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ABSTRACT Electrically excited synchronous machines (EESMs) potentially constitute suitable alternatives
to the permanent magnet (PM) counterparts in the context of transportation electrification for the design
and manufacturing of sustainable PM-free traction drives. The convenient current regulation enabled by the
rotor winding represents the distinguishing feature of the EESMs, allowing the machine performance to
be optimized under different operating conditions. Nevertheless, the added complexity introduced by the
variable rotor current results in a challenging implementation of high-fidelity dynamic models for numerical
simulations. Indeed, the severe magnetic saturation typically exhibited by traction EESMs, including the
significant magnetic coupling between the stator and rotor windings, must be accurately taken into account.
In this framework, this article proposes advanced EESM models based on a current-controlled generators
approach, which allow interdependent simulations of stator and rotor winding dynamics, thus providing
enhanced simulation capabilities. Also, multidimensional-map-based formulations are adopted to include
the significant saturation nonlinearities, comparing their accuracy and computational burden with the state-
of-the-art models. The proposed EESM models have been experimentally validated on a 100 kW commercial
EESM sample from an automotive manufacturer, demonstrating their added value in accurately replicating
the electromagnetic behavior of the machine in the simulation environment.

INDEX TERMS Current-controlled generators (CCG) model, dynamic modeling, electrically excited syn-
chronous machine (EESM), flux maps, magnetic saturation.

I. INTRODUCTION
Many recent research activities from the academic and indus-
trial contexts have been focusing on electrically excited syn-
chronous machines (EESMs) to develop further advancements
oriented toward more sustainable transport electrification [1],
[2]. Within this framework, the uncertain availability and wide
price oscillations of permanent magnets (PMs), combined
with the environmental hazard of the mass extraction for
intensive production, have all contributed to the increasing
interest in enabling PM-free systems based on EESMs [3],
[4]. Some of the most relevant car manufacturers have already

adopted EESMs, as well as other sectors, such as the passen-
ger aircraft industry [5].

The peculiarity of the EESMs is represented by the rotor
winding, which generates the excitation field [6], [7]. The
controllability of the rotor current allows achieving optimal
and efficient torque regulation, while enhancing the overall
safety of the electric drive [8]. In this regard, the possibility
of promptly removing the excitation field in case of faults
ensures the complete machine de-energization, differently
from the PM machines [9], [10]. In addition, the EESMs
are characterized by a large overload torque, high efficiency
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FIGURE 1. Circuital representation of electric machine models. (a)
voltage-behind-reactance — VBR. (b) current-controlled generators — CCG.

at partial loads and a wide constant power speed range, all
allowed by the rotor current regulation [11], [12]. However,
the Joule losses of the rotor winding restrict the obtainable
power density and result in a more challenging cooling with
respect to the PM machines [13]. Regarding the rotor current
supply, brushless systems based on capacitive or inductive
couplings have been proposed to reduce maintenance and to
improve reliability compared to brushed contacts, especially
in high-speed applications [14], [15], [16]. In the aerospace
sector, multistage exciters are adopted for safety reasons [17],
[18], [19], [20], [21].

As the ongoing studies on EESMs for transportation are
advancing, the implementation of simulation models imposes
stringent fidelity requirements [22], [23]. Accurate dynamic
modeling is demanded for control algorithms development
and numerical simulations [24], hardware-in-the-loop test-
ing [25], and real-time condition monitoring of electric ma-
chines [26], [27]. For these purposes, the simulation models
must represent the magnetic saturation nonlinearities, while
also featuring limited computational burden [28], [29]. More-
over, the EESM dynamic modeling is further complicated
by the rotor winding, introducing additional variables with
respect to the PM machine models [30].

In this context, the research contributions to the nonlin-
ear modeling of EESMs have been primarily oriented to
circuit-based simulation approaches [31]. Specifically, these
EESM models are developed according to voltage-behind-
reactance (VBR) formulations, for convenient integration and
analysis with power electronics converters in numerical simu-
lations [32], [33], [34]. In the VBR models, the stator and rotor
currents are the inputs, whereas the resistances, inductances,
and back-electromotive forces are the outputs, as shown
in Fig. 1(a). Saturation curves are defined to approximate
the magnetic nonlinearities, providing a relationship between
magnetizing current and flux linkage [35], [36], [37]. In or-
der to improve the fidelity of the model in representing the

magnetic saturation, current-to-flux maps, i.e., the relation-
ships between machine currents and flux linkages, have been
included in the VBR formulation recently proposed in [38].

According to the literature, a potential alternative to VBR
modeling is represented by the current-controlled generators
(CCG) approaches [39], [40], [41]. The CCG formulation of
an electric machine, regardless of whether electrically excited
or PM machines are considered, features the terminal voltages
as inputs, while the currents are the outputs [42], [43]. This
representation leads to a machine circuital scheme based on
current-controlled generators, as illustrated in Fig. 1(b). The
implementation of accurate CCG models is achieved through
different typologies of multidimensional maps [44], [45]. In
the state-of-the-art CCG models, an intensive use of maps
obtained either by means of finite element analyses or by
experimental testing procedures is required [46], [47]. The
CCG models can also be classified depending on the type of
state-space variables that are considered [48]. In particular,
the so-called current-based models rely on the computation
of the time derivatives of the machine currents. Conversely,
the so-called flux-based models feature the flux linkages as
state-space variables.

Current-based EESM models have been comprehensively
investigated for their straightforward implementation through
current-to-inductance maps [49], [50], [51]. However, due to
the high sensitivity of convergence to the values of incremen-
tal inductance, a flux-based EESM model with flux-to-current
maps has been proposed in [52] as an alternative approach for
state-space-variable-based simulation software, although long
and demanding offline computations seem to be needed.

In this scenario, innovative approaches to develop accurate
EESM flux-based CCG models are proposed in this article.
The primary advantage of the proposed models is to consider
stator and rotor windings as two separate but interdependent
blocks, as is obtained straightforwardly by means of the VBR
formulations, but not with the state-of-the-art CCG models.
The article novelties and the benefits of the proposed EESM
models are, thus, summarized as follows.

1) The developed EESM models constitute the first CCG
formulations with decoupled but interdependent dynam-
ics for the stator and rotor windings, providing enhanced
simulation capabilities while preserving ultra-high ac-
curacy. First, the dynamics of the stator winding can
be simulated at variable rotor current without requir-
ing the current-to-flux map of the rotor (which is often
experimentally unavailable). Second, the rotor winding
overvoltage due to sudden stator current variations can
be conveniently analyzed by using the stator current
as an external input to the rotor block, facilitating the
analysis of fault scenarios.

