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Abstract—Permanent magnet synchronous machines (PMSMs)
with rare-earth magnets are widely recognized as the preferred
choice for electric powertrains due to their high torque density
and efficiency. However, in an effort to reduce reliance on
rare-earth materials, electrically excited synchronous machines
(EESMs) have emerged as a promising alternative for auto-
motive applications. EESMs offer enhanced control flexibility
over PMSMs, as their magnetic flux can be actively regulated
through the rotor field current. The existing literature provides
several torque control solutions for EESM, such as direct current
control of the machine’s currents and hybrid solutions that
directly control the stator flux amplitude and torque. These
torque control approaches (TCA) seem to lead to very different
control structures, requiring a case-by-case design. However,
this article proposes a unified approach specifically designed
for traction EESMs that enables selecting the most common
TCA reported in the literature while preserving accurate torque
regulation and minimizing total copper loss. The effectiveness
of the proposed solution is experimentally validated using a
commercially available 100 kW EESM, which is employed in
the Renault Zoe EV R135.

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

I. INTRODUCTION

HE increased adoption of hybrid and electric trac-

tion powertrains has heightened the need for high-
performance electrical machines at acceptable cost. The actual
state-of-the-art identifies in permanent magnet synchronous
machines (PMSMs) as the most widely used solution for elec-
tric powertrains, thanks to their high power and torque density
[1]. However, the reliance on rare-earth materials presents
challenges related to cost volatility, supply chain stability, and
environmental sustainability. Consequently, alternative motor
technologies that eliminate the need for permanent magnets
have been investigated. The electrically excited synchronous
machine (EESM) has been identified as a viable alternative
topology for traction applications, owing to its ability to
operate without magnets. Indeed, the EESM generates its
excitation field through a dc winding in the rotor. Furthermore,
this design inherently eliminates the risks associated with
demagnetization and uncontrolled generation, both of which
constitute potential failure modes in PMSMs. Moreover, the
EESM provides greater control flexibility, as its magnetic
flux can be actively regulated by adjusting the rotor field
current. This capability facilitates extended constant power
operation over a wide speed range while maintaining high

efficiency and excellent flux-weakening performance [2]. As
a result, numerous automotive manufacturers are increasingly
considering EESMs as a viable alternative to PMSMs and
are actively exploring various EESM topologies for traction
applications [3]-[5].

However, effective torque control in EESMs involves ad-
dressing several control-related challenges [6]. One of the
fundamental issues is the magnetic interaction between the
stator d-axis and the rotor excitation system, which introduces
coupling effects that complicate independent current control
and necessitate the deployment of advanced, high-accuracy
control algorithms [7]. In traction applications, EESMs are
typically designed such that the exciter winding exhibits much
higher inductance than the stator windings. This design char-
acteristic results in a significantly slower dynamic response
in the excitation circuit, even when the excitation system
operates at its maximum voltage, compared to the relatively
fast dynamics of the stator currents. Furthermore, maintaining
operation along optimal efficiency trajectories requires fre-
quent adjustments to the exciter current, further constraining
the torque response capabilities of the system [8]. To partially
mitigate these limitations, thermal management strategies can
be employed to temporarily increase the allowable stator
current during transient events, thereby enabling short-term
overload operation. This enables the system to exploit the
faster stator dynamics to enhance torque responsiveness under
dynamic conditions [9]. Nonetheless, for a control solution
that is both generalizable and robust, it is essential to leverage
the magnetic coupling between stator and rotor fields [10].

The current state of research in ac drive control for traction
applications identifies several well-established torque control
approaches (TCAs). Among these, current vector control
(CVC) [11]-[15] regulates torque by controlling the dg-
components of the stator current vector (¢4, ¢4). Direct torque
control (DTC) [16], [17], particularly considering when com-
bined with PWM modulation, achieves torque regulation by
directly manipulating the stator flux amplitude and torque
(;\,Zf’). Direct flux vector control (DFVC) [18]-[20] blends
the advantages of CVC and DTC by regulating torque through
direct control of the stator flux amplitude and torque-producing
current (S\,iqs). More recently, flux polar control (FPC) [21]
has been introduced as a control methodology that regulates
both the amplitude and load angle of the stator flux vector
(5\, 6), offering independence from machine inductances. Sim-
ilarly, flux vector control (FVC) produce torque by managing



the dg-components of the stator flux vector (;\d, 5\q) [22].

Despite the above-mentioned extensive research on ac drive
control strategies, few studies have explicitly focused on
torque control for EESMs, with most implementations relying
on dq current control [6], [8], [9], [23]-[25]. A more detailed
analysis of EESM torque control is presented in [26], where
a CVC scheme is discussed in stator dgs coordinates. In [27]
and [28], a deadbeat-direct torque and flux control strategy is
proposed, wherein a field flux linkage command is designed
to achieve unity displacement power factor in steady-state
conditions. However, since machine losses are not necessarily
minimized at unity power factor, further optimization algo-
rithms are required to enhance overall efficiency [8], [9], [24],
[25], [29]-[31]. Coherently, a DFVC scheme incorporating a
total copper loss-minimizing algorithm has been proposed in
[32].

Each of the above-mentioned torque controllers leads to a
specific design and control structure. Therefore, it seems that
torque controllers for EESMs require a case-by-case design
according to the selected TCA. However, the literature on
PMSM’s torque control demonstrates that it is possible to
define unified control structures [12], [33] that can be adapted
to implement the most common TCAs for motor drives. In
other words, the literature does not report any control structure
for EESM that can straightforwardly implement most of the
control strategies reported in the literature, by using a unified
approach based on generalized control maps.

Building on this research context, this article proposes one
of the first torque controllers for traction EESMs that unifies
the most common TCAs reported in the literature. The TCAs
considered in this article are all based on the implementation
of standard proportional-integral (PI) regulators, as they are
the most widely employed solution in the automotive industry
and offer straightforward code certification. Nonetheless, the
proposed control structure allows implementing alternative
regulators reported in the literature, such as dead-beat, model-
predictive control, and sliding-mode, which are, however,
outside the aim of this article. Among the possible TCAs, both
rotor- and stator-flux-oriented solutions have been considered.
In detail, among TCAs based on the rotor coordinates dg, CVC
(i4,1q) and FVC (\g, Ay) solutions have been considered. In
parallel, regarding TCAs based on the stator coordinates (dgs),
hybrid solutions like PWM-DTC (A, T), DFVC (A, i4,), and
FPC (), 0) have been considered. It is highlighted that for all
these solutions, the optimal rotor current iy control has been
included.

According to the aim of this article, one of the most
evident challenges is to guarantee accurate torque regulation
when dealing with highly saturated EESMs, which are widely
employed in traction applications. In addition, torque regula-
tion accuracy must be combined with the aim of minimizing
the overall EESM losses, i.e., copper and iron losses. Since
iron losses are in many cases unknown or affected by high
uncertainty, this article focuses on the overall copper-losses
minimization (stator and rotor winding losses).

