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Abstract—Permanent magnet synchronous machines (PMSMs)
have long been regarded as the benchmark technology for
electric powertrains due to their superior torque density and
efficiency. However, the growing demand to reduce reliance on
rare-earth materials has drawn attention to electrically excited
synchronous machines (EESMs) as a competitive alternative for
traction applications. EESMs offer greater control flexibility, as
their magnetic flux can be actively regulated and optimized via
the rotor field current. However, limited control solutions are
reported in the literature, primarily based on current vector
controllers and only partially addressing optimal torque regula-
tion. Furthermore, the cross-coupling introduced by the magnetic
interaction between stator and rotor increases the complexity
of the inner loops’ design, whose performance is significantly
affected by the magnetic saturation. As a consequence, EESM
drives for traction applications often require the execution of
demanding calibration and certification procedures. Therefore,
this article proposes cutting-edge self-calibrated torque con-
trollers for traction EESMs based on a deadbeat direct flux
control (DB-DFC) approach. The proposed solution eliminates
the need for any tuning efforts for the inner control loops while
achieving high-performance of torque regulation and minimizing
the overall copper losses, thus resulting in plug-and-play torque
controllers. The experimental validation is carried out on a
100 kW commercial EESM used in the Renault Zoe EV R135,
confirming the effectiveness and the added value of the proposed
torque controllers in traction applications.

Index Terms—electrically excited synchronous machine, trac-
tion, electric vehicles, torque control, deadbeat.

I. INTRODUCTION

HE rapid expansion of hybrid and fully electric traction

powertrains has intensified the demand for electrical ma-
chines that combine high performance with competitive cost.
Currently, permanent magnet synchronous machines (PMSMs)
represent the predominant technology, primarily because of
their superior power and torque density [1]. However, their
reliance on rare-earth permanent magnets raises critical con-
cerns related to cost volatility, supply chain security, and
environmental sustainability. These limitations have motivated
extensive research into magnet-free alternatives capable of
achieving comparable performance without such material de-
pendency.

Among these alternatives, the electrically excited syn-
chronous machine (EESM) has emerged as a promising solu-
tion for traction applications. Unlike PMSMs, the EESM’s ex-
citation field is generated by supplying direct current to a rotor
winding, thereby completely eliminating permanent magnets.

This configuration inherently avoids key PMSM-related risks
such as demagnetization and uncontrolled generation, while si-
multaneously providing operational flexibility. Specifically, the
capability to regulate the magnetic flux through the rotor field
current enables optimal flux weakening and extended constant-
power operation across a wide speed range [2]. These features
have driven growing interest among automotive manufacturers,
who are increasingly exploring and adopting EESM topologies
for next-generation powertrains [3]-[5].

Despite these advantages, EESMs introduce specific chal-
lenges in torque control [6]. A central difficulty arises from
the magnetic coupling between the stator d-axis current and
the rotor excitation field, resulting in cross-coupling effects
that complicate independent current regulation and make
it necessary to implement advanced control algorithms [7].
Moreover, traction EESM design procedures typically result
in an inductance of the rotor excitation winding that is much
higher than the stator inductances. As a result, the excitation
circuit exhibits considerably slower dynamics even under
maximum excitation voltage compared to the rapid response
of stator currents. Achieving optimal trajectories further re-
quires frequent adjustments of the excitation current, thereby
limiting torque response capabilities [8]. Thermal management
techniques can partially mitigate these constraints by allowing
temporary increases in stator current during transients, thus
leveraging the faster stator dynamics to enhance torque respon-
siveness [9]. However, such methods remain restricted to short-
term operation. Consequently, a robust and general solution
must explicitly consider, and effectively exploit, the intrinsic
coupling between stator and rotor magnetic fields [10].

In the literature, several control strategies have been investi-
gated [11]-[15] to solve the aforementioned issues. A current
vector control (CVC) scheme is presented in [16], where the
benefits of modeling the machine in a stator flux-oriented
reference frame are emphasized. Alternative approaches that
directly regulate the stator flux [17], [18] demonstrate that
avoiding direct control of the stator d-axis current mitigates
stator—rotor coupling effects and improves torque regulation.
Nevertheless, the solutions in [17], [18] require parameter-
dependent regulator tuning, and their dynamic performance is
inherently linked to regulator bandwidth and, consequently,
the sampling frequency of the digital control unit.

Considering PMSMs drives, deadbeat (DB) control strate-
gies have demonstrated the ability to achieve the commanded
torque response within two sampling periods [19], [20],
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provided that voltage and current constraints of the power
converter are not involved. Moreover, DB solutions can oper-
ate with low sampling-to-fundamental frequency ratios when
the control variables, such as torque and currents, are cor-
rectly predicted. Further, their well-defined behavior under
voltage and current limits represents a clear advantage over
conventional solutions adopting synchronous reference frame
regulators like proportional-integral ones. Building on this,
deadbeat- direct torque and flux control (DB-DTFC) strategies
have been proposed in [21], [22] for EESMs, where the
field flux linkage reference is derived to achieve unity power
factor in steady-state operation. However, operation at unity
power factor does not necessarily minimize machine losses,
and achieving higher efficiency requires more sophisticated
control algorithms [8], [9], [23]-[27]. Furthermore, DB-DTFC
schemes typically rely on current estimators [20], thereby in-
creasing system complexity. According to the presented state-
of-the-art, the literature on EESM drives for traction does not
report torque control solutions that do not require calibration of
the inner control loops, regardless of whether these last adopt
PI or DB regulators, due to their performance being dependent
on the machine’s inductances, i.e., the magnetic saturation.

In this context, this article proposes torque controllers based
on the direct control of the machine’s stator and rotor fluxes
using DB regulators. This way, the dynamic performance of
torque regulation is immune to the magnetic saturation and
sampling frequency of the digital controller. Indeed, the state-
space equations for the stator and rotor flux linkages are
straightforward to discretize accurately. A direct consequence
of these advantages is the possibility of avoiding calibration
and certification procedures for the inner flux control loops,
regardless of whether steady-state or fast-transient torque
regulation scenarios are performed. The proposed solutions
achieve torque accuracy by combining specific control maps
that provide rotor and stator flux references based on the
torque request, with error-compensating integral mechanisms
whose reaction time is arbitrarily defined. This way, potential
errors in computing the control maps due to mismatches
in the machine’s inductances are automatically compensated,
resulting in non-critical errors in torque regulation accuracy.
Moreover, the proposed solutions are based on a control
structure that allows optimal torque control by minimizing
the overall copper losses, thus satisfying the high efficiency
requirements of traction drives.

According to the literature, the stator flux linkage of ac mo-
tors can be controlled considering different approaches. On the
one hand, advanced solutions based on flux vector control in
rotor dq and stationary o coordinates are reported for PMSM
drives [28], [29]. However, recent torque controllers based on
the polar control of the stator flux vector, i.e., amplitude and
load angle, have been proposed by exploiting the stator dgs
coordinates [30]. However, the application of these direct flux
control approaches on EESM is not reported in the literature,
including a comparison of the torque regulation performance
obtained with them. In summary, this article proposes plug-
and-play torque controllers for EESM based on a ead-beat
direct flux control (DB-DFC) approach.