2) Two formulations are presented for accurate modeling
of magnetic saturation, including both self- and cross-
saturation effects. The two formulations minimize the
memory requirements with respect to the existing flux-
based models in the literature, by completely avoiding
data extrapolation. Moreover, the offline computational
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burden of the maps used in the proposed formulations
is similar to that of the current-based approach, with
drastically reduced computational times.

3) In-depth simulation and experimental comparisons of
the proposed and state-of-the-art models are reported,
highlighting benefits and drawbacks of each. For this
purpose, digital twin tests are performed for the models
experimental validation.

In order to substantiate the robustness and validity of the
proposed EESM models, the 100 kW sample equipping the
Renault Zoe EV R135 has been assumed as a reference case
for both the simulation stage and experimental tests.

The rest of this article is organized as follows. Section II
introduces the state-of-the-art current-based and flux-based
models. In Section III, the proposed EESM CCG models are
presented and described in detail. Section IV provides the
simulation comparison between proposed and state-of-the-art
models, while Section V contains the models experimental
validation. Finally, Section VI concludes this article.

II. LITERATURE ANALYSIS OF CCG MODELS
Based on the previously mentioned analysis, the EESM CCG
models can be implemented through current-based or flux-
based formulations, both considering magnetic saturation by
means of maps. These maps are typically expressed in the
rotating dq reference frame linked to the machine rotor flux,
and are classified as follows.

1) Current-to-flux λ = λ(i): The machine currents (stator
dq and rotor ones) allow determining the corresponding
flux linkages.

2) Current-to-inductance l = l (i): The machine currents
enable the determination of the incremental inductances
corresponding to the machine operating point.

3) Flux-to-current i = i(λ): The flux linkages (stator dq
and rotor ones) allow determining the corresponding
machine currents. These relationships are obtained by
numerically inverting the current-to-flux maps. For this
reason, in the literature, i = i(λ) are also referred to as
inverse flux maps, in contrast to the direct flux maps
λ = λ(i) [38].

A. CURRENT-BASED MODEL
The dynamic models for EESMs are developed by apply-
ing the Park transformation to the stator and rotor voltage
equations in phase variables. In this way, the electromagnetic
variables are all referred to the dq reference frame, in which
the d-axis corresponds to the rotor winding magnetic axis.
In Fig. 2, the angle θe used for the Park transformation is
highlighted for a representative 2-pole machine.

Neglecting the iron losses and the presence of any damper
winding on the rotor (normally not used in propulsion and
traction applications), the voltage equation of the EESM in
the dq reference frame is

v = Ri + dλ

dt
+ ωeJλ (1)

FIGURE 2. Schematic representation of a 2-pole EESM.

where v, i, and λ are the voltage, current, and flux linkage
vectors, in the form x = [xd ; xq; x f ], whose components are
the stator d- and q- and rotor field f-variables. Moreover, ωe is
the electrical pulsation, R contains the stator Rs and rotor R f

resistances, and J is the 3 × 3 matrix used for the calculation
of the back-electromotive force

R =

⎡
⎢⎣Rs 0 0

0 Rs 0

0 0 R f

⎤
⎥⎦ , J =

⎡
⎢⎣0 −1 0

1 0 0

0 0 0

⎤
⎥⎦ . (2)

In order to consider iron saturation, the voltage equation
is coupled with the nonlinear current-to-flux relationships,
defined as in (3) for each flux linkage component⎧⎨

⎩
λd = λd (id , iq, i f )
λq = λq(id , iq, i f )
λ f = λ f (id , iq, i f ).

(3)

The relationships in (3) determined for the 100 kW EESM
under consideration are illustrated in Fig. 3. Using the ma-
chine magnetic symmetry, only positive stator q-axis and rotor
currents can be considered in the definition of the current-to-
flux maps representing the relationships in (3).

In order to develop the current-based dynamic model, the
time derivative of the flux linkage vector in (1) is written as
follows [50]:

dλ(i)
dt

= l (i)
di
dt

(4)

in which l (i) is the incremental inductance matrix, whose
elements are the flux linkage partial derivatives with respect
to the machine currents

l (i) =

⎡
⎢⎢⎣

ldd = ∂λd
∂id

ldq = ∂λd
∂iq

ldf = ∂λd
∂i f

lqd = ∂λq
∂id

lqq = ∂λq
∂iq

lq f = ∂λq
∂i f

l f d = ∂λ f
∂id

l f q = ∂λ f
∂iq

l f f = ∂λ f
∂i f

⎤
⎥⎥⎦ . (5)
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FIGURE 3. Current-to-flux maps of the EESM under consideration.

The representative values of ldd , lqq, and l f f at an arbitrary
rotor current are presented in Fig. 4. It can be noted that
the rotor self-incremental inductance is orders of magnitude
larger than the stator ones.

By replacing the flux derivatives from (4) into the voltage
equation (1), the time derivatives of the currents constituting
the EESM current-based model are obtained, along with the
schematic representation in Fig. 5

di
dt

= [l (i)]−1[v − Ri − ωeJλ(i)]. (6)

The values of the incremental inductance matrix elements
are retrieved by interpolating the current-to-inductance maps.
At each simulation time step, l (i) is also inverted to compute
the time derivatives of the state-space variables by means of
(6). The numerical accuracy and computational effort of the
model can be improved by determining [l (i)]−1 offline, i.e.,
prior to the simulation. In this regard, the machine currents
are used to retrieve the inverse matrix elements directly, thus
avoiding the online inversion of l (i).

FIGURE 4. Incremental inductances of the EESM under consideration for if
equal to 5 A.

FIGURE 5. EESM current-based CCG model [50].

The current-based approach preserves its straightforward
implementation regardless of the methodology adopted for
computing [l (i)]−1. Nevertheless, convergence issues may
appear in case of significant magnetic saturation, since the
numerical gradients of the flux linkages directly establish the
time derivatives of the currents [47], [53], [54].

B. FLUX-BASED MODEL
The state-of-the-art flux-based CCG model reported in the
literature will hereinafter be referred to as the single-step
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FIGURE 6. EESM single-step flux-based CCG model with flux-to-current
maps [52].