In summary, this article contributes to the literature by
bringing the following added values.

o A torque controller dedicated to EESM that is able to
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Fig. 1: Schematic view of EESM drive topology.

unify the most common torque control approaches that
are reported in the literature is proposed. All possible
torque control approaches based on simple PI controllers
are described with a survey approach, allowing any
reader to properly select the best TCA, according to
the application requirements and EESM characteristics.
According to the authors’ best knowledge, the literature
lacks in survey papers describing properly different TCAs
for EESM for traction applications.

o For the first time, a comprehensive procedure for comput-
ing and normalizing the control maps of saturated EESMs
for traction applications is presented. Having as inputs the
reference torque 7™, the reference machine flux A\* and
the field current ¢y, the control maps are computed as
look-up tables (LUTSs) providing as output the controlled
variables (currents or flux) according to the chosen TCA.

o The performance of all TCAs is evaluated through exper-
iments conducted on a commercial EESM for electric ve-
hicles, enabling a clear comparison of their performance
under steady-state and transient operating conditions.

This article builds upon [34], where the proposed torque
controller has been preliminarily validated at low speed. This
article extends [34] by incorporating the following key aspects.

o Comprehensive description regarding the computation,
normalization, and interpolation of proposed LUTs em-
ployed for guaranteeing accurate and efficient torque
control is provided.

« Experimental validation of the proposed torque controller
is conducted under high-speed operating conditions, com-
prising deep flux-weakening (FW) region with maximum
torque per voltage (MTPV) limitation. Furthermore, a
detailed analysis of the accuracy and achievable dynamic
performance for each of the implemented TCA is pro-
vided.

As shown in Fig. 1, the EESM is fed on the stator by the
inverter and on the rotor by an exciter. The torque control
scheme generates the reference voltages v, = for the inverter
duty-cycle generation, along with the reference field current
iy for the exciter. Experimental results are provided for a
commercial 100 kW EESM used on the Renault Zoe EV R135.
The article is organized as follows. Section II presents the
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Fig. 2: Schematic view of the stationary- «f3, rotor- dg, and
stator- dgs frames for a generic synchronous motor.

machine modeling in different reference coordinates with the
theoretical background. A detailed description of the structure
of the proposed torque controller is provided in Section III,
while Section IV reports the experimental validation. Finally,
Section V concludes the article.

II. EESM MODELING

EESMs can be modeled in both the rotor dg and stator
dgs reference frames. In the stator frame, the ds-axis aligns
with the stator flux linkage vector ), as shown in Fig. 2. The
angular displacement between the stator flux and the rotor d-
axis is referred to as the load angle §.

Control strategies such CVC and FVC regulate stator current
and stator flux, respectively, in the rotor dq frame. Alter-
natively, DTC, DFVC, and FPC operate in the stator dgs
reference frame. Therefore, the electromagnetic equations and
the state-space model in both dq and dgs coordinates are
hereafter reported.

A. Electromagnetic model in rotor dq coordinates

The stator voltage equation in the rotor dq frame is ex-
pressed as in [35], extended including the rotor variables:

R0 0] [i] 4 [ Y
Udgr= |0 R 0 |- |iqg T Ag| +w-| Aa |, (D
0 0 R i by 0

where the subscripts of voltage v, current ¢, and flux linkage
A vectors indicate their respective components in the stator dg
and rotor f reference frame, w is the rotor synchronous speed.

The electromagnetic torque is given by:

3 < = 3 . .
T:§~p~)\><z:§~p~()\d~zqf)\q~zd), 2)
where p is the pole pairs number.

To establish an explicit relationship between the stator
voltage components expressed in the dq reference frame
and the chosen state variables, it is necessary to derive the
corresponding state—space equations. Within the framework
of CVC strategies, torque regulation is achieved by directly
manipulating the dg components of the stator current vector.
The concept of differential inductances is introduced to locally
formulate the state-space equations associated with the dgq
current dynamics. These inductances represent the partial
derivatives of the stator flux linkages with respect to the stator
and rotor currents and allow for a linearized representation

of the machine’s electromagnetic behavior around a specific
operating point. The same concept is applied to define the
state-space equation of the rotor current. Starting from the
definition of differential inductances for PMSM included in
[36], for EESMs, they are defined as follows:

lag lag lar

[ldqyf} = |lga lgq qu =
lya lrg lyy
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iq iq if
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1d 1q Zf
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Diq Dig Dis

It is important to highlight that in the formulation above,
the inductances in the dq, f reference frame are not solely
functions of the stator current components (i4, %), but also
exhibit a strong dependency on the rotor field current i ;. This
dependence must be appropriately accounted for in the deriva-
tion of accurate machine models and in the implementation
of advanced control strategies. This way, the cross-coupling
between stator and rotor is fully accounted for. Exploiting (3),
the stator voltage equation (1) becomes:

R 0 O id d iq —Aq
Ugq,r = | 0 R 0 ig | + [ldq,f] . 7 g | +w- Ad
0 0 Ry iy iy 0
4)

Performing some manipulations on (4), the state-space equa-
tions of the stator dg and rotor currents in a generic machine’s
operating point are computed as follows:

lega® Sia=(vg— R-iqg+w-Ag)—

kag - (vg— R -iqg —wAg) + kas - (v — Ry - iy)

legq* %ig = (vg— Riqg—w-Ag)—

kga - (va = R -ig+whq) — kg - (vf — Ry - iy)

leq.f * ggis = (vp — Ry ig)+

k‘fd'(vd—R-id-i-w)\q)—]ffq-(Uq—R-iq—OJ'/\d)
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where the terms indicated with k& denote the cross-coupling

factors that quantify the influence of the interactions between
the axes and are defined as:

k = k =
dq lag-lyp—lgf-lyq’ df log-lyp—lgr-lyq’

ko, — lag-lys—las-lsq. — laalyq—laglya. (6)
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while leqd, leqq and leq,r are the equivalent differential
inductances along the corresponding axes and computed as:

leg.a = laa — lag - kag + las - kaf
legq = lag = lqa - Kqa — lqy - gy )
leq.f =lgs+lfa-kra—1lpq Kyq-
The cross-coupling factors kqq, kqf, kqa and kgp can fre-
quently be neglected, as their effect on the system dynamics

is minor and does not significantly impact the overall model
accuracy in most practical cases. However, it is highlighted



that applying this simplification does not decouple the stator
and rotor systems. Indeed, their correlation is still considered;
as shown in (3), the differential inductances are functions of
the instantaneous values of the d and ¢ stator currents and the
rotor current 7¢. This reasoning cannot be applied to the rotor
equation, where the cross-coupling factors kyq and ky, have
a crucial role in the definition of the dynamic behavior of the
rotor current 7.

The cross-coupling terms act as an additive disturbance in
the rotor control loop. For synchronous machines optimized
for traction applications, the resistive voltage drops in the
stator windings are often negligible due to their small relative
magnitude.

Applying these simplifications and rearranging (5), the
reduced-order state-space equations for the dg current dynam-
ics can be written as:

{ldd';idﬁvd+W')\q ®)
qu~%iqzvq7w~)\d

The FVC regulates the dg flux components directly. The
state-space equations for FVC have already been computed,
as they correspond to (1).

d

G = Vg +w - Ay
d ~

G =V — W Ag

€))

The derived state-space equations can be used to sys-
tematically analyze the advantages and limitations of dg-
based torque controllers. CVC’s dependency on differential
inductance requires adaptive regulators tuning, as also happens
for the rotor current control. Conversely, the FVC is robust
to variations in machine parameters and simplifies controller
design. However, both CVC and FVC face challenges under
voltage constraints in FW regions due to changing back-emf
components (w - Ay and —w - A\g) that couple the dg-axes
significantly, making it necessary to adapt the voltage margins
of the regulators since the prior control axis changes with the
operating point according to the machine’s load angle ¢ [21].

