of mild-hybrid and full-electric vehicles
and micro-mobility vehicles is rapidly increasing, hence the
importance of reducing Greenhouse Gas (GHG) emissions.
Transportation is one of the industrial sectors that contribute
the most to the GHG emissions, producing approximately
28% of the total amount [1], being road transportation the
source of practically 75% of transport GHG emissions [2].
Electric powertrains offer highly efficient conversion of the
energy stored in their power sources - such as batteries, ultra-
capacitors, and fuel cells - into traction power for the wheels.
The electric traction machines take the delivered electrical
energy and convert it into motion through electromagnetic
fields. Likewise, the electric machines transform the wheels’

The associate editor coordinating the review of this manuscript and

approving it for publication was Chandan Kumar

braking into electrical energy in the inverse process during
braking. So, the electric engine and the power converter
are the main actors for the bidirectional energy conver-
sion, impacting the vehicle’s average available power and
efficiency.

Fig. 1 shows the demanded torque-speed characteristic of
an electric machine in all speed ranges for EV applications,
distinguishing between the constant torque and constant
power regions [3]. High torque is required by quick
acceleration, hill climbing, engine auto-start, and reversing
at high road gradient at lower speeds. Besides, the electric
powertrain should deliver a high torque for city driving at the
medium-speed range. However, the electric machine should
operate at a lower torque rate at the high-speed range.

The correct selection of the electric machine depends
on several parameters such as vehicle architecture, engine
size, drive cycles, space restrictions, maximum weight,
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FIGURE 1. Qualitative torque-speed stationary characteristic for an EV
and most frequent operating points based on [3].
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FIGURE 2. Comparison of the main features of IMs, PMSMs, and SyRMs
technologies for EVs. Source: [4], [7].

lifetime, torque-speed characteristics, peak-power require-
ments, thermal and structural restraints, and noise-vibration-
harshness (NVH) [3], [4], [5], [6]. There are several
alternatives to optimize the traction machine design. Still,
the most comprehensive solutions are classified as fol-
lows: i) Induction Machines (IMs), ii) Permanent Magnet
Synchronous Machines (PMSMs) that can be subclassified
as Interior Permanent Synchronous Machines (IPMSMs)
and Surface Permanent Synchronous Machines (SPMSMs),
iii) Synchronous Reluctance Machines (SyRMs), and iv)
Wounded Rotor Synchronous Machines (WRSMs).

IMs, PMSMs, and SyRMs are compared in terms of
efficiency, power density, robustness, fault tolerance, torque
ripple drop, acoustic noise, and affordability in Fig. 2.
Authors in [4] give specific numbers for each parameter.
Nevertheless, the authors of this paper have qualitatively
categorised them into three labels: low, medium, and high,
the former and the latter meaning the worst and best results,
respectively.

Although different electric machines are found in cur-
rent EVs, the most common ones are PMSMs, and IMs
[3]1, [7], [8]. Even so, in recent years, SyRMs have
experienced a considerable increase in their penetration in the
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FIGURE 3. Degree of penetration of each type of electric machine in BEV
and PHEV market. Source: [13].

EV market, as is shown in Fig. 3, due mainly to their low
cost and independence of rare-earth magnets [9]. However,
according to available data for BEVs and PHEVs in passenger
cars (Fig. 3), EV manufacturers still prefer the PMSM option
due to its high efficiency, superior power density, maturity
and robustness. SPMSMs are employed when high power
density is required, whereas IPMSMs are used for high-speed
applications thanks to their FW capability, which is the case
for EV applications [10].

Most electric vehicles still rely on Permanent Magnet
(PM) radial flux Electric Machine (EM). However, the EU
specifications regarding the massic vs volumic torque design
of automotive EMs in 2020 are not reached. Axial flux EMs
shows great potential to increase the performance of the
electric powertrain. For example, the most efficient axial EM
was developed by YASA, which proposed a PM axial flux
EM achieving 11 N-m/kg and 41 N-m/l continuous torque
and 2 kW/kg and 7 kW/I continuous power densities [11].
Another new and emerging technology is the Brushless
Stator-Mounted Machines (BSSMs), with the so-called Flux
Modulation (FM) effects, which use asynchronous field
harmonics to realize energy conversion by altering the basic
principles for conventional mechanic design, which requires
the stator and rotor to have the same pole number [12].
This type of machine seems adequate for EV traction motors
due to their suitability for high-seed high-torque density
performance, as well as possessing suitable heat dissipation
and flux weakening capabilities.

When it comes to efficiency, all speed ranges have to be
contemplated. Although a vehicle used in urban zones has
to prioritise the performance of the constant torque region,
a vehicle for long journeys should consider the constant
power region. As shown in Fig. 4, PMSMs have their best
efficiency at low-medium speed range, whereas both IMs and
SyRMs are preferable at high speeds and over a wider speed
range compared with PMSMs. In this figure, each machine’s
area is depicted as equipotential lines that surround the range
of an efficiency (1) superior to 85%. So, a PMSM could be
preferred for urban areas, where vehicles are continuously
starting and stopping, while IMs and SyRMs would be more
efficient at high speeds [4].
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FIGURE 4. Qualitative efficiency maps of different machines both in the
constant torque and constant power regions. Source: [7].

The global efficiency in the constant torque and constant
power regions also depends on the control strategy and the
other elements of the powertrain. Traditionally, control strate-
gies have been focused on the electric machine. Nonetheless,
the power source, power electronics, and the electric machine
must be included to improve the entire powertrain efficiency.
On the one hand, at low speeds, the current trajectory can
be modified to the traditional ones if power semiconductors’
switching and conduction power losses are considered [14].
On the other hand, a variable switching frequency at low
speeds and a variable modulation strategy enlarge the speed
ranges. The most standard and comprehensive solution to
reduce losses is the Space Vector PWM (SVPWM) technique.
However, Continuous and Discontinuous PWM (CPWM,
DPWM) have been proposed in the literature, negatively
affecting the Noise Vibration and Harness of the electric
machine. Overmodulation with Noise Reduction (ONR) and
Virtual Phase Compensation (VPC) are modulation strategies
used to diminish the losses in all the speed ranges [15], [16].

The next electric machine generation will pursue several
goals that can be summarized as [17]:

o Cost reduction through the use of new magnet materials
or advanced configurations without rare-earth magnet
dependency, but with similar flux density, and the
simplification of the cooling system, where air-cooling
is highly considered. Nowadays, the main drawbacks of
rare-earth magnets are their scarcity, price fluctuations,
and high cost.

o High efficiency through the development of high-
performance alloys, for example, magnetic steels and
copper alloys to reduce copper and iron losses.

« High power density thanks to increased speed operation
and high-performance cooling for increased power
capabilities.

o Improved motor design and development processes,
considering a complete product life cycle assessment in
a circular economy environment.

« Easy dismantling and recyclability.
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Embedded software in electrified vehicles implements
a real-time optimal control of the power flow between
the power source and the load to maximize the energy
system economy and drivability, the efficiency of the motor
control, the optimization of battery performance and its
protections, and the engine start/stop functionality, among
others. The control algorithm is responsible for maximizing
the electric drive system efficiency by choosing the electric
machine’s optimal operating point at low and high speeds,
thus achieving the best performance of the machine in all
speed ranges.

Some electronic control modules interact with sub-systems
such as braking, heating, ventilation, and battery management
in EVs. Nowadays, the traction inverter has the only func-
tionality of controlling the electric machine both for positive
(acting as a motor) or negative torque (acting as a generator),
depending on the driver inputs through the accelerator and the
brake pedal position. However, in micromoblity, the traction
inverter itself has to interact with the different elements of
the powertrain to carry out some high-level functions more
straightforwardly.