FIGURE 7. Flux linkages and the smallest external cuboid domain.

model, to distinguish it from the models with decoupled sta-
tor and rotor dynamics proposed in this article. Indeed, the
term single-step is used to indicate that both the stator and
rotor currents are simultaneously obtained by interpolating the
flux-to-current maps. The implementation of the single-step
model is more complex and time-consuming compared to
the current-based alternative, due to the iterative procedure
needed for the flux-to-current maps determination.

Starting from (1), the EESM single-step flux-based model,
which is schematically shown in Fig. 6, is formulated as

dλ

dt
= v − Ri − ωeJλ (7)

i = i(λ). (8)

At each time instant of the simulation, the flux linkages
allow determining the machine currents by means of the flux-
to-current relationships (8). In the single-step model, the flux
linkage vector is the input of three different maps, whose
computation and interpolation are nontrivial [51].

In addition, the definition of the flux domain for these maps
is not unique. The most direct choice for the flux linkage
domain of (8) corresponds to the smallest cuboid enclosing
all the fluxes combinations from the current-to-flux maps, as
depicted in Fig. 7. By defining equally spaced flux values
inside the cuboid, the corresponding machine currents are
determined to obtain the output of the relationships in (8).

FIGURE 8. Improved domain selection for the flux-to-current maps.

However, many points included in the cuboid are obtained by
data extrapolation, since they do not belong to the current-to-
flux maps. Moreover, the fine discretization required for the
useful domain applies also to the extrapolated fluxes, leading
to significant computational efforts. An alternative domain
selection is represented by the largest cuboid entirely enclosed
by the flux linkages. Nevertheless, many useful flux link-
ages combinations would be excluded from the flux-to-current
maps determination.

The approach developed in [52] allows solving the issue of
the domain selection. For this purpose, the flux linkages are
defined in a new reference system by means of (9), being Gλ

the transformation matrix and λG the obtained flux vector

λG = Gλλ. (9)

In the transformed coordinate system, a prism capable of
tightly enclosing the fluxes combinations can be determined,
as shown in Fig. 8, leading to several advantages compared
to the other possible domains. Indeed, the extrapolated points
for the flux-to-current maps are strongly reduced, while all
the fluxes are considered with good discretization inside the
useful domain. The resulting flux-to-current relationships for
the single-step model are therefore defined as follows:⎧⎨

⎩
id = id (λdG, λqG, λ f G)
iq = iq(λdG, λqG, λ f G)
i f = i f (λdG, λqG, λ f G)

(10)

through which the machine currents are determined using
the transformed flux vector components. The corresponding
simulation block diagram is provided in Fig. 9.

The Gλ needed in the model implementation is computed
using the current-to-flux relationships [52]. For this purpose,
the covariance matrix covλ of all the fluxes combinations is
first determined. Subsequently, the diagonal matrix GS with
the corresponding eigenvalues and the full matrix GR with
the eigenvectors are also determined according to (11)

covλGR = GRGS. (11)

A possible formulation for Gλ consists of (12), in which
GR is related to a domain rotation, whereas GS corresponds
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FIGURE 9. Currents determination in the single-step flux-based
model [52].

FIGURE 10. EESM model with decoupled dynamics.

to a scaling of variables

Gλ =
(

GR
√

GS

)−1
. (12)

Finally, the single-step flux-based model is completed with
the output currents of the flux-to-current maps. In this regard,
systematic evaluations of current vectors are performed until
the corresponding fluxes match the reference ones within a
prescribed tolerance. An iterative search is, thus, performed
from a starting point toward the objective fluxes minimizing
error functions, for every point in the flux-to-current maps.

The single-step model with the improved domain selection
represents a straightforward solution for the EESM dynamic
modeling. Nevertheless, computing the flux-to-current maps
remains a time-consuming procedure, as an iterative search
needs to be performed. An interesting alternative to the
method proposed in [52] is represented by the data-driven
approaches, which are well suited for EESM CCG modeling
based on flux-to-current maps, to approximate the nonlinear
relationships between flux linkages and currents [55].

III. PROPOSED EESM CCG MODELS
The proposed EESM CCG modeling formulations belong to
the flux-based category. In this regard, the stator and the rotor
flux linkage dynamics are simulated by means of two distinct
systems, interacting through the corresponding currents. As it
can be observed in Fig. 10, the rotor current is an input of the
stator model, while the stator current components constitute
inputs of the rotor block.

The presence of separate stator and rotor blocks introduces
a twofold benefit. First, independent numerical simulations of
the stator winding can be performed for variable i f values,
as λ f does not constitute an input of the stator block. This

enables partial machine analyses when the rotor current-to-
flux relationship is not determined, differently from the state-
of-the-art EESM models, which necessarily require the rotor
map.

Second, the effects of stator current transients on the flux
linkage and voltage of the field winding can be conveniently
evaluated with high accuracy by directly imposing both the id
and iq profiles to the input of the rotor block. This feature
is particularly useful for the analysis of rotor overvoltages
caused by stator winding openings, following inverter faults
or overcurrent protection.

In the decoupled-dynamics EESM model, the rotor current
of the previous time instant i f ,k−1 must be used to compute
the stator current components and is retrieved by means of
a delay z−1 block. This necessarily introduces also an initial
condition for i f , for the solution of the first simulation step.
Nevertheless, the loss of accuracy is negligible when using
i f ,k−1, considering the small time step commonly adopted by
the numerical solvers.

The complete block diagram of the proposed EESM CCG
models is shown in Fig. 11. The input stator voltages are
transformed into the corresponding dq variables by means
of the Park transformation, for which the mechanical rotor
position θm is also needed. The rotational speed ωm from the
mechanical model is another input and allows retrieving the
electrical speed. The CCG model returns the currents for the
current-controlled generators and the electromagnetic torque
Te for the mechanical model.

In order to obtain accurate simulation results with regard to
the nonlinearities of magnetic saturation, two approaches are
possible for the proposed decoupled-dynamics EESM models.
The first approach relies on flux-to-current maps, while the
second involves the so-called flux-error maps. In the follow-
ing, the two alternative approaches are presented.

A. FLUX-TO-CURRENT MAPS APPROACH
According to the schematic representation reported in Fig. 10
for the decoupled-dynamics EESM model, the separation of
the stator and rotor voltage equations constitutes a convenient
choice for the implementation of the proposed models.