B. Electromagnetic model in stator dqs coordinates

The voltage model (10) and torque equation (11) are com-
mon to all ac machines in the stator flux frame as [18], [21],
[32]:

- _ d [x 0
”qu_R'qu“Ldt'[0}+A[w+f£}’ (10)
T:;p.xx;:g.p.,\.iqs. 1D

The rotor component is not reported as it is the same
in every reference frame. Furthermore, the simplified model
neglecting the cross-coupling factors kqq, kaf, kqq and k¢ is
considered.

Equation (10) illustrates that the magnitude of the stator
flux linkage A\ can be effectively regulated by applying a
control voltage component along the ds-axis. Concurrently,
the gs-axis voltage component can be used to regulate the
electromagnetic torque directly. DFVC, DTC and FPC exploit

the direct relationship between the stator flux and the voltage
components applied in the stator reference frame.

To establish a direct correlation between the dgs voltage
components and the control variables employed in the DFVC
(A, igs), DTC (A, T') and FPC (), §) schemes, the correspond-
ing state-space equations are derived and presented as follows.
It is important to note that the state-space equation governing
the stator flux amplitude has already been determined, as it
corresponds to the ds-axis equation in (10).

% = —R-igs + vgs.

The g¢s-axis voltage equation must be manipulated with a
transformation of variables [21], and the final voltage model
is described below.

(12)

13)

where :
lys = 2 lgq - lgq
ldd + qu - (qu - ldd) . COS(2 . 5) ’
while l4s.l44,lqq are the equivalent differential inductances
along the subscript axes.
Finally, the state-space equation of the torque is computed
by applying the time derivative on (11) as [18]:

d 3 d, . d.
2-lgs d
3'p')\-aT_vqs—w-)\.
According to the machine model in the dgs coordinates, as
detailed in equations (10), (11), and the corresponding state-
space equations (12), (13), the benefits of the DFVC and DTC
schemes become evident.

One of the main advantages is that torque regulation main-
tains its linearity across all operating conditions, including
FW operations. Within DFVC schemes, the gs-axis current
reference is directly derived from equation (11), based on a
predetermined flux amplitude. This approach eliminates the
need for LUTs for torque regulation’s accuracy, which are
typically required in LUT-based CVC solutions [18], [32]. This
advantage is also evident in DTC schemes.

Moreover, beyond the base speed, the flux amplitude refer-
ence can be effectively constrained using model-based laws
that remain unaffected by magnetic saturation phenomena.
This capability enables the straightforward implementation of
the FW. The dynamic performance of the closed-loop control
of the stator flux amplitude remains invariant across varying
machine’s operating points, as indicated by equation (12).

A further advantage of DFVC and DTC is that the inner
regulators for flux amplitude and the gs-axis current operate
with independent voltage margins. Only a minimal voltage
margin is needed to counteract the voltage drops in the ds-
axis due to stator resistance and the inverter voltage errors.
As a result, the gs-axis regulator can utilize nearly the full
voltage range supplied by the inverter, ensuring exceptionally
high dynamic performance of torque regulation even under
voltage constraints [18].

(14)

5)
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Fig. 3: Schematic view of the proposed torque controller.

The FPC-based torque controller performs torque regulation
by directly controlling the stator flux vector in terms of
amplitude A and load angle . The gs-axis voltage is used to
perform the closed-loop control of the machine’s load angle §.
Therefore, the corresponding state-space equation is obtained
from (10) as follows.

d
)vaézvqsfw)\.
The FPC scheme provides the previously described advan-
tages of DTC and DFVC solutions. Additionally, as shown
in equation (16), the performance of the load angle control
loop is independent of the magnetic saturation. However, the
FPC scheme does not automatically guarantee the accuracy of
torque regulation, unlike DTC and DFVC solutions. Indeed,
the load angle cannot be directly correlated to the torque
using analytical relationships due to the influence of magnetic
saturation. Therefore, a LUT is required to provide the load
angle reference.

(16)

III. TORQUE CONTROL SCHEME

The schematic representation of the proposed torque con-
troller is illustrated in Fig. 1 and Fig. 3.

Based on the input torque reference T;, the controller com-
putes the reference stator phase voltages v},. = [v}, v}, v}]
and the reference rotor voltage v. These outputs are generated
by processing several feedback signals, including the stator
phase currents igpe = [ia, @b, %), the inverter dc-link voltage
V4e, the rotor mechanical position 6,,, and the rotor field
current 7¢. Subsequently, the reference stator phase voltages
are used to derive the inverter duty cycles d},. = [d},d}, d]
through the implementation of any PWM strategy [37]. In
this work, a carrier-based space vector modulation (SVM)
technique is adopted.

As shown in Fig. 3, the developed control structure imple-
ments the following control blocks:
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—— reconstruction . .
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(eq. 22)
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Fig. 4: Schematic view of the adopted stator flux observer.

Stator flux observer

Flux limit computation

Torque references computation

Control references computation

Torque control approach (TCA)

Rotor current regulator

A description of the aforementioned control modules is pre-
sented in the following sections, including a discussion on the
implementation of LUTs required to derive the control ref-
erences addressing the non-linear dependence of the EESM’s
magnetic behavior on the rotor current 7.

Throughout the description of the control architecture, the
following superscript are adopted: “ ” denotes an esti-
mated quantity, “ =  indicates an observed quantity, and
“ * 7 represents a reference value. Estimated quantities
arise from open-loop model propagation, while observed quan-
tities are obtained from closed-loop observers incorporating
measurement feedback.

mmOSA® >

A. Stator flux observer

The stator flux vector is estimated by adopting a consol-
idated flux observer structure [18], [38], [39] that combines
two model-based estimators, see Fig. 4.

o The current model (I10) provides the flux estimate based
on the current-to-flux relationships [18], implemented in
the proposed control structure using LUTs. In the same
way, the estimation of the differential inductances (3),
(14) can be retrieved. Indeed, the current-to-inductance
relationships are computed by processing the current-to-
flux ones and stored in LUTs. The flux and inductance
maps are shown in Figs. 5 - 9.

o The voltage model (VI) provides the flux estimate as
the integral of the stator back-electromotive force voltage
vector, where the voltages v, are reconstructed from the
measured inverter dc-link voltage and the command duty-
cycles d*,  [39], [40]. Ideally, the reconstructed voltages

abc
are only function of the duty-cycles as:
17(1 id d; — dO * * *
. e dy + dj + d,
Dpid | =Vac- |dy —do|, do=-"2——L—C (17)

Terid d* — do 3
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Fig. 5: Current-to-flux maps for the EESM under considera-
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Fig. 6: Current-to-inductance l;q map for the EESM under
consideration.

However, the compensation for voltage errors v4¢ qbc in-
troduced by the inverter non-idealities (dead-time effects
and threshold voltages for IGBT implementations) is
necessary to improve the observer’s accuracy. The voltage
erTors Vg qpc can be evaluated using most of the solutions
reported in the literature. In this work, the estimation
method proposed in [40] has been implemented. There-
fore, the stator voltages v,p. are estimated as:
Vabe = Vabe,id — Vadt,abe — LV ST * Tabe (18)
where RVS 1 is the equivalent resistance that accounts for
the conduction voltage drops of the inverter switches.

Based on Fig. 4, the transition frequency between 16 model,
whose flux estimate is robust at low speed, and VI model,
whose flux estimate is instead reliable at high speed, is
established by the observer gain g. More details about the
observer can be found in the literature [18], [38]-[40].