This article thus advances the state of the art in EESM
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Fig. 1: Schematic view of the considered EESM drive topol-
ogy.

torque control through the following contributions.

o The first self-calibrated torque controllers for traction
EESM drives are proposed, allowing the elimination of
the need for demanding tuning and deployment proce-
dures.

o The first torque controllers for traction EESM drives
based on the direct control of both the stator and rotor
machine’s fluxes are proposed, enabling ultra-high dy-
namic performance of torque regulation while minimizing
overall Joule losses.

o The first attempt in the literature to implement and
compare, for traction EESM drives, the most adopted
direct flux control approaches using DB regulators. In
detail, flux vector control strategies in stationary a3 and
rotor dq coordinates, as well as the more recent flux polar
control strategy in stator dgs coordinates, are considered.

o A detailed experimental analysis of the torque regulation
performance obtained by the proposed DB-DFC strategies
is reported, considering the effect of low sampling-to-
fundamental frequency ratios and typical mismatch of the
control maps, proving the robustness and the added value
of the proposed solutions.

As illustrated in Fig. 1, the EESM is supplied on the stator
side by a voltage-source inverter and on the rotor side by an
exciter. The proposed torque controllers provide the reference
stator voltages v, . for inverter duty-cycle generation, together
with the reference field voltage v} for the exciter. The effec-
tiveness of the approach is demonstrated experimentally on a
commercial 100 kW EESM integrated in the Renault Zoe EV
R135.

The article is organized as follows. Section II provides a
comprehensive formulation of the machine model in multiple
reference frames and describes the theoretical background.
Section III presents an in-depth description of the proposed
torque controllers’ architecture. Extensive experimental valida-
tion is reported in Section IV. Finally, Section V summarizes
the main findings and outlines future research developments.

II. EESM MODELING

EESMs can be described in different reference frames,
namely the stationary af3, the rotor dg, and the stator dgs
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Fig. 2: Schematic view of the stationary- «f3, rotor- dg, and
stator- dgs frames for a generic synchronous motor.

coordinates. In the stator flux-oriented frame, the ds-axis is
aligned with the stator flux linkage vector )\, as illustrated in
Fig. 2. The angular displacement between the stator flux and
the rotor d-axis is defined as the machine’s load angle 6.

A. Stator voltage model in stationary af3 coordinates

The stator voltage equation in the stationary «f frame is
written as [31]:

_ ta d [X,

Uog = R - [ZB} + T [)\J (D)
where v, ¢, and A denote the stator voltage, current, and flux
linkage components, respectively. Considering a discrete-time

domain, the following discrete form of (1) is straightforwardly
obtained:

& k+1 k

_k 1 1 >\a — )\a

Uap = R+ [%] + = [ k+1 k-] ()
8 ig T, )\5 — A3

where T is the sampling period while k stands for the
generic sampling time instant. It is noted that the stationary
coordinates ensure decoupling between the «- and [-axes
voltages.

B. Stator voltage model in rotor dq coordinates

The stator voltage equation in the rotor dq reference frame
is expressed as [31]:

_ id d [Ag -
=R-|. — : 4 3
Vdq |:Zq:| + i |:)\q:| +w |:)\d:| (3)
where w is the rotor synchronous speed. In discrete-time form,
(3) is expressed as:

-k k+1 k k
ko . 1q i )\d — Ad k. —Aq
Pag = A [zﬂ T [»;H VPV I

C. Stator voltage model in stator dqs coordinates

The voltage equation in the stator flux-oriented dgs frame
are expressed as [18], [30], [32]:

o 1ds d (A 0
wenfolra o lly] o
whose discrete-time form is computed as:

& k+1 _ \k
_L 1qs 1 A - A 0
Ugqs = R - [z% } + T |:)\k (oK = 5k):| + |:/\k _wk:| (6)
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Fig. 3: Schematic view of the proposed torque controller.

D. Rotor voltage model

The EESM allows direct field regulation through the rotor
current i¢. The rotor voltage equation is given by:

. d
1)f—Rj~Zf+dt)\f (7)
where the subscript f denotes rotor winding quantities, i.e.,
voltage vy, current iy, flux linkage Ay, and resistance Ry.
The discrete-time form of (7) is written as:

k+1 k
ApT A

T (®)

III. TORQUE CONTROL SCHEME

The overall structure of the proposed DB-DFC torque
controllers is shown in Fig. 1 and Fig. 3. Given the input torque
reference 17, the controller computes the reference stator
phase voltages v}, . = [vZ, vy, v}] together with the reference
rotor voltage v%. These quantities are obtained by processing
multiple feedback signals, including the stator phase currents
tabe = [ta, @b, ic), the de-link voltage vge., the rotor mechanical
position 6,,,, and the rotor field current 7.

The stator reference voltages v, . are transformed into

inverter duty cycles d¥,. = [d}, d}, d}] through a PWM tech-
nique. In this work, a carrier-based space vector modulation
(SVM) method is employed [33].

As depicted in Fig. 3, the DB-DFC architecture is organized

into six functional modules:
Stator flux observer
Rotor flux observer
Torque references computation
Stator and rotor flux references computation
Stator DB control
Rotor DB control

The operation of these control modules is detailed in the
following subsections. For clarity, the following notation is
adopted throughout the description of the control architecture:
the superscript “ ” indicates an estimated quantity, * ?
denotes an observed quantity, and “ * 7 specifies a refer-
ence value. Estimated quantities arise from open-loop model

HET AW
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Fig. 4: Schematic view of the adopted stator flux observer.

propagation, while observed quantities are obtained from
closed-loop observers incorporating measurement feedback.

In the following, the superscripts k+1 and k42 will be used
to denote predicted variables with respect to the considered
sampling time instant k. This way, all the variables computed
for the latter can be reported without any superscript, simpli-
fying the notation.

A. Stator flux observer

The stator flux vector is evaluated using a hybrid observer
that integrates two model-based estimators [32], [34], [35]. Its
discrete-time implementation is depicted in Fig. 4.

The observer combines the following estimators.

1) Current model (16): it derives the stator flux from current-
to-flux relationships [32], implemented through look-up
tables (LUTs) in the control architecture and shown in
Fig. 5. These LUTs can also be directly obtained from
conventional finite element analysis (FEA), typically exe-
cuted in traction applications. Alternatively, experimental
current-to-flux maps obtained by conventional identifi-
cation procedures [36], [37] can be adopted, improving
torque accuracy at very low speed. The advantages of
this estimator mainly include its immunity to stator volt-
age drops caused by stator resistance and the inverter’s
voltage errors [32], [34], [35].