1) STATOR MODEL WITH FLUX-TO-CURRENT MAPS
Neglecting the iron losses, the stator voltage equation in the
dq reference frame is

vs = Rsis + dλs

dt
+ ωeJsλs (13)

in which vs, is, and λs are the stator voltage, current, and
flux linkage vectors, in the form xs = [xd ; xq], whereas Js
is the 2 × 2 matrix related to the stator back-electromotive
force, being Js = [0,−1; 1, 0]. Starting from (13), the time
derivative of the stator flux linkages can be expressed as

dλs

dt
= vs − Rsis − ωeJsλs (14)
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FIGURE 11. Proposed current-controlled generators model for EESMs.

which needs to be associated with flux-to-current maps to
determine the stator current vector. Within this context, the
stator flux-to-current relationships in the EESM model with
decoupled dynamics can be defined as{

id = id (λd,pu, λq,pu, i f )
iq = iq(λd,pu, λq,pu, i f ).

(15)

The motivation behind the introduction of the normalized
flux linkage components in (15) is the variable rotor current.
Indeed, the flux boundaries of the stator current-to-flux maps
change depending on the i f , and the interpolation domain of
the corresponding flux-to-current maps needs to be regulated
accordingly. The normalization procedure allows limiting the
interpolation domain between constant boundary values, thus
enabling the definition of a single fluxes grid for all the rotor
currents. In order to determine the stator flux-to-current maps
with the normalized domain, two rounds of interpolation are
required for each i f in the current-to-flux maps [53], [56].

The first interpolation involves the stator flux linkages of
the current-to-flux maps, which are reported in Fig. 12(a) for
an arbitrary rotor current. Inside the considered domain, new
flux linkages combinations are defined to generate a regular
grid, thus enabling the systematic boundaries determination
for every i f value, as represented in Fig. 12(b). In particular,
both the minimum and the maximum d-axis fluxes, λd,min
and λd,max, respectively, depend solely on the rotor current,
while the maximum q-axis flux λq,max depends also on λd .
The minimum λq is constantly zero and the operation with
negative iq is considered through the magnetic symmetry.

The determination of the flux linkage boundaries is needed
for the domain normalization, as reported in Fig. 12(c). In
order to obtain the flux linkages grid valid for all the rotor
currents as required by (15), a second interpolation of the
flux linkage components is performed, leading to the domain

FIGURE 12. Elaboration of the stator flux-to-current maps domain for the
EESM under consideration. (a) Stator flux linkages for if equal to 5 A.
(b) Boundaries determination. (c) Normalized domain. (d) Final flux
domain.

in Fig. 12(d). Similarly, the id and iq constituting the output
of the flux-to-current maps are obtained by interpolating the
values in the current-to-flux relationships, first for the fluxes
domain in Fig. 12(b), and second for the values in Fig. 12(d).
The simulation block diagram is shown in Fig. 13, where the
use of i f ,k−1 discussed previously can be noted, also for the
normalization block.
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FIGURE 13. Stator model with flux-to-current maps [53].

The domain elaboration for the stator maps in the model
with decoupled dynamics prevents any artificial extrapolation
of data outside the boundary of the maps, differently from the
methodology of the state-of-the-art flux-based CCG model.
Therefore, the proposed EESM model features minimized
memory requirements and optimal discretization of the flux-
to-current maps. Furthermore, since the output currents of the
maps are not computed by means of iterative procedures but
rather through interpolation, the computational burden is close
to that of the state-of-the-art current-based model.

The stator model can be completed with the expression in
(16) for the electromagnetic torque, valid also for the state-of-
the-art models

Te = 3

2
p (λs ∧ is) = 3

2
p
(
λd iq − λqid

)
(16)

where p is the number of pole pairs.

2) ROTOR MODEL WITH FLUX-TO-CURRENT MAP
The rotor voltage equation consists of

v f = R f i f + dλ f

dt
(17)

from which the time derivative of the flux linkage can be
computed as

dλ f

dt
= v f − R f i f . (18)

Similarly to the stator model, the flux derivative in (18) is
associated with a flux-to-current map for the determination of
the rotor current, in the form

i f = i f (id , iq, λ f ,pu). (19)

The determination of the rotor flux-to-current relationship
represents a less demanding task compared to the stator case,
as the 2-D normalization procedure is not required. Indeed,
for every combination of stator current vector components,
the one-to-one relationship between i f and λ f is considered.
The minimum and maximum rotor flux linkages are used to
normalize λ f , thus obtaining the λ f ,pu values corresponding
to i f . By means of interpolations, the output currents of (19)
are determined for the domain of normalized flux linkages,
valid for every id and iq combination. The rotor model with

FIGURE 14. Rotor model with flux-to-current map.

flux-to-current map for the decoupled-dynamics approach is
provided in Fig. 14.

The rotor flux-to-current relationship includes only useful
points and the considerations formulated for the stator maps
remain valid also for (19). In this regard, the CCG model
with decoupled dynamics represents the unique possibility of
implementing a flux-based model without data extrapolation,
while exhibiting also reduced offline computational burden.

B. FLUX-ERROR MAPS APPROACHES
The proposed decoupled-dynamics EESM model can also
be implemented by means of flux-error maps for both the
stator and rotor blocks. In this case, the model simulation
capabilities are the same as those of the flux-to-current maps
approach, since the EESM model structure in Fig. 10 is not
modified. In this article, the flux-error maps represent the
flux deviations between the outputs of current-to-flux maps
and fluxes of an arbitrary model assumed as a reference. The
inputs of the maps can consist of currents or flux linkages.

According to the literature, the flux-error maps constitute
an alternative methodology to consider magnetic saturation
nonlinearities in dynamic models, with respect to the flux-to-
current maps [57], [58]. The concept of flux-errors has been
first introduced in [57] for the asynchronous machines, and
recently adopted in [58] to implement a modular dynamic
model for multi-three-phase EESMs. Furthermore, a similar
approach in which unsaturated reactances are modified by
multiplication factors to consider magnetic saturation can be
also implemented, as presented in [59]. In the following, two
possible stator models with flux-error maps are proposed.