The observer outputs the following quantities:

i;=5A

iy = 104
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Fig. 7: Current-to-inductance [l map for the EESM under
consideration.
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Fig. 8: Current-to-inductance /45 map for the EESM under
consideration.
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o Flux amplitude

A2+ A3 (19)

f, — atan2 ( ?ﬂ) 0)
Aa
« Load angle
5= atan2(i\—> 1)
Ad
o Observed torque
T:g.p-(ﬂa-iﬁ—ﬁ\ﬁ-ia). (22)

In addition, although not directly obtained by the flux observer,
the following quantities are computed since several control
modules of the proposed torque controller require them.

« Estimated electric power

Py = (D i + 0y - iy + Ue - ic). (23)
o Current amplitude
i= /i3 +1i2. (24)
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100

Finally, the electric speed w can be computed using a phase-
locked loop (PLL) [41], whose input is the d-axis position that
is obtained from the measured mechanical position 6,,.

B. Flux limit computation

The design of the torque control algorithm must rigorously
account for the operational constraints imposed by the elec-
trical machine as well as the power electronics converters
supplying it, specifically the inverter and the exciter. These
constraints are essential to ensure safe and efficient operation
under all conditions. As previously discussed, EESMs intro-
duce the rotor field current 7y as an additional controllable
variable. This added degree of freedom necessitates the inclu-
sion of an additional constraint on the maximum permissible
rotor current, denoted as i max, alongside the conventional
stator current limit 7p,x.

Furthermore, in the FW operating region, it becomes crucial
to limit the flux amplitude A\ to prevent violating the volt-
age constraint. As the rotor speed increases, the maximum
allowable flux A, must be dynamically adjusted based on the
inverter’s maximum output voltage capability. This limitation
is computed using the expression given in (25), which also
incorporates the effects of resistive voltage drops in the stator
windings [21].

Voho + (R-02 = (4/3) - R- P,
2 |

Alim = Ko - (25)

In (25), vymqe represents the maximum allowable phase
voltage, corresponding to the sinusoidal voltage limit of the
inverter. Since SVM is employed, this limit is given by
Vde/ V3. The parameter ks, is a scaling factor introduced
to account for inverter non-idealities and to provide a safety
margin that ensures robust dynamic performance during torque
control, particularly in deep FW conditions. Typical values for
ks range from 0.9 to 0.95.

It is important to note that the flux limit );;,, must always
remain below or equal to the machine’s intrinsic maximum
flux capability, denoted as A4z, Which is determined by the
machine’s current-to-flux characteristics.
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Fig. 10: Schematic view of the torque references computation.

Torque references computatioy

In summary, flux and current limitations correspond to the
following constraints:

Z. g Z‘Il'lZ‘IX
if < if,max (26)

A S )\lim S >\max

C. Torque references computation

As previously noted, a significant limitation in controlling
traction EESMs comes from the slow dynamic response of the
excitation system. This behavior is primarily due to the inher-
ently high inductance of the rotor winding, which significantly
limits the rate of change of the rotor current 7.

The stator currents respond much more rapidly than the
rotor current to a step variation. Therefore, to address this
challenge, two distinct torque references are introduced:

1) T}: torque reference for the rotor current regulation;
2) T*: torque reference for the stator quantities regulation.

The corresponding control structure, illustrated in Fig. 10,
enables high-performance torque control even in the pres-
ence of slow exciter dynamics. It is highlighted that this
dual-torque-reference mechanism is not strictly required for
standard traction cycles, as the dynamic variations in torque
requests are typically slow. However, the dual-torque-reference
is recommended for EESM with a large rotor time constant
and the need for executing rapid torque transients. In detail,
two possible scenarios with a unified torque reference, along
with their criticality, are identified and reported hereafter.

o The stator torque reference 7™ is utilized to derive the
rotor and stator reference quantities. The rotor current
reference generation becomes inconsistent because it de-
pends on a torque reference that is itself limited by the
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Fig. 11: Maximum torque profile (LUT1) for the EESM under
consideration.

rotor current. This loop further reduces the dynamic of
the rotor current regulation.

o The rotor torque reference 77 is directly utilized to
derive the rotor and stator reference quantities. While
the rotor current control loop operates normally in this
scenario, significant damping issues may arise in the
generation of stator references whenever the actual rotor
current ¢y deviates significantly from its reference 7.
This discrepancy is particularly critical during fast torque
transients.

1) Torque reference for rotor current regulation: The rotor-
side torque reference T is computed by first determining the
maximum torque Ti,.x that the machine can produce, taking
into account the instantaneous limitations imposed by the flux
amplitude limit \j;, (derived from voltage constraints), and
the fixed stator and rotor maximum currents (émax, @ f,max)-

The maximum torque Ti,.« iS obtained through interpolation
of the pre-elaborated one-dimensional LUT1. Fig. 11 provides
a visualization of the maximum torque Ti,,x profile.

Once T is known, the rotor torque reference T; is
obtained by limiting the input torque request 7} as:

| T7| = min (| T, [ Thax|) - 27)

It is highlighted that this torque limitation primarily reflects
the limitations of the stator-side by including Ajn,, and does
not explicitly incorporate the dynamics of the rotor current .

2) Torque reference for stator quantities regulation: The
stator torque reference 7™ must be compatible with both the
instantaneous rotor current value ¢y and the operational safety
constraints of the machine (26).

The first limitation involves computing an intermediate
torque limit 7}, , that is compatible with the machine’s
actual operational state and is illustrated in Fig. 10. This
limit is obtained via interpolation of the two-dimensional
LUT2, whose inputs are the flux amplitude limit A, and
the measured rotor current .

The torque limit Ty, ;n ensures that the stator can tem-
porarily deliver higher current (up to %,,4,) to satisfy rapid
torque demands. In contrast, the rotor current can slowly con-
verge to its target value. This allows for dynamic performance
improvements without violating converter or machine safety
limits (26) and ensures that the desired efficiency strategy is
applied at steady state.
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Fig. 12: Torque limit map (LUT2) for the EESM under
consideration.

However, in deep flux-weakening operation, MTPV con-
ditions may arise. Under such conditions, DFVC and DTC
schemes require an explicit limitation on the machine load
angle § to prevent instability and machine pull-out [18].
Although the limit Ty, in accounts for MTPV implicitly,
additional regulation is needed to ensure that the estimated
load angle & remains within the safe boundary defined by the
critical angle d;;,, if DFVC or DTC schemes are implemented.
For this purpose, an outer-loop proportional-integral (PI) con-
troller is implemented to regulate & such that:

5 < lim. (28)

To enable straightforward handling of both motoring and
generating operations, 5 and O1im are both handled as abso-
lute values. The critical load angle dy;,, is obtained through
interpolation of the two-dimensional LUT3, using the flux
amplitude limit Ay, and the measured rotor current iy, as
input parameters. LUT3 for the considered EESM is shown in
Fig. 13.

The output of the PI controller, denoted ATy;rpy, serves
as a correction term of the torque limit T};,, 4, to ensure torque
stability. However, this value is strictly bounded to ensure
that the overall torque command remains within the machine’s
capabilities as:

Tiim = Thim;in — ATmrpy, Wwith  ATyrpy < Tiimin.  (29)

Finally, the stator-side torque reference 7™ is obtained as
depicted in Fig. 10 as:

77| = min (|75, Tiim|) - (30)

The proposed approach ensures that high-performance
torque regulation is maintained across a wide range of op-
erating conditions, including deep FW and MTPV limitation,
while fully respecting the constraints of the EESM.