2) Voltage model (VI): it estimates the flux via backward
Euler integration of the stator back-electromotive force
(back-emf). Since this approach inherently predicts the
stationary components of the stator flux vector one sam-
pling step ahead [38], a compensating delay is introduced
in the feedback loop. The phase voltages U,p. are re-
constructed from the measured dc-link voltage and the

applied duty cycles d;; . [35], [39]. To account for inverter

non-idealities, the error terms Ug qbc are interpolated

from LUTs indexed by the measured stator currents 4.,

following the procedure in [39]. The advantage of this es-

timator is that it provides a robust and accurate stator flux
estimate in the medium- and high-speed range without

iq current (A) i, current (A)

-200 0 200
iq current (A)

-200 0 200
iq current (A)

-200 0 200
iq current (A)

-0.2

-0.1 0 0.1 02

Fig. 5: Stator current-to-flux maps for the EESM under con-
sideration.

requiring knowledge of the current-to-flux relationships,
and it allows accurate electromagnetic torque estimation
(see Fig. 4).

As shown in Fig. 4, the observer gain g rules the transition
between the 16 model, reliable at low speed, and the VI
model, which instead ensures high accuracy at medium and
high speed. Additional implementation details are available in
[32], [34], [35], [38]-[40] and are not reported here, as they
are outside the article’s aim.

The stator flux observer provides two key outputs:

o The predicted stator flux vector in the stationary a3 frame
A1 and the corresponding position 951
« The actual electromagnetic torque, given by:
.3 <o
T:§~p- (Aa-ZB—AB-za>

where p indicates the pole pairs number.

©))

Finally, the electrical speed w is obtained from the d-axis
position using a conventional phase-locked loop (PLL) [41].

B. Rotor flux observer

The proposed torque controllers perform the DB control of
the rotor flux linkage. Therefore, the one-step prediction of
the rotor flux is necessary. To this end, a dual-model observer,
analogous to that employed for the stator flux estimation, is
adopted. This approach inherently provides the predicted rotor
flux A%, as illustrated in Fig. 6.

Similar to the stator flux observer, the current model (16)
relies on the rotor current-to-flux relationships, as depicted in
Fig. 7. These relationships can be implemented using a LUT
typically obtained from FEA due to the complexity of experi-
mentally evaluating this type of map. It is highlighted that the
mismatch between this LUT and the EESM’s real behaviour is
mitigated by implementing a correcting mechanism described
in the following sections.

Compared to the stator flux observer, the rotor flux one
operates differently since the 76 estimator provides the flux
estimate in steady-state conditions regardless of the speed, and
also imposes the state of the backward Euler integrator used
by the VI estimator. Conversely, the VI estimator provides
the predicted rotor flux only in dynamic scenarios, i.e., during
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Fig. 6: Schematic view of the adopted rotor flux observer.
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Fig. 7: Rotor current-to-flux maps for the EESM under con-
sideration.

torque transients leading to nonzero time derivatives of the
rotor flux. Indeed, the difference between the estimated rotor
voltage and the resistive voltage drops is practically zero in
steady-state conditions. In other words, the adoption of the VI
estimator in the rotor flux observer is justified by the need to
obtain a reliable rotor flux prediction in dynamic conditions,
allowing for the implementation of a robust DB rotor flux
control. Therefore, the observer gain gy must be set as low as
possible to obtain the predicted rotor flux adequately. Also, it
is noted that the proposed rotor flux observer provides a flux
estimate immune to high-frequency noise introduced by the
stator and rotor current measurements. Indeed, the rotor flux
estimate corresponds to the output of a pure integrator, which
inherently acts as a low-pass filter.

C. Torque references computation

A primary challenge in controlling traction EESMs is the
slow response of the rotor excitation system due to its high
inductance, whereas stator currents respond much faster. To
address this issue, two separate torque references are defined:

1) T}: rotor-side torque reference;

2) T*: stator-side torque reference.

Torque commands must also comply with the operational
limits of the drive system:

7: S imam
7:f < if,maz (10)

A S )\lim S )\maz

—* Torque
limit Tiim
A LUT2
(Fig. 10) Ty [~] T
Maximum
torque Tmax
LUT1 . -
(Fig. 9) T |17,
\_ Torque references computation /

Fig. 8: Schematic view of the torque references computation.

where 4y, and if 4, are the maximum allowable stator
and rotor currents, and \;;,, is the flux limit that ensures the
inverter voltage constraint is satisfied:

/UmllI

Nim = Kjw - —— (1D
wl

Here, Vimaz = Vde/ v/3 under SVM, and kfy is a safety fac-

tor (typically 0.9-0.95) accounting for inverter non-idealities.

Furthermore, \;;;,, must always remain below the machine’s

maximum flux \,,,,, determined by its current-to-flux rela-

tionships.

The corresponding control structure, shown in Fig. 8, en-
ables high-performance torque tracking despite slow rotor
dynamics.

1) Rotor torque reference T : The rotor-side torque refer-
ence T]T is determined by first evaluating the maximum torque
Trnaz that the machine can deliver under the instantaneous
constraints of Ajim, fmazs and if mar. The maximum torque
T'naqx 1s obtained through interpolation of a precomputed one-
dimensional LUTI1, as shown in Fig. 9. The rotor torque
reference is then obtained by limiting the input torque request
-

|T;| = min (|T7,], | Tinaz]) - (12)

This limitation primarily reflects the stator-side constraints
via A;;;m, and does not explicitly consider the rotor current
dynamics.

2) Stator torque reference T*: The stator-side torque ref-
erence 1™ must account for the instantaneous rotor current % s
and satisfy the machine’s operational constraints (10). To this
end, a torque limit 7};,, is computed, reflecting the machine’s
actual operational state, as illustrated in Fig. 8. The torque
limit 7j;,, is obtained by interpolating the two-dimensional
LUT?2 with inputs A, and iy, as shown in Fig. 10. This limit
allows the stator to temporarily deliver higher stator currents
(up to %pmqy) to satisfy fast torque demands while the rotor
current changes more slowly. This strategy enhances dynamic
performance without exceeding machine or converter limits,
ensuring that the efficiency strategy is achieved at steady-state.
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D. Stator and rotor flux references computation

Stator and rotor flux references are obtained from the torque
references previously computed. Specifically, the stator torque
reference 7™ is used to determine the stator flux vector
references of amplitude A\* and load angle 0*. In parallel,
the rotor current reference % is derived from the rotor-side
torque reference 7' and then converted into the corresponding
rotor flux reference A} through the same current-to-flux map
implemented in the rotor flux observer.