1) STATOR MODEL WITH FLUX-ERROR MAPS: APPROACH A
Regarding the time derivative of the stator flux linkage, the
following expression can be introduced for the relationship
between λs and is

λs = Lσ sis + λmag (20)

in which Lσ s and λmag are the stator leakage inductance and
the stator magnetizing flux linkage, respectively. The is re-
sulting from (20) can be replaced into (14), thus leading to
the time derivative (21) for λs in the EESM CCG model with
flux-error maps

dλs

dt
= vs + Rs

Lσ s
λmag − Rs

Lσ s
λs − ωeJsλs. (21)
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FIGURE 15. Stator model for the approach with flux-error maps.

The corresponding block diagram is reported in Fig. 15.
Although Lσ s is introduced in the proposed stator model, the
accurate estimation of this parameter is not required. In fact,
an arbitrary value can be chosen and the resulting flux-error
maps will change accordingly, even though nonsmooth flux-
error maps may be obtained.

In order to include the nonlinearities due to iron saturation,
the stator reference model must be defined, along with the
corresponding flux-error maps. For this purpose, the d- and
q- components of λmag are computed as in (22) by means of
the current-to-flux maps and leakage inductance{

λmag,d (id , iq, i f ) = λd (id , iq, i f ) − Lσ sid
λmag,q(id , iq, i f ) = λq(id , iq, i f ) − Lσ siq.

(22)

Starting from (22), the stator magnetizing flux linkage λs f
in open-circuit, generated solely by the field winding, can be
determined as

λs f =
[
λmag,d (0, 0, i f )

0

]
. (23)

In addition, the magnetizing inductances of the arbitrary
reference model are computed as{

Md = λmag,d (id ,0,i f )−λs f ,d
id

Mq = λmag,q (0,iq,i f )
iq

.
(24)

Therefore, the magnetizing flux linkage can be written as

λmag = λs f + Mdqis − �λmag (25)

in which Mdq = [Md , 0; 0, Mq]. In (25), λs f + Mdqis con-
stitutes the stator reference model, while �λmag are the
corresponding flux linkage deviations represented by the flux-
error maps.

Finally, the current expression from (20) can be substituted
in (25), leading to the formulation adopted in the simulation
environment

λmag = X−1
(

M−1
dq λs f + λs

Lσ s
− M−1

dq �λmag

)
(26)

in which X = M−1
dq + L−1

σ s I2×2 for clarity reasons, being I2×2

the identity matrix. The block diagram adopted for the λmag

FIGURE 16. Computation of the stator magnetizing flux linkage.

computation is provided in Fig. 16, in which the use of the
rotor current from the previous time step can be noted.

Similarly to the flux-to-current maps (15) in the alternative
modeling approach, the stator flux-error maps are defined as
in (27), functions of the normalized flux linkage components
and of the rotor current{

�λmag,d = �λmag,d (λd,pu, λq,pu, i f )
�λmag,q = �λmag,q(λd,pu, λq,pu, i f ).

(27)

The normalized flux linkage components are necessary to
take into account the effects of the variable rotor current on
the boundary of the maps, as discussed previously for the flux-
to-current relationships.

In this regard, the same normalization procedure described
in Fig. 12 is adopted to determine the stator flux-error maps
in (27). The d- and q- flux-errors �λmag,d and �λmag,q are
computed by means of (25) for the currents in the current-to-
flux relationships. The flux-errors are therefore referred to a
single fluxes grid valid for all the considered i f values, thus
obtaining (27) through the normalization procedure.

It must be noticed that the definition of the stator reference
model in (25) has a significant impact on the resulting flux-
error maps. Indeed, different formulations can be used for the
reference model and the corresponding flux-error maps will
adapt accordingly. Nevertheless, the unsaturated condition
constitutes the most convenient choice, particularly for the
Mdq computation, since it minimizes the interpolation issues
at the boundary of the flux-error maps. Besides, the choice of
a particular combination of stator current components allows
having Mdq as a function of the i f only, as shown in Fig. 16.

The d- and q- flux-error maps corresponding to a stator
reference model determined in the unsaturated condition are
represented in Fig. 17 for an arbitrary positive rotor current. In
order to provide a straightforward explanation of the flux-error
maps behavior, the flux linkage domain in Fig. 12(b) has been
adopted.

As it can be seen in Fig. 17, the d-axis flux-error is close
to zero for low λd . In these conditions, the d-axis exhibits
limited saturation and the reference model provides a good
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FIGURE 17. Stator flux-error maps of the EESM under consideration for if
equal to 5 A.

estimation of the flux. Conversely, for increasing λd values,
the flux-error becomes progressively larger, to compensate
for the deviations of the reference model with respect to the
λmag,d in (22). In addition, the impact of cross-saturation can
be observed, as �λmag,d rises together with the value of λq,
when λd is fixed. Similar observations can be formulated also
for the q-axis flux-error. The operation with negative iq is
considered by means of the machine magnetic symmetry.

Regarding the computation of the electromagnetic torque,
the current vector determined through (20) can be replaced
in (16), leading to an equivalent expression specific for the
flux-error maps approach

Te = 3

2
p

(
λmag ∧ λs

Lσ s

)
. (28)

Since the normalization procedure is adopted for the sta-
tor modeling with flux-error maps, this alternative approach
for the EESM modeling with decoupled dynamics prevents
any artificial extrapolation of data outside the boundary
of the maps, similarly to the flux-to-current maps formu-
lation. Moreover, reduced offline computational burden is
required also for this implementation, as conventional in-
terpolation methods are used to determine the flux-error
maps.

FIGURE 18. Stator flux-error maps with current domain of the EESM under
consideration for if equal to 5 A.

2) STATOR MODEL WITH FLUX-ERROR MAPS: APPROACH B
The implementation of the stator model can be simplified by
expressing the d- and q- flux-error relationships as functions
of the stator and rotor currents, in the form{

�λmag,d = �λmag,d (id , iq, i f )
�λmag,q = �λmag,q(id , iq, i f ).

(29)

The determination of (29) consists in computing the flux-
errors by means of (25) for regularly spaced currents, without
performing the domain elaboration reported in Fig. 12, thus
preventing the interpolation of scattered values. The resulting
flux-error maps with current domain are presented in Fig. 18
for an arbitrary positive rotor current and the considerations
formulated on the behavior of (27) remain also valid.