D. Control references computation

Starting from the stator torque reference 7, the complete
set of control references required for each TCA can be system-
atically derived, as shown in Fig. 14. These include the optimal
stator flux amplitude \*, stator current dg components 7); and
i; for CVC, stator flux dg components )\ and )\; for FVC,
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computation.

load angle reference ¢* for FPC, and stator torque-producing
current i;;s for DFVC. Concurrently, the rotor current reference
iy is computed based on the rotor torque reference 7';.

It is important to note that multiple combinations of stator
(\,7) and rotor (i #) control variables can yield the same
torque output. This redundancy comes from the fact that torque
generation for EESMs depends on the interaction between the
stator and rotor quantities.

Moreover, for enhanced flexibility and performance, it is
advantageous to decouple flux and torque control. This sepa-
ration allows the flux reference to be optimized in the desired
way independently of the instantaneous torque requirement.

1) Stator flux amplitude and rotor current references: Re-
gardless of the adopted TCA, the optimal stator flux amplitude
A* is computed in compliance with the current and voltage
constraints defined in equation (26). This ensures that the
resulting control references remain within the machine’s safe
operating limits.

Although any efficiency strategy can be employed in the
proposed torque control scheme, in this article, the optimal
references for stator flux amplitude A* and rotor current 7%

are obtained by solving a constrained optimization problem
that minimizes the total copper losses subject to the electrical
limits expressed in equation (26):

min{;R~i2+Rf-z‘§}. (31)

Ny

The constrained minimization problem formulated in (31)
poses significant challenges for its resolution, primarily due to
the nonlinear magnetic behavior of EESMs, which is highly
dependent on the rotor excitation current ¢s. In particular, the
machine’s flux linkage characteristics exhibit strong saturation
effects and cross-coupling phenomena, making real-time ana-
Iytical solutions impractical.

To address this complexity, the optimization problem (31)
is solved offline, exploiting FEA or experimentally derived
current-to-flux maps of the EESM [42], [43]. By leveraging
these nonlinear relationships, it is possible to pre-compute the
optimal control variables that minimize the total copper losses
under various operating conditions.

Specifically, two LUTs are generated:

o LUT4 provides the optimal stator flux amplitude refer-
ence \*,
 LUTS provides the optimal rotor current reference i%.

For both LUTs, the respective torque reference is correlated
with the other input. Indeed, the rotor torque reference 7’7 is
dependent on the flux amplitude limit \j;y,, while the stator
torque reference 7™ is dependent on the actual rotor current
iy. This mutual correlation between the input variables of
LUT4 and LUTS results in a highly irregular map domain,
which poses challenges for implementing and interpolating
these LUTs on digital controllers.

To efficiently address this issue, the method proposed in [21]
is adopted. In the case where one or more input directions of
the LUT are dependent on others, a normalization procedure
is applied. Specifically, the dependent input dimensions are
transformed into a per-unit (pu) scale ranging from 0O to 1. In
this normalized domain:

o A value of 0 corresponds to the minimum physically
admissible value of the variable for the given values of
the other inputs.

e A value of 1 corresponds to its maximum admissible
value of the variable for the given values of the other
inputs.

This normalization ensures that the LUT can be interpolated
with linear methods while preserving the integrity of the
original nonlinear relationships.

Following these considerations, the linear interpolation of
LUT4 and LUTS5 requires the pu normalization of their
respective torque references according to the corresponding
maximum limits as (see Fig. 10):

T*

. 5
Tiim '

Tmax.
A view of the flux amplitude reference map (LUT4) is

shown in Fig. 15 for different values of the measured rotor
current 7¢. A view of the rotor current reference map (LUTS5)

T =

Trpu = (32)
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Fig. 15: Flux amplitude reference (A*) map (LUT4) for the
EESM under consideration.

is instead shown in Fig. 16 for different values of the flux
amplitude limit Ajp,.

It is highlighted that LUT4 and LUTS5 can be modified to
implement alternative optimization strategies (e.g., minimiza-
tion of Joule plus iron losses, including temperature effects on
rotor and stator resistance and the electrical frequency) without
changing the proposed control structure (see Fig. 3).

2) Computation of TCA references: As illustrated in Fig.
14, given the actual value of the rotor current iy and
the references of torque and stator flux amplitude (77, \*),
it is possible to derive the reference quantities of any
TCA (ig,ig, Ay, )\;75*,1';5). Except for the reference torque-
producing current i;s, which is calculated from (11), these
reference quantities are ruled by non-linear relationships,
requiring the adoption of LUT9, as depicted in Fig. 14.

The implementation of LUT9 on digital controllers is not
straightforward. Indeed, both torque and flux amplitude de-
pend on the rotor current 7. In turn, the torque is also related
to the flux amplitude. Therefore, one of the main contributions
of this article is the definition of the procedure to normalize
and interpolate LUT9 independently of the considered TCA,
generalizing the concepts of the normalization procedure pro-
posed in [21] for PMSMs.

First, the flux amplitude is normalized in pu form, in
coherence with the actual rotor current 7 ;. Therefore, for each
i¢, a minimum and a maximum flux are defined, Ami, s and
Amax, f Tespectively. Such relationships are stored in LUT6 and
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Fig. 16: Rotor current reference (i}) map (LUTS) for the
EESM under consideration.

LUT7 (see Fig. 17). Straightforwardly:
A*— )\min,f

Ay = ———————>—.
P >\max,f - )\min,f

(33)
It is highlighted that the minimum flux Ay, ¢ is almost null for
the considered EESM. However, different EESMs can exhibit
a significant minimum flux Ayin, ¢ characteristic, justifying the
need for its elaboration.

Subsequently, a maximum torque T r—r expressed as a
function of the iy and the Ay, is defined and stored in LUTS8
(see Fig. 18). A new pu reference torque is thus retrieved as:

T*

_ . (34)
Tmax,A—f

Tpu,)\— f=

Finally, the desired control references can be found linearly
interpolating LUT9, whose inputs are Apy, Tpua—y and 7y, It
is highlighted that the output of LUT9 changes according to
the considered TCA, and that it is not required for DFVC and
DTC schemes (see Figs. 19 - 21).

Summarizing, LUT4 and LUTS are used to provide the op-
timal reference of stator flux A* and rotor current ¢} according
to the considered efficiency strategy (in this work, minimum
copper losses) and the corresponding torque reference (77,
T'7). This way, the stator and the rotor control are dynamically
decoupled, allowing the overall torque control dynamic to
be limited only by the stator dynamics and the machine’s
constraints (26). Subsequently, LUT9 is employed to derive
the control references necessary to implement the desired TCA
starting from the measured rotor current 7y and the references
of stator flux amplitude A* and torque 7.
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It is highlighted that the proposed control structure is
quite robust against temperature effects. As the EESMs are
magnetless, the current-to-flux and current-to-torque maps are
independent of temperature, making LUT1-LUT3 and LUT6-
LUTO9 invariant to temperature variations. Conversely, LUT4
and LUTS are computed according to the overall Joule losses
minimization by considering rated temperature of stator and
rotor windings. Therefore, these two LUTs should be adapted
to the measured/estimated machine temperatures to preserve
the minimum overall Joule losses conditions. However, torque
accuracy is preserved because it relies only on LUT9.