It is well established in the literature [8], [9], [23]-[27] that
several flux combinations (\*, )\}) may satisfy a given torque
request 17 . For simplicity, the proposed torque controllers
adopt an efficiency-oriented strategy based on minimizing the
overall Joule losses of the machine, comprising both stator and
rotor contributions [23]. The optimization is computed using
rated values of the stator and rotor resistances. However, the
framework can be extended to include temperature dependence
by introducing stator and rotor temperature as additional
inputs. Furthermore, the same structure could accommodate
alternative optimization objectives (e.g., minimizing total Joule
plus iron losses or minimizing overall drive losses by including
losses contribution of power electronics converters) without
requiring changes in the overall controller design. The opti-
mization problem is formulated as:

3
min{é-R-i2+Rf~i?c},

Mg (13)

subject to the operational constraints in (10).

/ Rotor
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f
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Fig. 11: Schematic view of the stator and rotor flux references
computation.
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Fig. 12: Flux amplitude reference (A*) map (LUT3) for the
EESM under consideration.

Solving the minimization problem in real time is impractical
due to the nonlinear dependence of the EESM’s magnetic
behavior on the rotor current 7. Therefore, (13) is solved of-
fline using the machine’s current-to-flux relationships, yielding
three precomputed LUTs (LUT3, LUT4, LUTS5) that provide
the optimal flux amplitude \*, load angle ¢*, and rotor current
iy, respectively. Representative maps of these LUTs are shown
in Figs. 12-14.

It should be noted that the LUT inputs are mutually cor-
related: the rotor torque reference 7 depends on the flux
amplitude limit Aj,,, while the stator torque reference 7T°*
depends on the instantaneous rotor current ¢ ¢. This correlation
leads to an irregular map domain, which complicates direct
implementation on digital controllers. To overcome this chal-
lenge, the normalization approach proposed in [30], [42] and
already validated for EESMs in [17], [18] is employed and
briefly summarized in the Appendix.
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Fig. 13: Load angle reference (6*) map (LUT4) for the EESM
under consideration.
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Fig. 14: Rotor current reference (i}) map (LUTS) for the
EESM under consideration.

A practical issue arises from inaccuracies in the machine’s
current-to-flux maps, which may propagate into LUT3-LUT5
and cause steady-state torque errors. Similar limitations are
known for current-model-based stator flux observers [32], [34],
[35]. Nevertheless, in the medium- and high-speed range, the
observer predominantly relies on the voltage model, which
is not sensitive to flux map errors. As a result, the observed
torque T provided by (9) remains accurate in these operating
conditions and can be used to evaluate and subsequently
compensate potential torque errors.

Therefore, to guarantee high accuracy of steady-state torque
regulation, an outer integral correction loop is introduced [28].
This regulator, already proposed for PMSM drives, adjusts the
torque reference 7™ according to the deviation between the
observed torque T and the reference one, producing the final
reference torque 77, provided as input to LUT3 and LUT4
(see Fig. 11). The integrator is designed to operate only in
steady state, ensuring convergence of reference torque 7™ to
the observed one T, assuming the latter accurate at medium
and high speed thanks the implementation of the VI estimator.

The same approach can be employed to ensure the accuracy
of the correspondence between the rotor current z} and flux
A’; references, using the measured rotor current 5 as feedback
of the integral correction loop (see Fig. 11).

The gain of the integral regulator of the aforementioned
correction loops corresponds to the reciprocal of the desired re-
action time to apply the torque or the rotor current correction,
e.g., from 100 to 500 ms. The detailed design of the integral

correction loops of torque and rotor current implemented in
the proposed torque controllers is reported in the experimental
section.

E. DB control

It is well known that a digital controller introduces a
one-step execution delay between the computation of the
reference voltages and their application via PWM. Therefore,
considering the generic sampling time instant k, the machine’s
variables (currents, fluxes and torque) of the next sampling
time instant £ + 1 are already established by the reference
voltages computed at the previous sampling time instant k — 1.
Consequently, the reference voltages computed at the generic
sampling instant k£ establish the machine’s variables at the
sampling time instant k£ 4+ 2. The DB approach thus computes
the reference voltages by using the discrete-time state-space
equations of the controlled variables and by correlating the
sampling time instants k41 and k+ 2. Therefore, the proposed
torque controllers should compute the reference voltages to be
applied at the sampling time instant k + 1 by setting the rotor
and stator fluxes at the sampling time instant k£ + 2 equal
to their corresponding references. The following discrete-time
state-space equations are thus derived from (2), (4), (6), (8).

k1 % _ k41
i } 1[)\a )\a] 1

v, =R- [%Jrl + = |\« k+1
o g T [N~ s

. k+1 1 S — )\k—&-l _)\k—',—l
%, = R- [EH N [ i Ag :|+wk+1,|:)\k‘_1~_1] (15)

i AZ o )‘ISH d
k+1 1 A — )\k+1
1
@*S:R. ‘ds _|_.[ . :|_|_
dq |:Z§;r1:| Ts )\k—o—l . (5 _ 5k+1) (16)
|:)\k+1 .wk+1:|
e — \EFL
vp = Ry it (17

It is noted that the above equations require predicting
the machine’s currents and the electrical speed w. However,
it should be noted that stator resistive voltage drops are
typically negligible in traction motors, resulting in signifi-
cant differences only at low speed; however, the difference
between predicted and measured samples is extremely small
(af-current) or even null (dg and dgs currents) in steady-
state conditions. Conversely, predicting the rotor current is
not critical, since its dynamic is governed by the rotor time
constant, which is much larger than the digital controller’s
sampling period, regardless of whether dynamics or steady-
state torque regulation is considered. Regarding the electrical
rotor speed, its prediction is not significant, as mechanical
inertia governs its dynamics. Therefore, the proposed torque
controllers compute the reference voltages as follows:

. ik 1[5 — B+
wor [ o
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Fig. 15: Schematic view of the a5-frame based DB approach.
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It is noted that computing the reference voltages using the
above equations has two weaknesses. The first drawback is the
execution of fast torque transients at very low speeds, where
the above approximation for predicting the stator resistive
voltage drop is no longer valid. The second drawback consists
of neglecting the voltage errors caused by the dead time
introduced by the power electronic converters feeding the
motor. These voltage drops are significant at very low speeds,
especially for the stator flux control. However, it should be
considered that ultra-fast torque transients are rarely performed
at very low speeds in real traction applications. In any case, the
main effect of the above approximations may be a potential,
but not significant, overshoot or undershoot in the stator
flux regulation. Conversely, in steady-state conditions, these
approximations are automatically compensated for by the outer
integral correction loops previously described, which ensure
accurate steady-state control of torque and rotor current.

According to the the article’s aim, the proposed torque
controllers perform the direct control of the stator flux vector
in stationary «f, rotor dg and stator dgs coordinates. In the
following, they are thus reported the details on the computation
of the reference voltages for each approach.

1) afp-DB stator flux control: The implementation of the
DB control of the stator flux vector in stationary af coordi-
nates is reported in Fig. 15. It is noted that the computation
of the af stator flux references requires the double step
prediction of the electrical rotor position #**2, performed as:

Fig. 16: Schematic view of the dg-frame based DB approach.