The adoption of the current domain constitutes the fastest
method to implement the stator model in the CCG modeling
approach with decoupled dynamics, since no interpolation of
scattered data is required. Nevertheless, the solution of the
stator model requires delay blocks for id and iq, which are
needed at the beginning of the simulation step to determine
�λmag, and whose effect is typically negligible due to the
small time step of the numerical solvers. The block diagram
for the λmag computation by means of flux-error maps with
current domain is provided in Fig. 19.
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FIGURE 19. Computation of the stator magnetizing flux linkage by means
of flux-error maps with current domain.

FIGURE 20. Rotor model for the approach with flux-error map [58].

3) ROTOR MODEL WITH FLUX-ERROR MAP
In order to implement the rotor model in Fig. 10 using the
flux-error maps approach, the flux linkage can be written as

λ f = Lσ f i f + λ f ,mag (30)

where Lσ f and λ f ,mag are the rotor leakage inductance and the
rotor magnetizing flux linkage, respectively. The resulting i f

can be replaced into (18), thus leading to the time derivative
in (31) and to the block diagram in Fig. 20

dλ f

dt
= v f + R f

Lσ f
λ f ,mag − R f

Lσ f
λ f . (31)

Similarly to the stator model, an arbitrary value of Lσ f can
be chosen and the flux-error map will change accordingly.

As in the stator case, a rotor reference model is defined,
along with the corresponding flux-error map, to consider the
effects of magnetic saturation. For this purpose, λ f ,mag can be
computed as

λ f ,mag = λ f (id , iq, i f ) − Lσ f i f . (32)

Starting from (32), the rotor magnetizing flux linkage λ f s

generated solely by the stator winding can be determined as

λ f s = λ f ,mag(id , iq, 0) (33)

FIGURE 21. Computation of the rotor magnetizing flux linkage.

whereas the rotor magnetizing inductance M f is computed by
means of (34)

M f = λ f ,mag(id , iq, i f ) − λ f s

i f
. (34)

Finally, the rotor magnetizing flux linkage is expressed as

λ f ,mag = λ f s + M f i f − �λ f ,mag (35)

where λ f s + M f i f constitutes the rotor reference model,
while �λ f ,mag is the corresponding flux-error map. In this
context, the rotor flux-error map allows compensating for the
deviations between the reference model and λ f ,mag in (32).

The formulation for λ f ,mag in the simulation environment
is obtained by replacing in (35) the rotor current expression
derived from (30), leading to (36) and to the block diagram
shown in Fig. 21

λ f ,mag = 1

M f L−1
σ f + 1

(
λ f s + M f

Lσ f
λ f − �λ f ,mag

)
. (36)

Analogously to the stator model, the choice of a particular
rotor current allows having M f as a function of the is only, as
represented in Fig. 21.

For the rotor modeling, the determination of the flux-error
map as a function of the rotor flux linkage can be achieved as
in (37), through the flux-error relationship which is obtained
from (35) and which is a function of currents only

�λ f ,mag = �λ f ,mag(id , iq, λ f ,pu). (37)

The same normalization procedure used for (19) permits
replacing the i f values in the domain with λ f ,pu elements. In
this way, only useful points are included in the normalized
domain of (37), thus proving that the flux-error formulation
represents a complete alternative to the proposed CCG model
based on flux-to-current maps.
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TABLE 1. Main Specifications of the EESM Under Test

Similarly to the stator model, the rotor flux-error map can
also be implemented in terms of currents only, as explored
in [58]. However, the advantages related to the rotor model
implementation are not significant, since the interpolation of
scattered values involves exclusively the 1-D relationship be-
tween i f and λ f at fixed stator current components.

IV. SIMULATION RESULTS
The proposed EESM models with decoupled stator and rotor
dynamics have been implemented in simulation environment,
before proceeding with the experimental validation tests. The
software consists of MATLAB/Simulink, for both the offline
generation of the multidimensional maps and the preliminary
analyses of the correctness of the models. Furthermore, the
state-of-the-art current-based and flux-based models have also
been implemented for comparison purposes. For the current-
based model, [l (i)]−1 has been determined offline to reduce
the computational burden, as discussed in Section II. Regard-
ing the single-step flux-based model proposed in the literature,
the matrix in (12) for the new reference system has been used,
although other formulations can be adopted.

All the models have been implemented using the data of
an EESM sample from the Renault Zoe EV R135, for which
the main specifications are reported in Table 1. In addition,
the current-to-flux maps, which are presented in Fig. 3, have
been obtained experimentally by means of the identification
procedures described in the literature [60], [61].

A. OFFLINE MAPS GENERATION
In order to implement the EESM models and compare the
computation times required for the maps, a discretization of
151 points has been chosen in each dimension, regardless
of the considered model. Furthermore, the models have been
derived for positive iq and i f only, since the corresponding
negative values can be included using the machine magnetic
symmetry. All the CCG models have been implemented and
run on a PC featuring Windows 11 as the operating system,
equipped with an Intel Xeon w7-2495X (2.50 GHz, 24 cores)
processor and 256 GB of RAM.

As it can be noted in Table 2, all the EESM CCG models,
except for the single-step flux-based one, require less than one
minute to be derived offline. The implementation based on
the flux-error maps with current domain constitutes the fastest
approach, since the normalization procedure repeated for all
the rotor currents is completely avoided. The current-based
model is the second fastest, involving the computation of

TABLE 2. Offline Computation Times for the Maps Generation

FIGURE 22. Block diagram for the accuracy verification of EESM models in
simulation environment.

TABLE 3. Comparison of Simulation Run Times

the partial derivatives of the fluxes as in (5) and the offline
determination of [l (i)]−1. In the other proposed models with
flux-to-current maps and with flux-error maps, most of the
time is spent on performing the normalization of the stator
maps domain. In this work, the required interpolation rounds
for the 2-D scattered data have been performed using the
MATLAB built-in function “scatteredInterpolant.” However,
different numerical computing environments can be adopted
to implement equivalent algorithms for the interpolation of
scattered data. In contrast, the single-step flux-based model
requires more than one hour to be implemented, due to the
long iterative search procedure. In all the considered cases,
parallel computing has also been adopted to optimize the use
of the available computational resources.
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FIGURE 23. Reference current vector and results of the accuracy verification in simulation for the considered EESM CCG models.

FIGURE 24. Test rig for the experimental validation: EESM under test (left),
torque transducer (inside the yellow case) and driving machine (right).

FIGURE 25. Block diagram of the digital twin tests for the experimental
validation of EESM models.