E. Torque control approach (TCA)

The proposed torque controller can employ any desired
TCA, which can be chosen based on specific application
requirements and EESM design. Depending on the chosen
TCA, different regulators’ characteristics have been previously
highlighted in Sections II-A and II-B and deeply analyzed in
the following.

1) Stator dgs-axes TCAs: In the DFVC, DTC and FPC the
torque control is performed using two regulators implemented
in the stator dqs frame, as shown in the schematic view of
Fig. 22.

As highlighted in Section II-B, only a minimal voltage is
required by ds-axis/flux regulator to counteract the voltage
drops attributable to the stator resistance and the inverter.
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Fig. 19: Load angle reference (6*) normalization (LUT9) for
the EESM under consideration.

Hence, the voltage margin for the flux amplitude regulation
Vds,lim can be set following a rule of thumb law:

2-R-imax < Vds,lim <5 R imax.

(35)

This way, the g¢s-axis regulator, responsible for the torque-
producing quantity (igs, T,6) regulation, can utilize nearly the
full voltage range provided by the inverter, thereby enabling
exceptionally high dynamic performance in torque regulation
even in deep FW operation. To further improve the dynamic
performance of torque regulation, the compensation of the
machine’s back-electromotive force (w - 5\) is performed (see
Fig. 22).

Recalling (12), it is evident that the performance of the flux
regulator is independent of the machine’s working point. Thus,
if a PI flux regulator is applied, it does not need any tuning
and proportional —£,, and integral —k; gains are suggested to
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be designed as in [21]. The same happens for the load angle
regulator, as evident from (16).

Conversely, the T and 145 control loops, according to (13)
and (15), are related to the machine magnetic saturation
through the differential inductance I,,. Therefore, the gains of
the gs-axis regulator need to be dynamically adapted according
to the estimation of the differential inductance l~q5, retrieved
from the magnetic model in the flux observer, avoiding
undamped or instability phenomena. More details about the
preliminary computation of the PI gains for stator dgs-axes
TCAs are reported in Appendix.

2) Rotor dg-axes TCAs: The CVC and FVC implement the
closed-loop control of the stator dg-axes currents and fluxes,
respectively. Therefore, the back-emf components (—w-\, and
w-Ag) must be compensated to obtain satisfactory performance
in FW, as can be seen in Fig. 23. Recalling (8), it is evident
that CVC requires adaptive regulators tuning according to the
estimated differential inductances de and quq (see Fig. 6 and
Fig. 7). Conversely, according to (9), it is noted that the FVC
regulators are both independent from the machine’s operating
point and can be tuned as for the flux amplitude regulator.
More details about the preliminary computation of the PI gains
for rotor dg-axes TCAs are reported in Appendix.
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Fig. 23: Schematic view of the dg-frame based TCAs.

FE. Rotor current regulator

The rotor current control is performed by employing a
conventional PI regulator whose voltage margins are limited
between vg. and zero if a unipolar exciter is used. Alterna-
tively, the lower voltage limit is set to —vgy. if a full-bridge
converter is employed to feed the rotor. The PI gains are tuned
according to the estimation of the rotor equivalent differential
inductance l.4 ; (see Fig. 9), accounting, in this way, for the
machine magnetic saturation (5). Compensating the voltage
drop on the rotor resistance Rf is recommended (see Fig.
24). More details about the preliminary computation of the PI
gains for the rotor current control are reported in Appendix.

IV. EXPERIMENTAL VALIDATION

The experimental validation of the proposed torque con-
troller has been carried out using as machine under test (MUT)
a commercial sample of the EESM employed in the Renault
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Fig. 25: Sample of the Renault Zoe R135 EESM [31].

Zoe EV R135 (see Fig. 25), whose primary data are listed in
TABLE I and constructional details are reported in Table II
and shown in Fig. 26. Further details can be found in [44].

A. Test rig

The MUT has been operated in torque control mode, with its
rotor shaft mechanically coupled to a driving machine (DM)
that acted as a speed-controlled prime mover, as depicted in
Fig. 27. To monitor the torque and assess the performance of
the proposed UTC, a high-precision T12HP torque transducer
from HBK has been installed between the MUT and the DM.

The MUT’s stator has been powered by an insulated gate
bipolar transistor (IGBT)-based inverter, rated for 750 V,
800 A. The inverter has been supplied at a nominal dc-link
voltage of 350 V, provided by a bidirectional dc power source.
The inverter operated at a constant switching frequency of
10 kHz with a dead time of 1 us. The rotor has been fed by a
dedicated SiC-based power module, configured as a full-bridge
[45]. The rotor excitation converter operated at the same dc-
link voltage of 350 V and a switching frequency of 20 kHz.

The control system architecture involved two distinct digital
controllers. The stator inverter has been controlled by a
dSPACE MicroLabBox control unit, which was responsible
for executing the main control algorithm, generating PWM
signals, and managing system measurements. The rotor exci-
tation converter has been controlled by a dedicated embedded
control board mounted on top of the power stage. This board
was equipped with an STM32G4 microcontroller unit (MCU),
which handled local current measurements, PWM generation
for the SiC power switches, and communication with the main
controller. The rotor current reference i and the proportional
gain of the rotor current PI regulator, both computed by the
main controller, have been transmitted via a CAN bus interface
to the rotor MCU. It is highlighted that the delay in the CAN
communication between stator and rotor digital controllers
does not allow the feedforward compensation of the additive

TABLE I: Primary data of the EESM under test.

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 V
Maximum flux (Amax) 0.24 Vs
Peak stator current (Zmax) 385 A
Peak rotor current (2 f max) 15A

TABLE II: Design data of the EESM under test.

Number of stator slots 48
Slots per pole and per phase 4
Number of conductors in one slot 108
Number of external parallels 4
Number of internal parallels 12
Machine axial length 175.0 mm
Stator outer diameter 262.2 mm
Stator inner diameter 156.2 mm
Rotor outer diameter 154.6 mm
Rotor inner diameter 41.0 mm

131.1

77.69

4597

Fig. 26: Dimensions of the EESM under test (quotes in mm).

disturbance due to the cross-coupling terms (5) in the rotor
current 7 ¢ control loop. The control algorithm has been entirely
developed in MATLAB/Simulink, leveraging the automatic
C-code generation capabilities of the dSPACE platform. Sam-
pling frequencies of 10 kHz and 20 kHz have been adopted
for the stator and rotor control loops, respectively.

Due to mechanical constraints inherent to the test rig, the
maximum torque and speed of the MUT have been limited
to 150 Nm and 10000 r/min, respectively. Despite these
limitations, the system was capable of operating in the high-
power region of the EESM, enabling the MUT to reach its
peak power of 100 kW.

B. Experimental results

The proposed torque controller has been experimentally
validated through a comprehensive set of tests finalized to
assess its performance according to the following goals.
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Fig. 27: View of the test rig: EESM under test (left), driving
machine (right).

« Evaluation of the controller’s capability to manage high
torque and power conditions in the entire speed range,
including deep FW scenarios.

« Verification of high dynamic performance of torque reg-
ulation across the entire speed range of the MUT.

o Assessment of the accuracy of torque regulation, in-
cluding proper reference limitation according to voltage
and current constraints and minimization of steady-state
torque error.