OFF2 = ot L P T 012w T (22)

This way, from the references of stator flux amplitude \*
and load angle §*, the corresponding a5 components of the
stator flux vector are computed as:

A5 = M\ - cos(6F+2 4 %)

23
Ny = A" -sin(0hF2 4 6%) (23

The computation of the «f reference voltages is thus
performed using (18). However, the amplitude of the reference
voltage vector must comply with the inverter’s voltage limit
Umaz, Making it necessary to limit the computed o reference
voltages when performing significant torque transients. Since
the a8 equations are fully decoupled from each other, it is
recommended to avoid prioritizing one control axis over the
other. Therefore, when performing DB control in af coor-
dinates, voltage limitation is imposed in terms of amplitude
while keeping the angle of the reference voltage vector from
(18), as shown in Fig. 15. Finally, the references of phase
voltages v}, are obtained by applying the inverse Clarke
transformation on the stationary voltage vector reference vy, 5.

2) dq-DB stator flux control: The implementation of the
DB control of the stator flux vector in rotor dq coordinates
is reported in Fig. 16. In this case, the reference components
of the stator flux vector are retrieved from the corresponding
references of flux amplitude A\* and load angle §* as:

A5 = A" - cos(0%)

. . o e 24
Ay = A" - sin(d*)

According to (19), the computation of the dgq reference
voltages requires the predicted dg components of the stator
flux vector. Therefore, the predicted flux estimate )\2-51 pro-
vided by the observer is expressed in dq coordinates using
the rotational transformation according to the predicted rotor
electrical position **1. The latter is easily computed as:

Ol =0+w- T, (25)
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Fig. 17: Schematic view of the dgs-frame based DB approach.

The dq reference voltages are thus computed using (19) and
subjected to the constraint of the inverter’s voltage limit v, 4.
In this case, the application of this limit is more complex since
the dq axes are strongly coupled by the back-emf components
(w - Ay and —w - Ag) that, in turn, are modulated by the
machine’s load angle §. Ideally, the application of the voltage
limit should be performed by prioritizing one control axis
over the other according to the machine’s operating point.
However, establishing the priority is not straightforward when
performing rapid and significant torque transients involving a
considerable variation in the machine’s load angle. Therefore,
this article proposes the same voltage limitation approach im-
plemented for the stationary o voltage components. In other
words, when performing DB control in dg coordinates, voltage
limitation is imposed in terms of amplitude while keeping the
angle of the reference voltage vector from (19), as shown in
Fig. 16. Subsequently, the references of phase voltages v,
are obtained by applying the inverse Park transformation on
the dg voltage vector reference vy, according to the predicted
rotor electrical position §%+1,

3) dqs-DB stator flux control: The implementation of the
DB control of the stator flux vector in stator dgs coordinates
is reported in Fig. 17. According to (19), the computation of
the dgs reference voltages requires the predicted stator flux
amplitude A* and load angle 6*. Therefore, the predicted flux
estimate 5\2'51 provided by the observer is first expressed in
dg coordinates using the rotational transformation according
to the predicted rotor electrical position #*+! from (25).
Subsequently, from the predicted stator flux vector in dgq
coordinates 5\5;;1, the corresponding amplitude A*+1 and load

angle 0%t are retrieved.

Rotor-DB

Fig. 18: Schematic view of the DB rotor flux regulator.

TABLE I: Primary data of the EESM under test.

Primary data
Pole number 4
Peak power 100 kW
Peak torque 245 Nm
Rated power 51 kW
Rated torque 120 Nm
Maximum speed 11000 r/min
Rated dc-link voltage 350 vV
Maximum flux (Amgz) 0.24 Vs
Peak stator current (¢ynqz) 385 A
Peak rotor current (7 f maz) 15 A

The dgs reference voltages are thus computed using (20)
and subjected to the constraint of the inverter’s voltage limit
Umaz- Compared to the previous cases, the two axes are
inherently decoupled in this reference frame. Indeed, the stator
coordinates dqs have the advantage of focusing all the machine
back-emf on a single control axis [30]. Consequently, the
machine can be controlled like a separate excited dc motor that
presents decoupled mechanisms of flux and torque production.
Therefore, only a small margin is required on the ds-axis to
compensate for voltage drops caused by stator resistance and
voltage errors [30]. Consequently, the gs-axis regulator can
exploit nearly the full inverter’s voltage range. For practical
implementation, the ds-axis limit vgsim can be selected
following the rule of thumb reported in [30]:

2-R- Z.mam < Uds,lim < 5-R- Z‘m,arc (26)

Finally, the references of phase voltages v, . are obtained by
applying the inverse Park transformation on the dgs voltage
vector reference vy, according to the predicted stator flux
vector position 6%+,

4) Rotor DB flux control: According to Fig. 18, the com-
putation of the reference rotor voltage implementing the DB
control of the rotor flux is performed by directly implementing
(21). However, the computed reference rotor voltage v;‘c must
be limited to comply with the exciter’s voltage limit. If
considering a bipolar exciter, e.g., a full-bridge converter, the
absolute voltage limit corresponds to the dc-link voltage vqe.
Conversely, the lower limit of the rotor voltage is zero if a
unipolar exciter, e.g., a Buck converter, is used.

IV. EXPERIMENTAL VALIDATION

The experimental validation of the proposed torque con-
trollers has been carried out using as the machine under
test (MUT) a commercial sample of the EESM employed in
the Renault Zoe EV R135, whose primary data are listed in
TABLE 1.
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®)

Fig. 19: View of the test rig: (a) EESM under test; (b)) EESM
coupled with the driving machine.

A. Test rig

The MUT has been tested in torque control mode, with its
rotor shaft mechanically coupled to a driving machine (DM)
operating as a speed-controlled prime mover, as illustrated
in Fig. 19. To ensure high-fidelity torque measurement and
rigorously assess the performance of the proposed DB-DFCs,
a high-accuracy HBK TI12HP torque transducer has been
installed between the MUT and the DM.

The stator of the MUT has been supplied by a SiC-based
inverter, rated 800 V and 650 A, and operated to the nominal
MUT’s dc-link voltage of 350 V provided by a bidirectional
dc power source. A dedicated IGBT-based full-bridge power
module powered the rotor winding. The switching frequencies
of the stator inverter and exciter have been set equal to the
sampling frequency, implementing a single-edge PWM.

Both the stator inverter and the rotor exciter have been con-
trolled by a dSPACE MicroLabBox platform, responsible for
executing the proposed control algorithms, generating PWM
signals, and acquiring system measurements for feedback. The
control software was fully developed in MATLAB/Simulink,
exploiting the dSPACE environment’s automatic C-code gen-
eration capabilities.

Due to mechanical constraints of the experimental setup,
the maximum torque and speed of the MUT have been limited
to 150 Nm and 10000 r/min, respectively. Nonetheless, these
operating conditions enabled testing the high-power region of
the EESM, allowing the MUT to reach its peak power of
100 kW.