B. ACCURACY VERIFICATION
The validation in simulation of the EESM models has been
performed through the approach shown in Fig. 22. Arbitrary
stator and rotor current references are generated by means of
(38) to test many current combinations in a single numerical

simulation, as presented in Fig. 23⎧⎨
⎩

I∗
s = Is,max sin(2πt )
γ ∗

s = π sin(2π5t )
i∗f = I f ,max(0.1t − 1).

(38)

For (38), Is,max and I f ,max are listed in Table 1, t is the
simulation time and I∗

s and γ ∗
s represent the amplitude and

angle references of the stator current vector. The reference dq
stator current components are therefore computed as{

i∗d = I∗
s cos

(
γ ∗

s

)
i∗q = I∗

s sin
(
γ ∗

s

) (39)

from which i∗ = [i∗d ; i∗q; i∗f ].
The reference current vector i∗ constitutes the input to the

current-to-flux maps, providing the corresponding reference
flux linkage vector λ∗ = [λ∗

d ; λ∗
q; λ∗

f ], as shown in Fig. 22.
By using three ideal proportional-integral (PI) regulators, the
flux linkage vector λ = [λd ; λq; λ f ] of the simulated model
is imposed to the reference one [62].

In this framework, if λ and λ∗ are the same due to the PI
regulators action, then i must correspond to i∗, justifying the
validation mechanism presented in Fig. 22. The deviations
between i∗ and i characterize the correctness and accuracy
of the considered model. The validation mechanism remains
unchanged regardless of the considered CCG model, since
only the EESM block is substituted.

The simulation results in terms of current comparisons
are shown in Fig. 23. The Dormand–Prince solver has been
adopted in Simulink with a maximum time step of 1 μs. In ad-
dition, the rotational speed has been set to the arbitrary value
of 1500 r/min. Considering the state-of-the-art models, almost
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FIGURE 26. Results of the voltage steps test: comparison of experimental and simulation currents and torque for the state-of-the-art models and for the
different formulations proposed for the EESM modeling with decoupled dynamics.
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null current errors are obtained with the current-based one.
For the single-step flux-based model, the amplitudes of the
current errors are related to the tradeoff between the tolerance
and the computational burden of the offline iterative search
procedure [52].

With regard to the proposed EESM models, the flux-to-
current and flux-error formulations achieve similar accuracy,
featuring limited current errors for most of the i∗d , i∗q , and i∗f
combinations. The error spikes which can be seen in Fig. 23
correspond to operating points close to the boundary of the
stator maps. In particular, the error spikes are observed for
I∗
s larger than 98% of the maximum peak stator current for

the flux-to-current formulation, and for I∗
s larger than 99%

of Is,max for the flux-error formulation. This issue can be
solved by extending the current-to-flux maps slightly beyond
the maximum peak stator current by means of experimental
tests or finite element analyses, to mitigate the impact of the
normalization procedure at the boundary of the stator maps.

Finally, the EESM model implemented by means of stator
flux-error maps with current domain achieves high accuracy
in replicating the reference currents, without producing error
spikes. Indeed, the adoption of the current domain prevents
the normalization procedure and scattered data interpolation
in the stator maps generation, enabling limited error at the
domain boundary and generally for all the current values.

In addition to the simulation results, the run times for the
models are reported in Table 3. The current-based dynamic
model presents the longest execution time, as it is slowed
by the interpolation of the incremental inductance maps. The
other models, belonging to the flux-based category, feature
similar run times, thanks to the reduced number of 3-D maps
involved in the simulation. It should also be considered that
the values of run time are highly dependent on the time step
of the numerical solver.

V. EXPERIMENTAL VALIDATION
The experimental validation of the developed CCG models
has been performed by means of the same electric machine
introduced in the simulation section, i.e., the 100 kW EESM
sample from the Renault Zoe EV R135. In the following, the
considered EESM will be referred to as machine under test
(MUT) for two types of digital twin tests:

1) voltage steps;
2) torque transient.
The adoption of the term digital twin test is justified since

the experimental validation provides the simulation model
with voltages and mechanical rotor position measured on the
MUT, to compare currents and torque with the corresponding
quantities of the EESM sample.

Regarding the experimental validation setup, the MUT has
been mechanically coupled to a driving machine (DM) acting
as prime mover, as shown in Fig. 24. In order to acquire the
torque and enable the experimental validation of the models,
the torque transducer T12HP from HBK has been installed
between MUT and DM.

In the voltage steps test, the MUT stator winding has been
supplied by means of a silicon-carbide-based DC/AC power
electronics converter connected to a 350 V bidirectional DC
source, with switching frequency set to 10 kHz and dead
time equal to 1 μs. Moreover, a DC/DC power electronics
converter based on the insulated gate bipolar transistor (IGBT)
technology has been used for the field winding supply. The
corresponding switching frequency has been set to 20 kHz,
with a dead time of 500 ns.

In the torque transient test, the MUT stator winding has
been supplied through a DC/AC power electronics converter
based on IGBT power modules, also connected to the 350 V
bidirectional DC source. The switching frequency has been
set to 5 kHz, with a dead time of 5 μs.

The controllers of the power electronics converters are two
dSPACE MicroLabBox units, adopting sampling frequencies
equal to the switching ones of the corresponding converters.
In the torque transient test, the control algorithm of the drive
has been developed in the MATLAB/Simulink environment
with the automatic C-code generation performed by the two
dSPACE controller units [30].

In addition, the electrical measurement setup consisted of
current and voltage sensing during both tests. The currents of
the MUT have been measured by means of high-bandwidth
Hall-effect transducers IT 605-S ULTRASTAB from LEM.
The PWM line-to-line voltages have been sensed by means
of shielded cables connected to the high-voltage and high-
resolution voltage cards GN610B from HBK GmbH. Finally,
all the measurements have been sampled and stored using
the calibrated transient recorder and data acquisition system
GEN7tA from HBK GmbH, adopting sampling frequencies
up to 2 MS/s.

For both tests, the proposed simulation models have been
run by receiving the measured/reconstructed stator and rotor
voltages and the mechanical rotor position as inputs. In this
way, the validation of these models consisted in comparing the
output currents and torque with those measured on the test rig.

A. VOLTAGE STEPS TEST
The voltage steps test allows validating the main peculiarity
of the proposed EESM CCG models, consisting in separating
the stator and rotor dynamics. This feature enables the stator
model implementation without requiring the rotor current-to-
flux map and the simulation of the rotor winding for arbitrary
stator current profiles.