Some of the features in the development of newer control

algorithms for electric powertrain are summarized below as:
o Torque and speed algorithms that get the best efficiency

from the electric machines plus the power electronics as
a whole [14].

« Total Harmonic Distortion (THD) control of the current
generated by the traction inverter or the torque ripple that
generate losses in the powertrain [14].

« High-saturation-level consideration for PMSMs and
SyRMs to achieve the best performance at high speeds.
The inductance values of the machine vary nonlinearly
under different operating conditions because the magni-
tude and phase angle of the applied current can change
the magnetic flux distributions, and the saturation of
magnetic materials in the motor can change the machine
reluctance [18].

o Algorithms to automatically determine the parameters
of the machine and use them to auto-tune the low-
level controllers, considering the Flux-Weakening (FW)
control [19].

This paper is structured as follows: in Section II, the
necessity of an FW technique to maximise the performance
of the electric machine is justified for EV applications.
In Section III, a classification and an overview of the state-of-
the-art FW control strategies are presented. In Section IV, the
main advantages and disadvantages of the analysed methods
are discussed. Finally, in Section V, the conclusions are
drawn.

Il. FLUX-WEAKENING NECESSITY

A. ATTAINABLE OPERATING POINTS

According to [10], the PMSM electrical dynamic equations
referred to the synchronous rotor frame with the d-axis
aligned to the rotor flux, and by implementing the Park trans-
formation that maintains the current and voltage modulus
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where v4(1), vy4(t), iq(t) and iy(¢) are the time-dependent
voltage and current dg components, Ly and L, are the motor
inductance at the dg-axis, A, is the flux linkage due to the
spinning of the magnets, R is the winding phase resistance
and we(t) is the time-dependent electrical speed.

At steady-state conditions, the voltage equations are
simplified as

Val| 1 0 —welL 1 0
ARt R PP | P R
2

where Vy, V,, 1z and I,; are the non time-dependent voltage
and current dg components, and w is the non time-dependent
electrical speed.

Fig. 5 represents the diagram phasor of the PMSM
electrical derived from (2). I is the modulus current vector
and V; is the modulus voltage vector. It has to be noted that
y (current angle) and & (voltage angle) are referred to the
positive d-axis. In the literature, some algorithms to control
the PMSM are based on the pair variables /; and /; and others
on the pair variables /5 and y. In Section IV, it is analysed
the main advantage of the polar system versus the cartesian
system.

The relationship between mechanical and electrical speed
in a PMSM is expressed as

We
Om = —, 3)
pp
where wp, is the mechanical speed, and pp is the pair of poles
of the electric machine.

The electromagnetic torque (Tem) is expressed as
3
Tem = Epp()\mlq + (La — Lq)ldlq)- 4
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Achievable operating points are restrained according to the
current and voltage limits. The maximum available current
(Is,max) 1s expressed as

V1T +H12 =I5 < Ismax

= min {Imotor,max; Iinv,max; I source,max} )

where Inotor,max 15 the maximum motor current, finy,max 1S the
maximum inverter current, and lsource,max 1S the maximum
power source current. One of the main parameters of PMSMs
is the short-circuit current (/i) of the machine. This current
represents the flux generated in the stator by the winding
currents with the same direction (in the dg-axis phase
diagram) and value as the flux linkage of the permanent
magnets. I max can be higher or less than /s, depending on
whether the electrical and thermal battery, inverter, and power
source limits are higher or lower than /.. This feature will
define the possibility to extend the torque-speed characteristic
at high speeds.
The maximum available voltage (Vs max) is formulated as

\%
,/Vj‘f‘qu:vsfvs,max:%v (6)

where Viourcemax 18 the power source voltage. A Space Vector
Pulse Width Modulation (SVPWM) strategy is considered in
this article. Neglecting the resistor voltage drop of (2), (6)
yields to

@)

We

Uetl® I <(mmﬁ2
) |

@) @
Ly Ly

Fig. 6 depicts the characteristic curves for an SPMSM and
an IPMSM. The current limit (5) is seen as a circle centered in
the coordinates (I4,1,) = (0,0), with a radius equal t0 /s max.
The voltage limit (7), in the case of an SPMSM, depicts a
circle centered in the coordinates (I,/;) = (-Is.,0) and with a
radius equal to % In the case of an IPMSM, (7) describes
an ellipse with the same center, in which semi-major and
semi-minor axes are equal to Tooe and ‘f""a‘)“:, respectively.
If the stator resistance is considered, the voltage ellipses are
deformed, and the major axis of the ellipses are no longer
parallel to the d-axis [20], [21]. The torque curves, in the case
of SPMSMs, are straight lines which only depend on the I,
values as it is described in (4) with L; = L. Nevertheless,
in the case of [IPMSMs, the torque curves are rectangular
hyperbolas according to (4) with L, # L.

Vs,max

B. LOW-BACK ELECTROMOTIVE FORCE CHARACTERISTIC
CURVE

One of the primary limiting features of PMSMs is their
limited excitation voltage to achieve compact designs.
The electric machine’s Back Electromotive Force (BEMF)
proportionally increases with the mechanical speed due to
the magnetic field generated by the permanent magnets when
the machine rotates. Generally, the operation of a PMSM can
be distinguished in two different zones, depending on the

VOLUME 11, 2023
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value of the BEMEF, the stator winding voltage drop, and the
maximum current and voltage applied to the machine. On the
one hand, if the BEMF plus the stator winding voltage drop is
lower than the maximum voltage synthesised by the traction
inverter, the electric machine is working in the first zone
called Low Back Electromotive Force (LBEMF). However,
when the speed continues to increase, the limit voltage of the
traction inverter is reached, and the electric machine is then
said to have entered the FW zone. From that moment on, the
voltage applied to the electric machine should be adjusted
throughout the current circulation through the stator windings
to be compatible with the available DC voltage to increase the
mechanical speed while a mechanical torque is still applied
to the shaft.

In [10, p. 303-327] some strategies at the LBEMF
zone have been compared: Constant Torque Angle Control
(CTAC), Unit Power Factor Control (UPFC), Constant
Stator Flux Control (CSFC) and Maximum Torque Per
Ampere (MTPA). In general, for EV applications, the MTPA
algorithm is chosen to minimise the current needed for the
demanded torque. This decision is supported by the necessity
of in-vehicle applications to reduce the cable conductors’
cross-sectional area and maximise the efficiency of the
powertrain.
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FIGURE 6. Characteristic curves for SPMSMs and IPMSMs. The red line represents the current limit circle. The blue line is the voltage limit ellipse.
The magenta lines illustrate the constant torque hyperbolic curves during the Constant Torque Control (CTC). The green line depicts the Maximum
Torque Per Ampere (MTPA) hyperbolic curve. The yellow line is the Maximum Torque Per Voltage (MTPV) hyperbolic curve.

The MTPA condition for PMSMs is defined as 85% =0,
expressing (4) in terms of /5 and y, instead of I; and I,.
Neglecting the magnetic saturation of the electrical sheets,

the MTPA angle value (»vtpa) is expressed as

T
YMTPA = 5 or (8)
(i
YMTPA = arccos { ——————
4-I - (Lg — Ly)

1 22,

+ )]
2 16~13-(Ld—Lq)2)

which are represented in a green straight curve in Fig. 6a and
Fig. 6b for SPMSMs (8) or in a green hyperbolic curve in
Fig. 6¢ and Fig. 6d for IPMSMs (9), respectively.