B. Experimental results

The proposed DB-DFCs have been experimentally validated
on the MUT through a comprehensive test campaign defined to
evaluate their performance across the full operational torque-
speed range. The experimental tests focused on three key
aspects:

« High-torque and deep FW operation: to verify the con-

trollers’ capability to fully exploit the MUT’s torque and
power, including operation in the deep FW region.

e Dynamic torque regulation: to assess the controllers’
capability to rapidly follow variable torque commands,
including transient responses at constant speed and fast
torque reversal with variable speed.

« Steady-state torque control accuracy: to quantify the
precision of torque regulation across the entire speed
range, ensuring compliance with voltage, current, and flux
constraints.

Accordingly, the experimental validation was structured into
four representative types of tests:

1) Maximum torque per speed (MTPS) profile;
2) Torque transients;

3) Fast torque reversals;

4) Steady-state torque accuracy.

All tests were conducted using the three DB-DFC ap-
proaches considered in this article.

According to the article’s contributions, no tuning proce-
dures are needed for the implementation of the proposed
torque controller. However, some parameters have to be set
as user-specified inputs according to common rules of thumb.
The stator g and rotor gy observer gains have both been
set to 20 Hz, corresponding to about 6% of the maximum
fundamental frequency of 333 Hz at 10000 r/min. Lower
values of observers’ gains can be used, provided that an
adequate compensation for the power converters’ voltage error
is implemented in the voltage reconstruction [35], [39]. Indeed,
to enhance robustness against current-to-flux map uncertain-
ties, the observer gains should be kept as low as possible,
while accounting for the limited back-EMF availability at
low speeds, which inherently constrains the reliability of
the voltage-model-based estimation. However, any calibration
procedure to reduce these gains has been avoided, consistent
with the article’s aims. Similarly, the voltage margin factor
for FW operation has been fixed at kf,, = 0.9, although
higher values are also possible. The rotor current adjustment
integral gain has been tuned to eliminate residual current errors
within 0.2 s, yielding a final gain of 5 s~!, while the torque
adjustment integral gain has been tuned to eliminate residual
torque errors within 0.4 s, leading to an integral gain of 2.5
s~1. Again, these reaction times have been arbitrarily selected
without any calibration procedures, although they are more
than enough for automotive applications.

The input variables of the control LUTs have been dis-
cretized as follows: rotor current ¢y from 0 to 15 A (if max)
with 1 A step, 16 points (pt); flux limit Ay, from O to
0.24 Vs (Amax) With 0.01 Vs step, 25 pt; Finally, the torque
references (T*,TJ}“) have been discretised between 0 and 245
Nm (peak torque) with a 7 Nm step, 36 points. Therefore, the
dimensions of the LUTs were: LUT1 25x1, LUT2 25x16,
LUT3 16x36, LUT4 25x36x16, LUTS 25x36. The total
memory required for the LUTs is approximately 1 MB. The
control algorithms achieved an execution time of about 30
us on the dSPACE platform. Consequently, the computational
efforts of the proposed algorithms ensure their feasibility for
deployment on standard automotive-grade microcontrollers. It
is highlighted that the implemented LUTSs in the proposed
torque controllers have been computed from the current-to-
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Fig. 20: MTPS profiles: experimental results.

flux maps of the MUT derived solely from FEA [5], [43],
[44]. This is typical in the automotive context, where reliable
FEA is widely used to avoid time-consuming experimental
identification procedures. This choice has enabled efficient
testing of the integral correction loops for torque and rotor
current under realistic detuning conditions.

The default sampling frequency for all tests has been set
at fs = 3 kHz. It is highlighted that at the maximum
speed of 10000 r/min, the fundamental frequency of the
EESM is 333 Hz, meaning that the sampling-to-fundamental
frequency ratio becomes even less than 10, i.e., 9 in this case.
This choice has been made to demonstrate the robustness of
the proposed torque controllers at a very low sampling-to-
fundamental frequency ratio. These experimental tests allow a
detailed assessment of both steady-state and dynamic behavior
of the controllers, while providing a direct comparison of
the different DB implementations under various operational
conditions, as discussed in the following subsections.

1) MTPS profile: Starting from standstill, the MUT speed
has been progressively increased from zero up to the mechan-
ical limit of the test rig (10000 r/min) using the DM as a
speed-controlled prime mover. The acceleration rate has been
set to approximately 230 r/min/s to ensure quasi-steady-state
conditions throughout the test. During the entire speed ramp,
the input torque reference 7%, has been fixed at the maximum
permissible value of 150 Nm.

The resulting MTPS profiles obtained with all implemented
DB control schemes are presented in Fig. 20. The mechanical
power P, has been computed as the product of the measured
torque and speed, both acquired from the torque transducer.
The results clearly indicate that, regardless of the adopted
DB control approach, the proposed torque controllers fully
exploit the MUT’s torque and power capabilities across the
entire speed range. Moreover, the stator and rotor quantities
are accurately regulated in accordance with the total Joule
loss minimization criterion, confirming that the DB controllers
effectively coordinate multiple physical constraints while en-
suring energy-efficient operation.

2) Torque transients: The dynamic behaviour of the pro-
posed torque controllers has been tested by verifying the fast
torque transient response at a constant speed of 4000 r/min.
In detail, a torque command of 100 Nm has been applied with
a slew rate of 5000 Nm/s. As shown in Fig. 21 (a), the con-
trollers successfully follow the torque reference; however, the
rotor current exhibits a pronounced undershoot at the transient
onset. This behavior arises from the armature reaction between
stator and rotor windings, which is particularly relevant for low
rotor current levels. In detail, the underlying mechanism can
be explained by expressing the rotor current as:

di di
vp = (gt lyp + Gt Lra)
Ry

27
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Fig. 21: Experimental results of torque transient response from 0 to 100 Nm, 5000 Nm/s, 4000 r/min: (a) without slew rate
limitation for 7y <1 A; (b) with slew rate limitation at 150 Nm/s for iy <1 A.
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Fig. 22: Current-to-inductance [;; map for the EESM under
consideration.

where [y and l;q are the rotor self-differential inductance
and the cross-coupling differential inductance between the
rotor and the stator d-axis, respectively. The cross-coupling
differential inductance between the rotor and the stator g-axis,
ltq, 1s neglected in (27) because it is typically very small.
Further details on this formulation are provided in [45].

As illustrated in Fig. 22 and Fig. 23, the rotor self-
differential inductance Iy is approximately two orders of

i; =154
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ig current (A)
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Fig. 23: Current-to-inductance lf4 map for the EESM under
consideration.

magnitude larger than [;4. However, requesting a very high
torque slew rate starting from zero torque implies a rapid
variation of the stator flux, which in turn results in a large
positive slew rate of the stator d-axis current, as shown in
Fig. 24. Under these conditions, the time derivative of the rotor
flux %)\ ¢ is predominantly affected by the stator d-axis current
component through the term [zq %". From (27), it follows
that a rapid positive variation of the stator d-axis current
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Fig. 24: Experimental results of torque transient response from
0 to 100 Nm, 5000 Nm/s, 4000 r/min using DB-dgs: view of
the stator dg currents and the reference rotor voltage v7.