The block diagram of the setup for the voltage steps test is
shown in Fig. 25. The DC/AC and DC/DC power electronics
converters supply the stator and rotor windings, respectively,
in open-loop, i.e., without current control loops. The MUT
mechanical speed is imposed by the DM.

Starting from a steady-state condition, voltage steps are
applied by the supply system. In particular, for this specific
case, a step variation of the voltage is produced for the stator
d- and q- axes, while the rotor is supplied at constant voltage.
Other tests can also be performed by stepping only the rotor
voltage or both stator and rotor voltages, without affecting the
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validity of the proposed test. The imposed stator voltage steps
allow fully assessing the effect of armature reaction on the
rotor winding current.

In parallel, the reconstructed voltages and the mechanical
rotor position measured on the MUT are used as inputs for
the model simulation. The stator phase currents, rotor cur-
rent and torque resulting from the model are compared with
the corresponding measured quantities, to validate the EESM
model capability to reproduce instantaneously the machine
behavior. In this context, the close match between measured
and simulated quantities enables the implementation of the
proposed EESM CCG models with decoupled stator and rotor
dynamics as valid alternatives to the available state-of-the-art
current-based and flux-based models.

The voltage steps test allows also individually validating
stator and rotor blocks of the decoupled-dynamics approach.
Indeed, the two subsystems are separated but interdependent,
and an accurate output from the rotor block requires a correct
stator current input, as it can be noted in Fig. 10. The stator
block behaves analogously, since the rotor current is an input.

The results of the voltage steps test are reported in Fig. 26.
A MUT speed of 300 r/min has been imposed using the DM,
to ensure that skin effect, iron losses and mechanical losses
remain negligible during the test. The steady-state condition
for the stator phase currents ia, ib, ic, the i f and the Te prior
to the stator voltage steps can be observed before t = 0.1 s.
Specifically for the proposed EESM model based on the flux-
error maps with current domain, the d- and q- stator current
components are also reported for clarity.

At t = 0.1 s, the transient resulting from the stator voltage
steps begins and the operating point of the machine moves
toward the new steady-state condition, which is reached at
about t = 0.5 s. From the results reported in Fig. 26, it can
be concluded that the different formulations proposed for the
decoupled-dynamics EESM models are all able to reproduce
the measured quantities with high fidelity, in both the steady-
state and transient conditions.

Specifically for the torque, the accuracy of all the models
can be further improved by including the effects of the rotor
position on the fluxes, which represents a future development
of this work.

B. TORQUE TRANSIENT TEST
In order to perform an additional validation test and further
demonstrate the capabilities of the proposed EESM models,
both state-of-the-art and proposed models have been used to
simulate an electric drive performing a fast torque transient.

In this regard, the MUT speed has been set to 500 r/min by
means of the DM, to ensure that skin effect, iron losses and
mechanical losses remain negligible. A torque variation has,
therefore, been performed in motor mode from null torque to
the peak torque of 245 N·m, at a rate of 1000 N·m/s. The
torque controller used for the MUT is based on a direct flux
vector control scheme, whose details can be found in [30].
As in the voltage steps test, the comparisons of stator phase

FIGURE 27. Results of the fast torque transient test for the state-of-the-art
current-based and single-step flux-based models.

currents, rotor current and torque allow validating the EESM
CCG models involved in this second digital twin test.

The results of the torque transient test are shown in Fig. 27
for the state-of-the-art models and in Fig. 28 for the different
formulations of the decoupled-dynamics EESM CCG model
proposed in this article.

As it can be noticed, the proposed approach enables drive
simulation and control algorithm development and validation
by replicating the measured MUT currents and torque, with
accuracies similar to those of the state-of-the-art models. Al-
though some deviations can be seen in the comparisons, it
should be taken into account that the fidelity of the models
is affected by the stator voltage reconstruction. Indeed, the
input voltages of the models correspond to the reference ones
imposed by the digital controllers, from which the estimated
voltage errors introduced by the dead time are removed.

In this context, the large dead time (5 μs) distortion affects
the stator currents accuracy, especially when their amplitude
is low. Finally, the delay of the experimental rotor current
with respect to that provided by the model is observed. Such
delay is caused by the rotor exciter, sending the rotor current
measurement with a variable delay due to the controller area
network communication protocol. Nevertheless, high accu-
racy of the proposed EESM models is acknowledged in both
transient and steady-state conditions also when they are sim-
ulated in parallel with the electric drive.

VOLUME 7, 2026 821



PERILLI ET AL.: ADVANCED CURRENT-CONTROLLED GENERATORS MODELS FOR EESMS

FIGURE 28. Torque transient test results for the proposed formulations of
the decoupled-dynamics EESM model.

VI. CONCLUSION
This article proposed advanced EESM CCG models based
on decoupled but interdependent stator and rotor dynamics.
The nonlinearities introduced by the magnetic saturation are
considered through multidimensional maps, derived from the
machine current-to-flux relationships.

The proposed decoupled-dynamics EESM models feature
enhanced simulation capabilities compared to the state-of-
the-art solutions available in the literature. Indeed, the stator

winding can be simulated without requiring the current-to-
flux map of the rotor, while the rotor model allows evaluating
the induced field winding voltage due to arbitrarily imposed
stator current profiles.

Different model implementations were also presented for
the decoupled-dynamics approach, providing high accuracy
and low offline computational burden, as verified by means
of numerical simulations. The data of an EESM sample from
the Renault Zoe EV R135 have been used to verify the model
implementations and to enable comparisons with the state-of-
the-art formulations in the MATLAB/Simulink environment.
Moreover, the model based on flux-error maps with current
domain can be conveniently implemented in other simulation
platforms, thanks to its straightforward formulation avoiding
the domain normalization and scattered data interpolation.

The experimental validation of the proposed EESM CCG
models has been performed by means of digital twin tests, by
instantaneously comparing the measured currents and torque
with the model output. All the tests confirmed the capability of
the stator and rotor blocks in the proposed EESM models with
decoupled dynamics to accurately simulate the machine. The
future development of this work will consist of the following:

1) Implementation of skin effect and iron losses to model
the overall EESM efficiency accurately.

2) Implementation of the dependency of flux linkages and
torque on the rotor position, for accurate evaluation of
spatial harmonics effects.

3) Development of EESM CCG models by means of data-
driven approaches.
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