C. FLUX-WEAKENING CURVES
A constant power range, the elimination of multiple
mechanical gear systems, reduction of the volt-ampere
controller rating, and a compact design are desirable for EV
applications [22], and the FW operation can achieve this
performance.

Fig. 7 shows the ideal torque-speed and power-speed
curves for a PMSM without considering power losses
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FIGURE 7. Torque-speed and power-speed curves for a PMSM both in
traction and regenerative mode. The LBEMF zone is shown in green,
whereas the FW zone is illustrated in yellow.

(copper, iron or mechanical losses). These graphs are
represented in the traction and regenerative braking modes
when the vehicle is moving forward or backward. The
nominal torque (Ty) is defined as the torque value sustained
by the electric machine without any danger of damage, related
mainly to the nominal current (In). At the same time, the rated
power is defined as the power value indefinitely maintained
by the electric machine without any threat to the device,
which depends on the nominal current and voltage (V).
The traction inverter can maintain the nominal torque of
the electric machine until the mechanical speed achieves
the rated value (wn). At this moment, the stator winding
voltage reaches its nominal value, which in turn is the nominal
synthesised voltage by the traction inverter, and depends
on the actual voltage of the power source (Vsource) and the
switching strategy. All possible working points inside the
green striped area belong to the LBEMF zone. From that point
on, if the speed continues to rise, the applicable torque will be
lower than the nominal value, and the current vector should be
modified to maintain the stator voltage equal to the maximum
value synthesisable by the traction inverter, so it works in
the FW zone that is depicted by the yellow striped area. The

22966

T
e [PMSM
T
===« SPMSM
NI XL E XXX XX
)
)
)
)
)
Y
)
S
A )
A}
A )
L )
S
L)
L Y I
1 T "W
WN Wmax2 Wmaxl

(a) Torque versus speed.

P
Py | IPMSM
PNZ ,,,,,,,,,,,,,,,,,,,,,,,,, i o®®y SPl\lS]\I
, \
o | )
4 ]
I' '
g \
(4
/] | )
(4 L}
(]
[}
L]
L}
[}
[} N
I T T >
WN Wmax2 Wmax1

(b) Power versus speed.

FIGURE 8. Torque-speed and power-speed curves comparison for an
SPMSM (dashed magenta line) and IPMSM (continuous magenta line).

maximum controllable speed will depend on the maximum
current and voltage limits permitted by the power source, the
traction inverter, and the electric machine, and the maximum
mechanical speed due to the bearings and the gear system.

In a solid magenta line, Fig. 8 shows the torque-speed
and power-speed characteristics for an IPMSM with the
rated torque and power equal to Tn; and Py, respectively,
and in a dashed magenta line the same characteristics for
an SPMSM with the rated torque and power equal to Tnp
and Pnp, respectively. An IPMSM has a nominal torque
higher than an SPMSM thanks to its reluctance torque,
considering the same characteristic parameters. An IPMSM
can take advantage of the FW behaviour thanks to the
difference between reluctance in its magnetic circuit from
the nominal speed to the maximum speed. Nevertheless, the
range of FW for SPMSMs is more limited than for [IPMSMs.
Their maximum speed is defined by the inductance of the
electric machine, which generally is lower than for [IPMSMs.
Although SPMSMs can adopt fractional slots concentrated
windings that increase the inductance of the electric machine
significantly and therefore can offer a decent FW range, still
lower than the IPMSMs.
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Fig. 9 shows the capability of the deep FW region depicted
in solid yellow if the Maximum Torque per Voltage (MTPV)
zone exists. This zone is also known as Maximum Torque
per Flux (MTPF), and it maximises the machine’s torque
per the stator flux. The MTPV zone is only achievable if
the condition Ismax > Isc is satisfied. Ideally, the electric
machine delivers torque until an infinite speed if no losses
and mechanical limitations are considered. Nevertheless, the
maximum speed is finite due to copper, iron and mechanical
losses. However, if the MTPV zone is not applied, the
maximum theoretical achievable speed is limited. From the
power perspective, the MTPV region can achieve more power
during the deep FW performance, theoretically reaching a
constant power (Pyrpv). This figure reveals the importance
of the control algorithm in PMSM applications since it is
crucial to obtain more power from the same electric machine.

If the electric machine works in the MTPYV region, up to the
maximum speed defined by the current and voltage limits, for
a certain speed value the torque obtained from the machine
is higher than what it would be if an algorithm that only
took into account the current and voltage limits were to be
considered, as it is shown in Fig. 9. So, this means that for
the same torque value the magnet will be less demagnetised,
because the d-axis current will be lower.

The MTPV trajectory is defined as the curve where
the maximum torque at minimum current is achieved,
considering the voltage limit. The MTPV condition for
PMSMs is defined as agf;“ = 0, expressing (4) in terms of
I and 8. Neglecting the magnetic saturation of the electrical
sheets, the MTPV current value (Iyrpy) is expressed for
SPMSMs and IPMSMs, respectively, as

Ivitpv
1.
= —>"_ and (10)
cos(y)
Ivtpy
u - cos(y)

2 (cos(y) — £2 - sin’(y))
12082 () = (cos2 () — 62 sin () - (2 — €2 - 52)
2 - (cos(y) — &2 - sin*(y))

+

)

(11)

where £ is the saliency ratio defined as 2—3, and u and B are
defined as

Am
L, - L

= A 13
,U«—,B—E- (13)

B (12)

If the voltage curve center is located inside the current
circle (/s max > Isc), then the theoretical maximum achievable
speed is infinite, as long as the MTPV curve is followed
and no electromagnetic and mechanical losses are considered.
This is represented in yellow as a straight curve in Fig. 6a for
SPMSMs or as a hyperbolic curve in Fig. 6¢ for IPMSMs.
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FIGURE 9. Comparison of torque-speed and power-speed curves with
and without the MTPV zone. The LBEMF zone is represented in green
stripes, the first region of the FW zone is shown in yellow stripes, and the
extended FW region is illustrated in solid yellow.

On the contrary, if the voltage curve center is located outside
the current circle (/s max < Isc), then the maximum speed is
finite at the point (Iy, I;) = (—Is, 0), and there is no MTPV
curve available as shown in Fig. 6b for SPMSMs and Fig. 6d
for IPMSMs.

D. PERMANENT MAGNET SYNCHRONOUS MACHINE
TRAJECTORIES

When the speed is low and the torque increases, the operating
points move along the MTPA curve to minimise the stator
current. The voltage ellipse curves shrink as the speed
increases, and when the voltage ellipse curve crosses the
MTPA zone, an FW strategy has to be applied, maintaining
the stator voltage inside its limit. Depending on the torque
reference, this value can be sustained at the FW during a
specific speed range whenever the current limit is not reached.
This particular region is named Constant Torque Control
(CTCQ). If the speed increases and the voltage ellipse curves
shrink and cross the current limit circle, the operating points
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FIGURE 10. Trajectories at MTPA and FW zones for SPMSMs if /s max > /sc-

move along the current limit circle. This particular region
is called Current and Voltage Limit Control (CVLC). If the
MTPYV curve exists and the speed increases, the moment the
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FIGURE 11. Trajectories at MTPA and FW zones for SPMSMs if /s max < /sc-

current limit circle intersects the MTPV curve, the operating
point will move along the MTPV curve.

Depending on the value of I max, different trajectories can
be followed. If /s max > Isc, then the motor can follow either
trajectory 1.1, 1.2 or 1.3, as it is depicted in Fig. 10. However,
if Is max < Isc, the electric machine can only follow trajectory
2.1 and 2.2, as it is showed in Fig. 11. All these figures are
represented for SPMSMs. A similar approach can be made in
the case of an IPMSM, whose characteristic curves are shown
in Fig. 6¢ and Fig. 6d.