(% > 0) induces an opposing rotor back-emf that counteracts
the controlled rotor voltage vy. This may result in operating
conditions where |4£\;| > |vf|, thereby temporarily driving
the rotor current iy to negative values. In this condition, the
rotor flux regulator uses all the available voltage to restore
the rotor current iy to its reference value, which leads to a
temporary loss of controllability of the rotor current, as shown
in Fig. 24.

To mitigate this effect, the slew-rate of the torque reference
is limited to 150 Nm/s when the rotor current is lower than
1 A iy < 1 A. The results shown in Fig. 21(b) confirm
that this strategy stabilizes the rotor current regulation without
significantly derating the dynamic performance of the torque
controllers. Indeed, the slew rate of 150 Nm/s corresponds to
achieving the machine’s rated torque in less than 1 s.

It is highlighted that the decision to discretize the control
LUTs by assuming only positive rotor current iy values is a
deliberate choice. This way, undershoots of rotor current 7y do
not affect the outputs of the stator control LUTS, preventing
dangerous interaction between the stator and rotor control
loops that could lead to temporary uncontrollability of both.

The step-response test shown in Fig. 25 provides further
validation of the dynamic performance of the proposed torque
controllers. In this test, the torque reference is changed from
30 Nm to 100 Nm to avoid operation at the aforementioned
limited torque slew rate. Although the available stator voltage
margin does not allow a double-step torque response, the
controllers achieve the target torque within the minimum
number of sampling periods and without overshoots, according
to the DB strategy. It is noted that the definition of different
torque references for stator 7 and rotor 7' enables the stator
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Fig. 25: Experimental results of torque step response from 30
to 100 Nm, 4000 r/min.

control loops to deliver the fastest feasible torque response,
while the rotor current/flux progressively converges to its
steady-state value, thereby ensuring efficiency optimization.
In Fig. 25, it is noted that the estimated torque T exhibits
small oscillations that are consistent with the transient behav-
ior of the rotor current. Moreover, implementing the DB-DFC
in the stator dgs reference frame yields a smaller rotor current
undershoot at the onset of the torque transient than the other
two DB approaches. This behaviour of DB-dgs is justified
because the dgs coordinates exhibit decoupled voltage margins
across the control axes. Indeed, stator flux amplitude regulation
requires only a limited voltage margin (26), mitigating the
interaction between the stator d-axis and the rotor current 7.
The interaction between stator and rotor windings becomes
even more critical when performing torque transients that
drive the torque and rotor current toward zero. Indeed, torque
zeroing requires reducing the stator flux to its minimum value,
Amin = 0.04 Vs, which is arbitrarily defined to ensure proper
operation of the stator flux observer. Consequently, the stator
d-axis current approaches zero. However, due to the MUT’s
saliency, the d-axis current is negative under load conditions;
therefore, when the torque is reduced toward zero, the deriva-
tive of the stator d-axis current % becomes positive. Recalling
(27), it is evident that in this scenario the contribution of the
controlled rotor voltage vy and that of the cross-coupling term
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of the stator dg currents and the reference rotor voltage v7.

lta % share the same sign. However, if the rotor flux loop is
not sufficiently fast to compensate for the additional negative
voltage induced by the armature reaction, this condition may
again result in an uncontrolled negative rotor current. The
extent of this rotor current undershoot is directly related to
the reaction time of the controller in detecting the undesired
negative rotor current and consequently apply a positive rotor
voltage. This behaviour is shown in Fig. 26, where the torque
reference has been reduced from 50 Nm to 0 Nm with a slew
rate of 50 Nm/s at a constant speed of 4000 r/min.

Moreover, the influence of the sampling frequency on the
extent of the rotor current undershoot has been investigated,
leading to the results presented in Fig. 27. It is noted that
increasing the sampling frequency substantially attenuates
the rotor current undershoot, which becomes negligible at a
sampling frequency of f; = 10 kHz. This improvement is
attributed to the faster control response, which more effectively
damps rotor current oscillations.

Although this effect is common to all considered DB
approaches, distinct torque transient behaviors are observed
at the same sampling frequency. These behaviors are shown
in Fig. 28, where the torque reference is reduced from 150 Nm
to 0 Nm with a slew rate of 1000 Nm/s at a constant speed
of 4000 r/min, employing a sampling frequency of 10 kHz.
The results presented in Fig. 28 still confirm that the DB-dgs
approach features better dynamic performance for the MUT, as
already highlighted in the analysis of the step response shown
in Fig. 25.

3) Fast torque reversals: To further evaluate the dynamic of
torque regulation featured by the proposed torque controllers,
fast torque reversal tests have been conducted along the
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Fig. 27: Experimental results of torque transient from 50 to
0 Nm using DB-dgs, 50 Nm/s, 4000 r/min: effect of the
sampling frequency.
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Fig. 28: Experimental results of torque transient from 150 to
0 Nm, 1000 Nm/s, 4000 r/min, f; = 10 kHz (a downsampling
of 1/20 is applied).

MTPS profile. Again, the MUT has been accelerated from
standstill to 10000 r/min with an acceleration of approximately
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Fig. 29: Experimental results of fast torque reversals along the MTPS profile: (a) fs = 3 kHz; (b) fs = 10 kHz.

230 r/min/s, while the torque reference 7, has been set and torque slew rate have been set to 0.2 Hz and 50 Nm/s,
to 150 Nm. In this case, however, the torque reference has respectively. As shown in Fig. 29 (a), the rotor current

been periodically reversed to induce rapid transitions between exhibits temporary, but not critical, uncontrollability when
motoring and braking modes. executing rapid torque reductions. This effect is justified by the
previously made considerations on the results obtained when

For a sampling frequency of 3 kHz, the reversal frequency
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Fig. 30: Experimental results of steady-state torque accuracy using DB-dgs: (a) fs = 3 kHz; (b) fs = 10 kHz.

performing the torque transients that zeroing the torque (see
Fig. 27 and Fig. 28). Nonetheless, increasing the sampling fre-
quency to 10 kHz enabled higher reversal frequency (0.5 Hz)
and torque slew rate (150 Nm/s), with only the mechanical
constraints of the test rig limiting performance. Using this
slope of torque reference, the maximum power of the machine
under test (100 kW) has been reversed in about 1.2 s at the
maximum speed of 10000 r/min, representing a very stress-
ful test for automotive applications. Under these conditions,
corresponding to typical operative sampling and switching
frequency conditions, no uncontrollability phenomena of the
rotor current have been reported (see Fig. 29 (b)).