In line with these objectives, the following experimental
tests have been performed:

1) Maximum torque per speed (MTPS) profile
2) Fast torque reversals
3) Steady-state torque accuracy

All tests have been conducted using the TCAs discussed in
this article: DFVC, DTC, FPC, CVC, and FVC. PI regulators
have been employed, and for all controllers except CVC,
the theoretical small-signal bandwidth of the stator control
loops has been set to 200 Hz, while the rotor current control
bandwidth has been set to 400 Hz. Due to the strong mutual
coupling between the stator d-axis and the rotor excitation
axis in the CVC strategy, tuning of the PI controllers becomes
significantly more complex. To avoid instability and high-
frequency noise in the torque response, the stator and rotor
current control loop bandwidths for CVC have been limited
to 50 Hz and 100 Hz, respectively. For each PI regulator,
the theoretical phase margin has been set to 60 degrees. It
is highlighted that the derating of the regulation bandwidth of
the inner control loops has been applied only to CVC, since the
other TCAs are ruled by state-space equations that are quite
decoupled, thereby mitigating (DTC and DFVC) or avoiding
(FPC and FVC) the interaction between the PI regulators of
the inner control loops. The observer gain g has been set to
20 Hz, while the voltage margin factor used for flux weakening
has been set at kg, = 0.9.

The employed LUTs have been computed from the experi-
mentally derived current-to-flux maps of the EESM under test
[42], [43]. However, in case FEA-based maps are employed,
discrepancies between FEA-based and real maps directly af-
fect the torque control accuracy of TCAs using LUTOY, i.e.,
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Fig. 28: MTPS profiles with DFVC: experimental results.

CVC, FVC, and FPC. In this scenario, a possible solution to
improve torque accuracy may consist of implementing error-
compensating mechanisms developed for PMSM drives, e.g.,
the one reported in [46].

In this work, the LUTs have been discretized as follows:
rotor current 45 from 0 to 15 A (if max) With 1 A step, 16 points
(pt); flux limit Ajjp, from O to 0.24 Vs (Apax) with 0.01 Vs step,
25 pt; finally all the pu quantities (Tpy, T,pu) from O to 1 with
a 0.1 step, 11 pt. Therefore, the dimensions of the LUTs were:
LUT1 25x1, LUT2 25x16, LUT3 25x16, LUT4 16x11,
LUTS 25x11, LUT6 16x25, LUT7 16x25, LUTS 11x16,
LUT9 11x11x16. The total memory required for the LUTs is
approximately 1 MB. Without any computational optimization
of the generated C code, the control algorithm achieved an
execution time of 35 us on the dSPACE platform, which
ensures a one sampling time step of command execution delay.
Consequently, the implementation of the proposed torque
controller is also feasible on automotive-grade MCUs. It is
highlighted that lower-resolution settings are allowed for most
of the proposed LUTs. Indeed, the torque accuracy relies on
LUT9 for all TCAs except DFVC and DTC. Therefore, only
LUT9 should be prioritised if memory-saving optimization
procedures become necessary.

1) MTPS profile: Starting from standstill, the speed of
the MUT has been progressively increased from zero to the
mechanical speed limit of the test rig, i.e., 10000 r/min. This
was achieved by using the DM as a prime mover, imposing
a constant acceleration of approximately 230 r/min/s. This
speed profile was intentionally designed to approximate quasi-
steady-state conditions. Simultaneously, the reference input
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torque 7} provided to the MUT’s controller has been set to the  in Figs. 28 - 32, where the mechanical power P, is derived
maximum admissible value of 150 Nm. The resulting MTPS  from the product of torque and speed measurements acquired
profiles of all the TCAs’ regulated quantities are illustrated through the torque sensor. The results clearly demonstrate that,



Current (A)

Current (A)
—
IS

0 1 1 1
£ 100 J—Pm —wm! 10000 £
=t =
- O ~AALAT TNV s000 =
8100 b Y o £
0 5 10 15 20 25 30 35 40 45 7

Time (s)
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irrespective of the TCA chosen, the proposed torque controller
successfully enables full utilization of the MUT’s torque and
power capability across the entire speed range. Furthermore,
the stator and rotor quantities are effectively regulated in
compliance with the total copper loss minimization strategy.
This confirms the controller’s ability to coordinate multiple
constraints while ensuring energy-efficient operation.

2) Fast torque reversals: To assess the dynamic perfor-
mance of the torque regulation, fast torque reversal tests have
been conducted along the MTPS profile. As in the previous
experiment, the MUT has been accelerated from standstill to
the maximum speed of 10000 r/min using the DM, with an
imposed acceleration of approximately 230 r/min/s. During
this speed ramp, the input torque reference 7T;; has been set
to its maximum value of 150 Nm. However, in contrast to
the previously described test, the torque reference has been
periodically reversed to introduce rapid transitions between
motoring and braking modes. The reversal frequency and
torque slew rate have been selected based on the mechanical
constraints of the test rig and have been set to 0.5 Hz and
150 Nm/s, respectively. These values were used for all TCAs,
except for the CVC. Indeed, due to the significantly reduced
small-signal bandwidth required for stable operation in CVC,
resulting from the mutual coupling between the stator d-axis
and the rotor, such torque transitions could not be sustained
across the entire speed range. For this reason, in the case of
CVC, the torque reversal frequency has been limited to 0.2 Hz,
with a linearly decreasing slew rate from 150 Nm/s at standstill
to 25 Nm/s at 10000 r/min.
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This dynamic stress test effectively evaluates both motoring
and braking performance of the MUT while following the
MTPS trajectory. It also serves to validate the robustness of
the proposed torque controller, confirming its ability to handle
rapid torque transitions between opposing operating modes
throughout the whole speed range. The experimental results,
shown in Figs. 33 - 36, indicate that all stator and rotor control
variables are properly regulated under all tested conditions,
including fast torque reversals in the deep FW region. No
instability or overcurrent events were observed during the
experimental tests, thereby demonstrating the high dynamic
capability of the proposed control scheme. Nonetheless, as
illustrated in Fig. 37, the CVC strategy exhibits a noticeably
reduced torque dynamic response, justified by its limited
control bandwidth.

3) Steady-state torque accuracy: The steady-state accuracy
of the proposed torque controller has been extensively vali-
dated. To this end, a series of tests has been performed across
the entire speed range of the MUT. The speed has been varied
in increments of 500 r/min, from standstill up to the maximum
test rig limit. At each speed level, ten equally spaced torque
setpoints have been applied, spanning from zero up to the
maximum allowable torque in motoring operation.

The experimental results, presented in Fig. 38, demonstrate
the accuracy of the torque controller, independently of TCA.
Specifically, the torque error AT, evaluated both in absolute
terms and as a percentage of the torque limit 7j;,,, remains
consistently acceptable across the tested operating range for all
TCAs. These results confirm the high fidelity of the proposed
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Fig. 37: Fast torque reversals along the MTPS profile with
CVC: experimental results.

controller in tracking the reference torque 7* under steady-
state conditions, despite the fact that iron and mechanical
losses have not been explicitly compensated in the computa-
tion of the stator flux amplitude reference \* and rotor current
reference z;‘c It is noted that the CVC strategy exhibits a higher
torque regulation error compared to the other TCAs at speeds
exceeding the base one, as illustrated in Fig. 38. This deviation
arises because the dgq currents imposed by the CVC do not
correspond to the actual flux-generating and torque-producing
components, primarily due to the unmodeled influence of iron
losses. As these losses scale with frequency, their impact
becomes increasingly significant at higher speeds. On the other
hand, the other control strategies, DFVC, DTC, FPC, and
FVC, demonstrate improved robustness against such effects.
This is attributed to the direct control of the flux amplitude
(DFVC and DTC) or even the stator flux vector (FVC and
FPC), whose estimate is derived from the VI estimator of
the flux observer which accounts for the iron losses. As a
result, the flux-controlling approaches inherently incorporate
the impact of iron losses, thereby enhancing torque accuracy
without requiring explicit iron loss compensation.