E. POWER LOSSES AND EFFICIENCY SIMULATION
DURING FW OPERATION

The power losses on a PMSM depend on the Joule effect,
magnetic losses in the stator and rotor electrical sheets, eddy
current losses within the permanent magnets, and mechanical
losses. In this section, all these possible losses are reduced to
the Joule effect losses to compare the FW methods that work
on the FW operation at the CVLC trajectory and the others
that work in the CVLC plus MTPV trajectories. Simulations

VOLUME 11, 2023



C. Miguel-Espinar et al.: Review of FW Algorithms to Extend the Speed Range in EV Applications With PMSMs

IEEE Access

TABLE 1. Characteristic parameters of the IPMSM.

Symbol Description Value Unit

R Stator resistance 17 mS)
Ly d-axis inductance 70 pH
Ly g-axis inductance 79 nH
Vih-n,max Peak voltage 27.7 A%
Toh,max Peak current 330 A
Amphnmax ~ Peak flux-linkage ~ 0.023 (V-s)/rad
PP Pair of poles 20

Tmn Rated torque 66 N-m
Wm,n Rated speed 510 rpm

62 —“\
~-CVLC
60 ~=~MTPV|
350 400 450 500 550 600 650 700 750 800
wu (rpm)
FIGURE 12. Motor Joule power losses regarding mechanical speed
differentiating between CVLC and MTPV trajectory.

from a MATLAB-Simulink model are carried out to analyse
the power losses and the efficiency of a direct-drive IPMSM,
which runs as the rear wheel of an e-motorbike. The most
relevant parameters of the electrical machine are listed in
Table 1.

The PMSM is simulated under different load torque
conditions: from 100 N-m to 180 N-m in steps of 10 N-m.
Furthermore, the steady-state points depend on the control
strategy that changes between the CLVC and MTPV trajec-
tories. In the following graphs, the blue and orange lines
represent the CVLC and MTPV trajectories. Fig 12 and
Fig 13 show the motor joule power losses and efficiency
regarding the mechanical speed in both trajectories. The first
conclusion is that the MTPV trajectory can achieve a higher
speed for the same torque load. Furthermore, for the same
torque load, the power losses are less in the case of the MTPV
trajectory than in the case of the CVLC trajectory. The main
reason is that following the MTPV trajectory, the PMSM can
apply the same torque as the CVLC trajectory but at a lower
current rate.

Ill. FLUX-WEAKENING STRATEGIES

A. INTRODUCTION

Although several torque-and-speed regulation schemes are
found in the scientific literature, such as Direct Torque
Control (DTC) [23], [24], Field-Oriented Control (FOC) is
the most used one, and it is widely accepted for PMSM
control in the industry sector. In the case of DTC, the control
variables are flux and torque, and its main advantages are
simplicity, fast dynamic response and dependency to fewer
parameters compared to the FOC schemes [25]. Nevertheless,
the main problem of DTC is to determine the optimal flux
and torque set values regarding the optimal efficiency and
the consideration of the current and voltage limitations.
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FIGURE 13. Motor efficiency regarding mechanical speed differentiating
between CVLC and MTPV trajectory.
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FIGURE 14. General block diagram implementing an FOC algorithm for
PMSM applications by taking into account the FW region. The reference
values are represented in purple. The feedback values from the real
system are shown in red. The intermediate calculations are depicted in
blue.

Some authors implement 2D-Look-Up Tables (LUTs) from
experimental results or Finite Element Analysis (FEA) to get
these values [23].

The main reason why FOC is used is its good dynamic
performance, a moderate computational burden, and a
constant switching frequency independent from the machine
speed [26]. This method provides a decoupled torque and
flux control during transients and steady-state for SPMSM.
One of the main drawbacks of the FOC algorithm is
the decoupling dependence to the plant parameters, such
as the inductance winding and the flux-linkage, to get a
high dynamic response when the torque reference changes.
Moreover, for an IPMSM, there is no clear separation
between flux and torque throughout the winding currents, and
FW operation demands a minimum amount of voltage reserve
due to the transients and compensates for any disturbances.
The latter condition supposes a limit to the maximum power
of the powertrain.

The general scheme in the synchronous reference frame
of the PMSM control while using FOC and taking into
account the FW zone is shown in Fig. 14. Depending
on the application, some authors have implemented their
FW algorithm by calculating the dg-axis current references
from the torque or speed setpoint. Although each method
is different, the MTPA algorithm is generally used in the
LBEMEF zone for EV applications, as mentioned in Section II.
Furthermore, the torque equation plus the current and voltage
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FIGURE 15. Control strategies for FW operation.

limits are considered during high speed. Additionally, some
authors consider the MTPV region in the control structure.
In summary, the FW operation follows an optimisation
problem where the dg-axis current references should be
determined from the torque or speed setpoint, considering the
reference torque, current speed, current and voltage limits,
and thermal state of the powertrain.

The hardware architecture is simple because it is formed
by a DC power source, a Voltage Source Inverter (VSI), and
a PMSM. Generally, the current values of the DC power
source voltage, the phase currents (usually the neutral point
is not connected, so only two current measurements are
needed), and the electrical speed are required to implement
the control. These feedback measurements are depicted in
red. Some authors have proposed obtaining the mechanical
speed from observers based on the plant model, and no
speed sensor is needed [27], [28], [29], [30], [31]. For low-
cost applications, Hall-effect switch sensors are used, but
an accurate mathematical algorithm is required to obtain the
correct electric speed and position [28], [29], [30], [31], [32],
[33], [34], [35], [36], [37], [38], [39], [40], [41]. Intermediate
calculations, depicted in blue, are needed to apply the control
algorithm to calculate the actual currents in the machine’s
synchronous reference and the electrical speed and angle.

In the event that the speed controller is implemented,
there is a control algorithm structure based on two cascade
controllers: current and speed control loops. Generally, both
a torque reference and a maximum speed limitation can be
distinguished in most EV applications. The references to the
control algorithm are shown in purple. Usually, a reference
torque (7)) is demanded through the accelerator pedal, and
a maximum speed (@) is established for the Cruise Speed
Limiter (CSL).

The current and speed controllers can be individually
parametrised through some well-known control techniques
from the dynamic response, noise and disturbance rejection
points of view because the dynamics of both are very
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different. In turn, traditional FOC algorithms apply two
independent current controllers, i.e., one for the d-axis
current regulation and the other for the g-axis current
regulation. In the FW operation, the saturation of the two
current regulators has to be avoided because they can conflict
with each other, leading to instability of current [42].

B. FLUX-WEAKENING ALGORITHMS CLASSIFICATION

The literature reveals several FW control strategies, although
there are no unified criteria to be classified. The purpose
of this paper is to establish a basis for categorising them.
Authors in [43] and [44] made the first approach, organising
the FW methods into feedforward and feedback strategies.
On the one hand, feedforward strategies are mentioned
as model-based methods because they utilise the motor
parameters and the current DC voltage to calculate the
optimal current trajectories for the required torque and flux
at each speed. The g-axis reference current is determined
from the speed or torque command, and the d-axis reference
current is obtained from the current and voltage constraints in
different speed regions as a function of the operating speed.
Feedforward methods depend highly on motor parameters
and operating conditions, but guarantee good stability and
transient responses [45].

On the other hand, feedback strategies are generally based
on the direct control of the inverter output voltage through a
proper control loop regulation. The d-axis reference current
is adjusted to track the voltage limit at increasing speed.
These methods are robust because they do not use the electric
machine parameters. Nevertheless, the transient performance
of closed-loop voltage controllers is poor, and the gain setup
of the regulators is complex owing to the operation in the
proximity of voltage saturation region [45].