In summary, the obtained results validate the robustness of
the proposed DB-DFCs under severe dynamic stress condi-
tions. The MUT maintained stable operation across the full
speed range, including fast transitions between motoring and
braking, with no overcurrent or instability events. Although
operation at 3 kHz remains feasible, higher sampling frequen-
cies yield superior dynamic torque performance, particularly
when the rotor current must be rapidly nullified.

4) Steady-state torque accuracy: The steady-state torque
regulation accuracy of the proposed controllers has been
verified over the entire operating range of the MUT. The speed
has been incremented in steps of 500 r/min, from standstill up
to 10000 r/min, and at each speed level, ten equally spaced
torque references have been applied between 0 and the limit
torque 7j;,, clamped at 150 Nm. It is highlighted that no
significant differences have been reported between the DB

approaches in terms of steady-state torque accuracy, since
the latter is related to the stator flux observer performance.
However, the stator flux observer is the same for all considered
DB approaches. Therefore, experimental results are reported
only for the DB-dgs approach, which was arbitrarily selected
among the three possibilities.

The obtained results, reported in Fig. 30, demonstrate torque
accuracy regulation across all test conditions. The steady-
state torque error AT, expressed in absolute terms and as a
percentage of the torque limit 73, remained within acceptable
bounds throughout the operating range. This confirms the
high precision of the proposed DB-DFC in obtaining 7™,
despite the absence of explicit compensation for iron and
mechanical losses in the computation of A*,0* and iy. At a
sampling frequency of 3 kHz, a not negligible degradation
in torque regulation accuracy has been reported (see Fig. 30
(a)), consistent with the well-known derating of torque con-
trollability (discretization effects, huge current ripple, flux
observer performance, etc.) given by the limited sampling-to-
fundamental frequency ratio that reaches a value lower than
10 at the maximum speed. Nevertheless, it is noted how the
torque regulation accuracy of the DB-DFC is extremely high
when increasing the sampling frequency to a typical operative
value of 10 kHz, as shown in Fig. 30 (). Finally, the obtained
high accuracy of torque regulation is surely justified by the
implemented integral correction loops for the torque AT,
and the rotor current Ai} .. references, as shown in Fig. 30.

In the following, only the behaviour of the torque controllers
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at the sampling frequency of 10 kHz is described. Indeed,
the reduction in torque controllability at a sampling frequency
of 3 kHz makes it difficult to identify the causes of torque
error, which, however, remains below 10% of the limit torque.
Therefore, considering Fig. 30 (), it is noted that at very low
speed the adjustment of torque AT}, reference is high since
the impact of voltage errors is significant and not accounted
for in (18), (19), (20), (21). In the medium-speed range, torque
adjustment is reduced because the effects of voltage errors and
iron losses are negligible. Consequently, the torque adjustment
primarily accounts for detuning of the control maps. Finally,
at high speeds, the torque adjustment increases because iron
losses are partially compensated by the reliable feedback
provided by the VI estimator of the stator flux observer.
Regarding the adjustment of the rotor current reference, it
is noted that it remains quite limited across the entire speed
range. Indeed, the maximum rotor current adjustment is always
less than 4% and mainly due to the detuning of the current-
to-flux map from FEA providing the rotor flux reference from
the corresponding rotor current one (see Fig. 7).

V. CONCLUSION

This article presented high-performance self-calibrated
torque controllers for traction-oriented EESMs based on DB-
DEFC strategies implemented in different reference coordinates.
The proposed solutions achieve high torque regulation accu-
racy across the entire torque—speed range while minimizing
total Joule loss, accounting for both stator and rotor wind-
ings, without requiring any calibration procedures for the
inner control loops. Besides, the proposed torque controllers
achieve high dynamic torque regulation performances even
at extremely low sampling-to-fundamental-frequency ratios.
Therefore, the proposed torque controllers may offer a highly
attractive solution for the traction industry, as they could en-
able straightforward certification procedures, drastically sim-
plifying calibration.

Experimental validation was conducted on a commercial
EESM for automotive applications, and the results confirmed
the effectiveness of the proposed DB-DFC strategies in fully
exploiting the machine’s torque and constant-power speed-
range capabilities, as well as their high accuracy in steady-
state torque regulation. The experimental test campaign also
reported the execution of fast torque transients at different
sampling frequencies to highlight their impact on managing
the significant armature reaction typically affecting EESMs.
The results demonstrated that the lower the sampling fre-
quency and the higher the torque rate transition, the greater
the probability of temporary rotor current uncontrollability due
to voltage constraints imposed by the exciter. However, the
results obtained at typical sampling and switching frequencies
showed that this effect is significantly mitigated, or even
disappears, when realistic torque transients are performed. It
is highlighted that establishing a priori quantitative stability
boundaries is not straightforward, as they depend strictly on
the EESM under consideration.

Future developments and improvements of this work include
the following.

o The computation of stator and rotor flux references can
be performed using frequency-dependent LUTSs that mini-
mize the machine’s overall losses, accounting for the iron
and mechanical losses contributions.

o The direct control of the stator flux vector can be per-
formed by exploiting the deep overmodulation region
of the inverter up to the six-step operation. This way,
the machine could be operated at its potential maximum
power for a given inverter’s dc-link voltage.
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APPENDIX

The procedure to normalize and linearly interpolate LUT3,
LUT4 and LUTS, thus generalizing the normalization proce-
dures proposed in [30], [42] for PMSMs, is reported hereafter.

The implementation of LUT3, LUT4, and LUTS is char-
acterized by a strong coupling between the torque references
and the secondary input variables. Specifically, the rotor torque
reference TJT is constrained by the flux amplitude limit Ay,
whereas the stator torque reference 7™ is intrinsically linked to
the instantaneous rotor current ¢y according to the torque limit
Tiim- Such interdependencies among the interpolation inputs
lead to highly irregular map domains, posing significant chal-
lenges for real-time linear interpolation in digital controllers.
To address these implementation constraints, the regularization
technique proposed in [30], [42] for control maps of PMSMs
has been considered and specifically extended for EESMs in
this work. The core of this technique involves a normalization
procedure where dependent input dimensions are mapped
into a per-unit (pu) scale ranging from 0 to 1. Within this
regularized domain the following rules are applied:

e A value of 0 pu represents the minimum physically
admissible value of the variable for a given set of other
inputs;

e A value of 1 pu represents the maximum physically
admissible value of the variable for a given set of other
inputs.

This transformation ensures that LUTSs can be elaborated us-
ing standard linear interpolation methods while preserving the
underlying nonlinear relationships. Consequently, the inputs
for LUT3, LUT4, and LUTS are derived through the per-unit
normalization of the torque references to their instantaneous
maximum capabilities:

T7§ Trpu= L :
Tlim Tmax

The regularized flux amplitude reference map (LUT3) is
depicted in Fig. 31 for different rotor current iy levels.
Similarly, the load angle reference map (LUT4) is shown in
Fig. 32. Finally, the rotor current reference map (LUTY) is

illustrated in Fig. 33 as a function of the flux amplitude limit
Alim.-

Ty =

(28)
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