V. CONCLUSION

This article proposed a unified high-performance torque
controller for traction-oriented EESMs. The proposed con-
troller enables linear torque regulation across the entire torque-
speed operating range by minimizing the overall copper losses
comprising both stator and rotor windings. A distinctive fea-
ture of the proposed approach is its versatility, as the same
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control structure is compatible with multiple TCAs, including
CVC, DFVC, DTC, FPC, and FVC. This flexibility enables
the selection of the most suitable control method based on
machine characteristics and application-specific requirements.

The proposed torque controller has been experimentally
validated on a commercial automotive EESM. The results
confirm the feasibility of the approach in fully exploiting the
high-torque and high-power operating regions of the machine,
while guaranteeing excellent dynamic behavior. In particular,
robust torque control performance is observed under deep FW
conditions, consistently across all investigated TCAs.

The experiments conducted with CVC reveal significant
performance degradation in torque regulation. This is primarily
attributed to the strong cross-coupling between the stator d-
axis current and the rotor excitation current regulators. More-
over, CVC exhibits a reduction in steady-state torque accuracy
when iron losses become non-negligible.

In the case of DTC and DFVC, an additional control module
is required to actively limit the load angle during MTPV
operation to prevent the machine’s pull-out. However, the main
shortcoming of this control module consists of its calibration,
often performed by using heuristic approaches. Conversely,
CVC, FPC, and FVC inherently ensure MTPV limitation;
however, they require additional LUTs to achieve torque
linearization. Also, these LUTs require dedicated computation
and interpolation procedures described in this article.

Finally, it is highlighted that FPC and FVC controllers do
not require any calibration of the inner control loops, while
still ensuring accurate, robust, and high-performance torque
regulation. This advantage is pivotal in traction applications
to reduce efforts and cost in performing expensive calibration
procedures.
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APPENDIX

The detailed description of how the PI regulators for flux
and current control can be tuned is reported hereafter. It is
highlighted that this discussion on PI regulators tuning is valid
in any reference frame and for any axis. The subscript "z” is
used to identify a generic axis.

1) Flux controller design: The simplified flux control loop
in the Laplace domain is illustrated in Fig. 39. The inverter is
modeled as a delay element with unitary gain, which can be
approximated by a first-order transfer function as follows:

1

Hinv =
(S) 1+s-74

=1.5-Ts, (36)
where T denotes the switching period, assumed to be equal
to the sampling period (single-edge PWM is considered).
Assuming accurate voltage reconstruction, the observer can
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Fig. 39: Flux control scheme in Laplace domain.

be approximated as a unity gain. Consequently, the open-loop
transfer function of the flux control loop is expressed as:

ki,ﬂux) 1 1

s 14+s-14
S — Wz flux
52 1+s-74°

HOL,ﬂux(S) = (kp,ﬂux +
(37)

kp,ﬂux .

7, flux

where w, gux = :pﬂ represents the zero of the flux PI con-
troller. It can be observed that the open-loop transfer function
in (37) contains a zero, two poles at null frequency, and
an additional high-frequency pole introduced by the inverter
delay.

It is important to emphasize that the flux control loop
is independent of the machine parameters and the operating
point, i.e., it is not influenced by variations in torque or speed.
Based on the transfer function analysis, the design of the flux
controller can be summarized as follows:

o The crossover frequency f.aux (in Hz) is chosen as a
function of the sampling frequency. The theoretical upper
limit of this frequency is determined by the inverse of the
inverter delay:

—1 1 fs
We flux,max = Tq = 15T = ﬁ

f — fS :fS fS
eiumax = 45 o~ 31 10

=
(38)

e The controller zero w;, qux is determined to achieve the
desired phase margin ®py; as

w _ We, flux
2 flux tan (Ppy + arctan(we fux - 7a)) ’ (39)
$pyp + arctan(we aux - 74) < 90°.
o The integral gain is obtained as in [21]:
1+ Td * We,flux 2
Ki fux = wg,ﬂux . ¥ (40)

1+ (wc,ﬂux )2

W2z, flux

e The proportional gain of the flux controller is finally
obtained as

ki
k;p7ﬂux = MALLE (4 1 )

Wz flux
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Fig. 40: Current control scheme in Laplace domain.

2) Current controller design: The simplified control loop
in the Laplace domain is shown in Fig. 40. In contrast to the
flux loop, the current control loop depends explicitly on the
machine parameters. Assuming that the current measurement
delay is negligible, the feedback block can be approximated
by a unity gain. Thus, the open-loop transfer function of the
current controller is given by

kicrt 1 1
Hoven(s) = ( k . ) ' B
0L7ct(5) < poert + s ) 1+s-17q R+s-l;
k ) S+ Wy ert . 1/lT . L
p,crt S S+ZE 1+3'7—d'

(42)

Applying the zero—pole cancellation method, the controller
zero is selected to cancel the dominant pole of the motor,
leading to
R - ki,crt R

R
Wz et = T % = r = ki,crl = kp,crt e
T p,crt T T

(43)

o~

Substituting (43) into the open-loop transfer function yields

kpen 1 1

Hov en(s) = l, s 14+s5-74

(44)

The open-loop transfer function in (44) features one pole
at null frequency and one high-frequency pole introduced
by the inverter delay. The current controller design can be
summarized as follows:

¢ A typical phase margin of ®pyy = 60° is selected. The

crossover frequency w.c is then determined as:

tan(90° - @pM)

Weyert = ———————- 45
Td
o The proportional gain is computed as:
kp,crt = We,ert * lg. (46)
o The integral gain is derived as:
ki,crt = kp,crt cWaert = kp,crt : T 47)

x

From (46) and (47), it is evident that the current con-
troller parameters depend on the machine resistance R and
the corresponding differential inductance [,,. The value of [,
changes with the operating point, as it is a function of ig, 44,
and iy. The rotor field current ¢y significantly influences the
magnetic behavior of the machine; thus, it is impractical to
assume a fixed value for [,. Instead, a real-time estimation
I, is computed based on the current-to-flux relationships, as



kfd‘(vd_R'id-"qu)_,,,
krg - (vg =R+ ig = @ A4)

Current controller Exciter Motor
if* + k kl"f U[: + 1 Vr 1
- ZAry + T+stq; [ 7| S-leqs + Ry
Measurement
i
~1 f

Fig. 41: Rotor field current control scheme in Laplace domain.

depicted in Fig. 4. Regarding the dependency of the stator
resistance due to the temperature effects, a simplified but
robust approach consist of considering its rated value.

3) Rotor field current controller design: The design
methodology of the rotor field current controller mirrors that
employed for the stator current controller. The same ana-
Iytical framework can be applied by substituting the stator
parameters R and [, with their corresponding rotor quantities,
namely the rotor resistance 7y and the rotor inductance l.q,f.
This last is also estimated in real time using the current-
to-flux relationships, as depicted in Fig. 4. Furthermore, the
disturbance term is not anymore due to the back-emf but is
caused by the cross-coupling terms, as illustrated in Fig. 41.
Consequently, the same tuning procedure can be adopted to
determine the proportional and integral gains of the rotor field
current controller.
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