Taking a step forward, authors in [46] have classified the
FW control strategies into several groups (see Fig. 15). From
the authors’ best knowledge, Table 2 indicates the reviewed
literature in this article differentiating those methods that
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FIGURE 16. Block diagram of the analytical direct calculation method.
Source: [48].

Wm + €Wm PID

consider the deep FW operation from those methods that do
not consider it.

Each method is described in the following sub-sections
through a block diagram, and their main advantages and
disadvantages are presented to establish a comparison. Thus,
the FW capability will be the main focus of this analysis.

C. ANALYTICAL DIRECT CALCULATION METHOD

The analytical direct calculation method uses the equations
in both LBEMF and FW zones to generate the required
d-axis and g-axis reference currents through a flowchart
diagram [20], [21], [45], [47], [48], [49], [50], [51]. The
reference currents are calculated by considering the reference
torque, actual speed, current limit, and voltage limit at every
rate of the machine. When the speed is below the base speed,
the electrical machine works in the LBEMF zone, applying
the MTPA formula. When the speed is higher than the base
speed, the electrical machine works at the voltage limit in the
FW zone. In general, these equations do not consider either
the stator resistance or the magnetic saturation to facilitate the
implementation in a real system.

Fig. 16 shows a block diagram example to implement
the analytical direct calculation algorithm with an FW
operation. Generally, a PID speed controller generates the
g-axis reference current, and the d-axis reference current is
calculated from the electrical speed and the g-axis reference
current using the characteristic equations of a PMSM. Fig. 17
shows the flowchart used to transition over the basic speed by
calculating the d-axis current reference in case the electric
machine is working in the LBEMF or FW zone.

The main drawback of this algorithm is its inherent suscep-
tibility to the variation of the electric machine parameters and
the required time to calculate the dg-axis current references
in a real-time control when working with an IPMSM
[63], [81]. Furthermore, these methods generally do not
consider the magnetic circuit’s stator resistance or saturation
effects, making the control susceptible to becoming unstable
in the worst situation. However, this simplification is only
appropriate for high-power machines with relatively small
stator resistance [101]. Sainz et al. presented a methodology
in [21] to consider the stator resistance in the analytical
expressions to generate the reference currents with low execu-
tion time, allowing their exact computing that avoids complex
equations, LUTSs or numerically adjusted polynomials. They
claim that their method considers any parameter variation
during real-time operation, and they propose linking this
methodology with a parameter estimator strategy to obtain the
best possible performance. In [20], Olarescu et al. combine a
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FIGURE 17. Flow chart of the analytical direct calculation method.
Source: [48].

flowchart with the capability of working in the MTPV zone
with a voltage PID controller to calculate the variation of
the d-axis reference current taking into account the value
from the reference torque. In [45], Tursini et al. implement
a control strategy accounting for resisting voltage drop,
simplifying the algorithm through piecewise-linear functions.
In [51], Wang et al. propose a flowchart tree to decide
the operation region regarding the current speed and the
reference torque. Besides, a second-order Newton-Rapshon
method based on a First-Order Taylor series Jacobian matrix
approximation is used to calculate the pair dg-axis current
references in an iterative form. Furthermore, they considered
the magnetic cross-coupling, magnetic saturation, and non-
linear differential inductances through LUTs.

D. DIRECT OPEN-LOOP ALGORITHM WITH
EXPERIMENTAL LUTs

The direct open-loop algorithm method is based on experi-
mental or FEA LUTs that store the relationship between the
torque setpoint and the maximum allowable flux-linkage with
the dg-axis current references [52], [53]. Fig. 18 shows the
basic block diagram. In this case, the method to calculate the
current references is not based on mathematical equations but
offline LUTs. The extension from the base speed is achieved
thanks to mapping the flux linkage and torque regarding the
dg-axes currents setpoints and the minimum value between
the optimal flux for the torque setpoint and the maximum flux
according to the actual electrical speed.
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TABLE 2. Control strategies for FW operation without and with MTPV operation.

Method Without MTPV With MTPV
Analytical Direct Calculation method [45], [47] [20], [21], [48]-[51]
Direct Open-Loop algorithm with experimental LUTs [52] [53]
SCR [42], [54], [55] [56]
VCC [43], [57]-[69] [46], [70]-[86]
TFC method with LUTs [87], [88] [89]-[98]
UDFVC in the stator flux frame [99], [100] -
Vi
) Start
1D-LUT
Tone = £(N)
2D-LUT
@ T| 12Ty | L, MTPA
control

FIGURE 18. Block diagram of the direct open-loop algorithm with
experimental or FEA LUTs method.

The main advantage of using LUTs to determine the
current references is that they accounts for the inductance
variability due to the magnetic saturation. In this way, the
traction inverter can follow the torque reference continuously
regardless of the degree of magnetic sheet saturation.

Its primary drawbacks are the sizeable experimental setup
to obtain the different LUTs in the torque-speed range and
the memory usage to store the LUTSs in the traction inverter.
Furthermore, the testing of the electric machine is risky and
time-consuming. In [53], Kunter et al. assert a new control
strategy relying on LUTs only containing points on the edges
of the operating area. They ensure this method maintains
a sufficient level of accuracy and minimizes the storage
requirements and determination effort. Besides, they use the
Newton-Rapshon algorithm based on the analytical machine
equation and its average parameters to determine the dg-axis
current references. Their main limitation is that they do not
consider the saturation effects, but if improved exactness is
needed, additional LUTs could be employed.

E. SINGLE CURRENT REGULATOR

This method works at the FW zone based on the regulation
of a unique current controller [42], [54], [55], [56]. In deep
FW operation, having two current controllers can conflict
between them and make the control system unstable when
the applied voltage exceeds the maximum available voltage
in both transients, and steady-state [54]. The Single Current
Regulator (SCR) algorithm switches between two control
strategies: one at the LBEMF zone and another at the FW
zone (see Fig. 19). The flowchart for transitioning over the
base speed is set when the voltage modulus exceeds the
maximum allowable value. This maximum voltage depends
on the DC voltage and the switching strategy. During the FW
operation, the speed closed-loop generates the d-axis current
reference, whereas the g-axis voltage is fixed. Nevertheless,
the transition under the base speed is done when the d-axis
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Wm + ew, PID jF ; ool L7
Eq. MTPA | 7ares’ dq I,
irea = (L)

FIGURE 20. Block diagram of the SCR method with MTPA operation.
Source: [56].

current is higher than the equivalent d-axis current in the
MTPA region.

In the LBEMF zone, this method works in the MTPA
region. It controls the d-axis and g-axis currents indepen-
dently (see Fig. 20). In general, a speed PID controller gives
the current modulus setpoint. With the MTPA equation, the
d-axis and g-axis current setpoint can be defined. However,
this method changes its control algorithm to enter the FW
zone when speed increases. Here, the g-axis current controller
is removed to uniquely regulate the d-axis current from the
speed controller or the torque setpoint, in addition to fixing
the g-axis voltage command at a certain value (see Fig. 21).
The d-axis current is calculated from the torque setpoint at the
output of the speed controller being multiplied by a constant
K. The constant value is negative because the demagnetizing
current is always opposed to the flux linkage generated by
the PMs. The d-axis current command contains both the
demagnetizing current and torque information. The full usage
of the DC voltage depends on the g-axis voltage value, and the
optimal g-axis voltage should be found adaptive to variable
speeds and torque.

The main advantage of this method is that there is no
conflict between the d-axis and g-axis current controllers
during the FW operation. It simplifies the saturation strategy
when the current controllers work close to the maximum
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FIGURE 21. Block diagram of the SCR method with FW operation.
Source: [42].

voltage because the g-axis voltage is fixed to a specific value,
and the rest of the available voltage will be assigned for the
d-axis voltage.

On the contrary, the main disadvantage is the application of
analytical switching from low to high speeds and vice versa,
making difficult the smooth transition between LBEMF and
FW zones [81]. Moreover, the current magnitude limitation
cannot be guaranteed since only the d-axis current is directly
controlled. Furthermore, this method has weak stability
and high sensitivity to the controller parameters [63]. The
FW operation is subject to the torque load and the speed
command, so to achieve high performance, the g-axis voltage
reference should be calculated in real-time according to the
speed and d-axis current.

In [42], Zhang et al. claim there is the need for an
optimal g-axis voltage criterion for variable speed and load
conditions to improve the system’s operational efficiency
and performance. The authors proposed estimating the
g-axis voltage reference according to a 2D-LUT, depending
on the mechanical speed and torque setpoint. They claim the
DC bus voltage is better utilised, but the phase currents do
not seem minor than the original method in the simulation
figures during FW operation. Furthermore, they also claim
that finding the optimal g-axis reference in terms of variable
speed and torque is time-consuming, especially if saturation
and cross-saturation effects are to be considered.

In [56], Zhu et al. propose an FW strategy based on
SCR and Voltage Angle Control (VAC) to avoid the conflict
between the two dg-axis current regulators in deep FW
operation. In the FW strategy, the d-axis current controller
output is the voltage angle §. The dg-axis voltage references
are calculated according to this angle and the maximum
allowable voltage in real-time. They claim the algorithm,
which can work at the MTPV region, is not parameter-
sensitive, and the DC voltage is thoroughly used by setting the
voltage amplitude to its maximum. According to the authors,
its main limitation is that the control system can only work as
a motor because it will lose control in the generation mode.

F. TORQUE AND FLUX CONTROL METHOD WITH LUTs

The torque and flux control (TFC) with LUTs combines
closed-loop control by using the output voltage setpoints from
the current PID controllers and the feedforward control with
offline tables, unlike DTC, which uses hysteresis controllers
and a switching table [87], [88], [89], [90], [91], [92],
[93], [94], [95], [96], [97], [98]. According to [96], this
methodology reduces the torque and flux ripples compared

VOLUME 11, 2023

2D-LUT
L= f(T\)

2D-LUT
1, = f(T\)

1D-LUT
Nurea = f(T)

FIGURE 22. Block diagram of the TFC method with LUTs in FW operation
with speed reference. Source: [91].

1D-LUT

X max
e . T = f()\) T

T To .
' 2D-LUT 1
—
\—F Is= (TN
. 2D-LUT 1,
v - A L=iTyN |
V- ey AX
VISV pip | e

FIGURE 23. Block diagram of the TFC method with LUTs in FW operation
with torque reference. Source: [102].

with the classical DTC scheme. The transition over the base
speed is achieved thanks to regulating the voltage modulus
by varying the operating flux linkage from the corresponding
MTPA value. The dg-axes current setpoints are mapped for
the entire flux linkage and torque range.

Fig. 22 and Fig. 23 show the block diagrams of the
TFC with LUTs considering the speed or torque setpoints,
respectively. This methodology is based on 2D-LUTs to
calculate the dg-axis current setpoints from the torque and
flux linkage reference values. Furthermore, a third 1D-LUT
is used to calculate the base flux linkage regarding the
torque setpoint to work in the MTPA region. The maximum
allowable flux linkage decreases if the electrical speed rises,
and the FW operation is controlled by a feedback path with
the magnitude of the applied voltage. A is the flux reference
that the voltage PID controller modifies depending on the
maximum voltage.

Similar to the direct open-loop algorithm with the exper-
imental LUTSs, this method mainly defines the magnetic
saturation through the pre-calculated LUTs. So, the dg-axis
current references from the torque and flux setpoints are
more accurate, and the machine performance in steady-state
is better than other methods that do not consider the magnetic
saturation. In [93], Y. Z. Chen et al. present a methodology to
get the 2D-LUTs that relate the dg-axis current references to
the torque and flux setpoints. Furthermore, the authors claim
that an improved voltage control loop is developed to achieve
a demand for fast dynamics when the rotor speed increases
rapidly by adding an extra stator flux linkage compensation
related to the acceleration. A proportional factor multiplying
the acceleration of the machine is used to obtain the extra
stator flux linkage compensation. However, the authors do not
propose a method to calculate this factor.
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In [91], Bae et al. enumerate several drawbacks of classical
solutions [89]: 1) difficult seamless transition between FW
operation and Six-Step operation, ii) dynamic torque control,
and iii) current harmonics due to Six-Step operation imply
the generation of current ripple at the DC-link capacitor of
the inverter and reduce its lifetime, degrading the reliability
of the driving system. The authors base their affirmation
on the fact that most PID current controllers have an anti-
windup algorithm to avoid the windup of the integrator.
A back-calculation method is usually used, modifying the
current reference from the difference between the reference
voltage obtained from the current regulators and the output
voltage limited by the over modulation. This classical strategy
may conflict with the FW controller if both are activated
simultaneously. Bae et al. propose removing the anti-windup
of the current controllers and separating the feedback control
into two independent PID controllers, one for the d-axis
voltage and another for the g-axis voltage.

Another shortcoming of classical approaches is the large
memory requirement to store the 2D-LUTs and 1D-LUT
and the dependence on the previous experimental results
of the electric machine. Ekanayake et al. in [98] propose
a new algorithm based on the torque-flux plane where the
two 2D-LUTs are substituted by two PID controllers that
regulate the torque and flux of the machine. The relationships
between speed, torque, and flux in different regions are based
on curve-fitting techniques instead of LUTs.

G. UNIFIED DIRECT FLUX VECTOR CONTROL IN THE
STATOR FLUX FRAME

This method operates in the stator flux coordinates where
the d-axis voltage directly controls the stator flux amplitude,
while the g-axis current component regulates the torque
setpoint. Unlike the other control algorithms based on the
rotor frame, this method is based on the stator frame
[99], [100]. The load angle (¢) is the phase angle of the stator
flux linkage with respect to the rotor flux. A PID regulator
that controls the d-axis current from the load angle error sets
the transition over the base speed. The angle limit depends
on each type of motor. The exact value depends on the motor
and can be evaluated by model manipulation or by dedicated
tests at no load with trial-and-error values in the particular
range [100].

The control algorithm requires three different PID con-
trollers: two of them are needed to control the flux linkage
magnitude, and g-axis current, respectively, and one more is
necessary for the load angle limitation at high speeds [100].
Fig. 24 depicts the control block diagram. A flux observer
calculates the estimated flux linkage and the load angle from
the o8-axis voltage and current magnitudes. The optimization
algorithm determines the stator flux linkage and the g-axis
current considering the torque, MTPA, and MTPV equations.

The main advantage is that the method is compatible with
all AC machines: IMs, PMSMs, and SyRMs [100]. Moreover,
this method combines the benefits of the direct flux control
and uses only one current regulation channel for the torque
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FIGURE 24. Block diagram of the UDFVC method. Source: [100].

setpoint. So, the FW operation and the current limit are
straightforward to accomplish.

The main shortcoming is the need for a flux observer that
depends on the machine parameters. Then, any mismatch
between the actual parameters and their estimated values can
lead to a flux estimation error in the low-speed region and
a possible steady-state torque estimation error. Besides, the
maximum load angle must be determined experimentally,
which makes the method dependable on the machine and the
bench test [81].

H. VECTOR CURRENT CONTROL

The Vector Current Control (VCC) method achieve the
transition over the base speed by applying a variation on the
d-axis current, g-axis current or the current angle, which is
calculated in the MTPA zone, from the voltage magnitude
error [43], [46], [58], [59], [60], [61], [63], [65], [66], [67],
[68], [69], [70], [711, [74], [76], [77], [78], [79], [80], [81],
[82], [83], [84], [85], [86], voltage error [72], [75], [103],
current error [57], and duty cycles error [62], [64], [73].

The most common strategy for industrial applications is
the regulation of the voltage magnitude [56], [81]. Generally,
there are no voltage sensors at the output of the power
converter, and the feedback path of the voltage vector
results from the output of the current PID controllers.
Hence, this method neglects several effects, such as the
voltage drop of the power switches, the dead time or the
signal conditioning delays, although some authors claim to
compensate them [81].

Fig. 25 depicts the block diagrams that correspond to the
different VCC methods studied in the literature. In terms of
comparison, in the case of regulating the voltage error or duty
cycles, the use of low-pass filters in the control loop impacts
the dynamic control performance. Besides, the strategies to
regulate the voltage error and the duty cycles are based on
the overmodulation capabilities of the power converter and
on enabling the increase of the maximum available voltage at
the expense of additional current harmonics [81].

1) Regulation on the voltage magnitude

This method regulates the voltage norm based on a feedback
voltage control loop. This loop compares the voltage vector
setpoint, which is generated by the current PID controllers,
with the voltage limit. If the norm value is higher than
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FIGURE 25. Block diagram of different VCC methods.

the imposed limit, the chosen FW variable is modified to
reduce the flux of the stator windings by controlling the
current vector. The voltage controller can be synthesized by a
cascaded method using the closed-loop model of the current
regulation and positioning the FW bandwidth accordingly.
In the case of an external speed control loop, the FW
regulation dynamic should be negligible according to the
mechanical dynamics [81]. Fig. 26 depicts the three different
strategies proposed in the literature to select the FW variable
control: d-axis current, g-axis current, or y current angle. The
comparison between the three control structures is detailed in
Section I'V.

The main advantage of this strategy is that the saturation
effects and the resistor voltage drop parameters are consid-
ered when transitioning between the LBEMF and FW zones
thanks to the feedback path without knowing the exact value
of these parameters.

The main drawback of this method is the voltage limit to
start the FW operation because this value affects the power
density of the powertrain. The limit voltage is defined as
a partial quantity of the maximum voltage applied to the
electric machine to avoid low current regulator dynamics
and possible instability required for load transients and
low-frequency disturbances. The current PID controllers
are generally saturated to the maximum available voltage.
Although working in the overmodulation region or using
the Six-Step switching strategy would help to improve the
employment of the DC voltage, it will imply the increase
of the torque ripple, the reduction of control dynamics, and
the injection of current harmonics, which will favour the
appearance of noise and vibrations. Another disadvantage is
the non-linear relationship between the voltage magnitude
and the variable to control, making it challenging to tune
the FW controller for a wide bandwidth of working points.
Besides, the static gain of the closed-loop plant is not constant
in all speed ranges, as it modifies the control effort for the
same input variation [43], [83].
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FIGURE 26. Block diagram of the VCC method regulating the voltage
magnitude.
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Bolognani et al. in [43] propose a voltage regulator with
an adaptive gain. The authors suggest an extensive speed
range where the plant is stable and has a higher torque versus
speed powertrain performance. Besides, they made a static
and dynamic analytical investigation of the feedback voltage
control loop according to the three different strategies shown
in Fig. 26. The main conclusion is that the strategy that varies
the current angle provides a smoother transition in the entire
FW zone.

In [81], Sepulchre et al. claim to have developed an FW
algorithm that is capable of working in the MTPV region,
and it smoothly changes from the LBEMF to the FW zone
without switching algorithms. It is done by adjusting the
d-axis current in the FW operation. The authors considered
the maximum power of the battery that mainly affects
the constant power region. Although the authors claimed
that simulation and experimental results are satisfactorily
concordant, it is shown that there are discrepancies between
the dg-axis trajectories, mainly when the electric machine
enters the MTPV zone.

Lee et al. in [68] analyse the performance of the FW
strategy during the overmodulation area, with modulation
strategies other than SVPWM. This article analyses the con-
sequences of the error committed during the overmodulation
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TABLE 3. Comparison of control strategies for FW operation.

Control strategies Advantages Drawbacks References
Analytical direct calcu- - Good stability. — Susceptible to the machine parameters, the variation [20], [21], [45],
lation of these parameters with temperature or saturation effects,  [47]-[51]

and operating conditions.
— Good transient response. — Excessive calculation time for [IPMSM implementation.
— Resistor drop and saturation effect are not considered.
— MTPV is not considered.
Direct open-loop algo- — Consideration of inductance variation due  — Sizeable experimental setup to obtain the different LUTs [52], [53]

rithm with experimental ~ to magnetic saturation.

in all the torque-speed range

LUTs
— Torque reference is correctly followed
independently of the degree of saturation.
SCR — No conflict between the dg-axis current — Lumpy transition between the LBEMF and FW opera- [42], [54]-[56]
controllers during FW operation. tion.
— The current magnitude is not limited.
— Weak stability and high sensitivity to the controller
parameters.
— g-axis voltage reference depends on the load and the
speed reference to achieve a good performance.
TFC method with LUT — Definition of the magnetic saturation. — Large memory usage in order to store the LUTs. [87]1-198]
— Robustness to the variation of the motor — Complex implementation to manage some out-of-
parameters and uncertainties. domain operating conditions.
— An extensive off-line measurement and post-processing
efforts should be carried out to fill in the tables.
UDFVC in the stator — Compatible with all AC machines. — Requirement of a flux observer that is dependent on the [99], [100]
flux frame machine.
— Direct-flux control and a unique current — The maximum load torque should be determined
controller to manage the torque setpoint. experimentally.
— No MTPV considered.

VCC on voltage magni-
tude

— Consideration of the resistor voltage drop
and the saturation effects in the transition
to/from the FW operation.

— Limitation of the maximum utilization of the DC bus
voltage.

[43], [46], [58]-
[61], [63], [65]-
[711, [74], [76]-
[86]

— Inaccuracies because of errors between the predicted
magnitude of the voltage and the actual voltage applied to
the machine.

VCC on voltage error — Over-modulation strategy enables the
increase of the maximum voltage available.

Low control dynamic performance due to LPFs. [72], [75], [103]

Injection of additional current harmonics.

VCC on current error

Low control dynamic performance due to LPFs. [57]

VCC on duty error — Over-modulation strategy enables the
increase of the maximum voltage available.

Low control dynamic performance due to LPFs. [62], [64], [73]

Injection of additional current harmonics.

area between the voltage vector on the feedback path and
the voltage applied to the electric machine. Besides, the
authors proposed a method to minimise the calculated voltage
while performing FW control to reach high speeds with the
minimum current. Nevertheless, the main limitation of the
analytical study is its only application for SPMSMs, and
the saturation effects and the resistor voltage drop were not
considered.

IV. DISCUSSION
The rapid penetration of EVs in the automotive sector makes
it mandatory to improve the efficiency in the energy flow of
powertrains to extend the battery life and achieve compact
designs. In this article, the main focus is on the torque and
speed control algorithm to get the maximum performance of
the electric machine in all the speed ranges. Special mention
is made to the deep FW operation to reach the maximum
torque at high speeds, which is required for electric traction
machines.

The most common electric machine used in the electric
powertrain is a PMSM, specifically an IPMSM, due to several
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reasons: i) high power density and high torque to current
ratio; ii) high torque at low speed; iii) high efficiency;
iv) reduced size; v) precise control at low speed; vi) high
flux-weakening capability. Nevertheless, the selection of
the electric machine is an arguable topic, and the newer
topologies will address the issue from three points of view:
design, manufacturing, and life cycle assessment. The main
goal of new concepts is to reduce the use of rare resources
with alternative materials or advanced configurations while
achieving lower cost, higher efficiency, and power density
than the current electric machines in the market.

The characteristic curves of a PMSM depend only on
its intrinsic features. Once these features are extracted, the
power converter should achieve the best efficiency in all
the speed ranges. A debatable topic in the literature is the
variation of the characteristic parameters with the current and
the temperature. Several authors studied the dependence of
the dg-axis inductances regarding the current distribution and
the flux linkage and resistance regarding the temperature.
Other authors have included this variation in the control
algorithm to achieve the maximum performance of the

VOLUME 11, 2023



C. Miguel-Espinar et al.: Review of FW Algorithms to Extend the Speed Range in EV Applications With PMSMs

IEEE Access

TABLE 4. Comparison of different VCC methods regulating on the voltage magnitude analysed in the literature.

Output Inductance  Reference  Coordinate Voltage Reference .
Reference Voltage Controller MTPV Saturation System System Loop Analysis Signal Machine
[58] d-axis current Natural Cartesian Speed IPMSM
[59] current angle * Natural Polar Torque IPMSM
[60] d-axis current * Per-unit Cartesian * Speed IPMSM
[70] d-axis current * Natural Cartesian Speed  IPMSM
[61] current angle Natural Polar * Speed IPMSM
[71] dg-axis current * Natural Cartesian Speed SPMSM
[63] current angle Natural Polar * Speed SPMSM
[43] current angle Natural Polar * Speed IPMSM
[46] d-axis current * Natural Cartesian Torque IPMSM
[77] d-axis current * Natural Cartesian Speed IPMSM
[65] d-axis current Natural Cartesian * Speed IPMSM
[78] current angle * Natural Polar Speed SyRM
[79] d-axis current * * Natural Cartesian Speed IPMSM
[74] d-axis current * Natural Cartesian Speed IPMSM
[76] d-axis current * Natural Cartesian Speed IPMSM
[81] d-axis current * Natural Cartesian Torque IPMSM
[82] d-axis current * Natural Cartesian Torque  IPMSM
[80] d-axis current * Natural Cartesian Torque IPMSM
[66] current angle Natural Polar Speed  IPMSM
[67] d-axis current Natural Cartesian Speed IPMSM
[83] current angle * * Per-unit Polar * Speed SyRM
[84] current angle * Per-unit Polar Torque/Speed ~ IPMSM
[85] d-axis current * Natural Cartesian Speed IPMSM
[86] current angle * * Per-unit Polar Torque/Speed IPMSM
[68] d-axis current Natural Cartesian Torque  SPMSM
[69] current angle * Natural Polar Torque (braking) IPMSM

electric machine. Table 3 summarises the main characteris-
tics, advantages and drawbacks of the FW strategies studied
in Section III.

As discussed in Section III, the VCC method is the most
common choice to work in the FW zone. Different techniques
have been examined in the literature. Table 4 shows the main
characteristics of each one: output voltage regulator (d-axis
current variation, g-axis current variation or current angle
variation), MTPV implementation, reference system (natural
or per-unit), coordinate system (Cartesian or polar), voltage
loop analysis, reference signal (torque, speed or both), and
electric machine (IPMSM, SPMSM, or SyRM).

The authors suggest the best solution for VCC control
strategies is to consider the output of the voltage regulator
as the current angle instead of the d-axis current or g-axis
current, and it will maximise the dynamic performance of
the controller [43]. Then, a lower voltage margin can be
considered, and high torque and efficiency are achieved,
increasing the actual power density of the electric drive.
The authors implemented an FW algorithm with torque
reference and the speed limit in a unified scheme, using
a per-unit system to be executed effectively in a low-level
and low-cost microcontroller, therefore achieving a smooth
transition among all possible trajectories [84]. Furthermore,
in the case of having the variation of the dg-axis inductances
regarding the dg-axis current, either by numerical simulations
or by experimental results, the authors propose to include
them through 2D-LUTs in the torque, MTPA, and MTPV
equations [86].

The authors propose investigating newer control strategies
by analyzing the optimization problem of reduced losses
in the entire powertrain. It means not only achieving the
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best performance of the electric machine but also the power
electronics working in the best efficiency point of the integral
solution [14].

V. CONCLUSION

Although the development of new electric machines without
the dependency on rare-earth materials has gained interest in
the past few years, the common choice as the primary traction
component in EV applications is a PMSM. EV manufacturers
still prefer the PMSM option due to its high efficiency,
superior power and torque density, and wide speed range at
constant power. IPMSMs are generally utilised rather than
SPMSMs due to a higher torque and power per volume ratio
obtained from the additional reluctant torque.

At speeds lower than the nominal value, the MTPA strategy
is the most commonly used to achieve the best performance of
the machine in traction applications. Over the nominal speed,
an FW strategy should be applied to widen the speed region at
constant power and get the maximum torque in all the speed
range. This article has reviewed the main characteristics and
the diagram blocks of several control strategies that work in
the FW zone presented in the literature. The findings of this
research can be summarised as follows:

« Robustness to parameter modification and model
unsureness: VCC strategies inherently consider the
resistor voltage drop and the saturation effects in the
transition to/from the FW operation. The saturation
effects at high speeds and high currents can be consid-
ered through LUTs as it is done for the feedforward
approaches.

o Computational complexity: Feedforward methods
require knowing about the machine parameters such as
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the resistance and inductance. Hence, a lot of effort must
be made to parametrise the electric machine through
FEA or experimental tests. Including all these results
require a great deal of memory and computational effort.
« Dynamic response and control stability: Feedforward
strategies have fast responses due to the lack of closed-
loop structures. However, VCC control strategies easily
obtain stability, robustness and good performance in the
transition between the LBEMF and FW zones.

Methods based on VCC strategies that regulate the
modulus of the applied voltage are the most commonly used
in the bibliography due to a relatively more straightforward
structure. These techniques can be easily implemented inside
standard vector controller drives without the dependency
of extensive knowledge of the parameters of the electric
machine. In the literature, there are three different imple-
mentations of VCC strategies referring to the variable that
is changed during the FW operation: i) d-axis current,
ii) g-axis current, and iii) angle of the current. Among them,
the solution that considers the output of the voltage regulator
as the angle of the current maximises the dynamic perfor-
mance. So, a lower voltage margin should be considered, and
high torque and efficiency are achieved.

Even so, there are several issues to be dealt with and tackled
in the following years.

o As SyRMs are gaining penetration in the EV market due
to their non-dependency on rare-earth materials, it seems
mandatory to adapt the FW algorithm to control both
PMSMs and SyRMs in all the torque-speed range,
considering the LBEMF zone at low-speeds and the FW
zone at high speeds.

« A control strategy should be developed in order to
maximise the efficiency of the electric powertrain
as a whole, including the power source, the power
electronics and the electric machines. This approach will
get the maximum performance of the entire system with
the main objective to increase the vehicle’s mileage and
extend the battery’s lifetime.

« Fault-tolerant FW algorithms need to be developed to
handle sudden failures at high speeds to protect both the
electric machine and power electronics.

This analysis should contribute to future investigations in
this field to adapt these FW control algorithms to different
electric machines and get the maximum performance of the
powertrain during traction and braking control.
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