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Abstract—The electrically excited synchronous machine
represents a suitable permanent magnet-free alternative for
transportation applications. The regulation of the excitation
flux, enabled by the presence of the rotor winding, allows high
efficiency and power factor operations in a wide speed range.
However, the mathematical modeling of these machines
becomes non-trivial due to the additional degree of freedom
introduced by the rotor current, particularly when considering
the magnetic saturation nonlinearities. In such context, this
paper presents a dynamic modeling approach for electrically
excited synchronous machines for numerical simulations, taking
into account the magnetic saturation. An innovative method to
obtain the flux-to-current maps is developed for providing the
machine model with enhanced simulation capabilities. Dynamic
simulations are performed by means of the presented approach
and compared to the state-of-the-art models, using the data of a
100 kW sample of the Renault ZOE motor.

Keywords—electrically excited synchronous motor, wound
field synchronous motor, flux-to-current models, dynamic
modeling, flux maps.

[. INTRODUCTION

In recent years, electrically excited synchronous machines
(EESMs), also known as wound rotor synchronous machines,
have become increasingly widespread in the transport sector
[1]-[5]- An important reason contributing to their popularity is
the absence of permanent magnets (PMs) on the rotor, since
the PMs are subject to uncertain availability, large price
oscillations and to demagnetization risks [6]. In the EESM, the
excitation field is created by means of the rotor current,
allowing regulating the excitation flux. This enables a wide
constant power speed range and high performance at partial
loads [7]-[8]. In addition to that, the EESM topology features
fail-safe characteristics, as it can be de-energized by removing
the rotor field current, in the case of a fault [9]. However, the
losses of the rotating winding result in a limited cooling
capability, with respect to the PM machines [10]. Regarding
the current supply and the connection to the rotor circuit,
brushes and slip rings represent the most commonly adopted
choice [4]-[5]. In order to reduce maintenance and improve
reliability, contactless configurations featuring capacitive or
inductive couplings have been proposed as alternatives to the
rotor brushed contacts [11]-[12]. Also, three-stage brushless
excitation systems are typically adopted for safety critical
aerospace applications, where EESMs have been extensively
used as starter/generators in passenger class aircraft [13]-[14].

In this scenario, accurate dynamic modeling of electrically
excited synchronous machines is required to perform reliable
numerical simulations, for Hardware-in-the-Loop tests and for
implementation of control algorithms [15]-[18]. However, the
mathematical modeling of EESMs can be a non-trivial task,
due to the added complexity introduced by the rotor current,
especially when considering the iron saturation [19]-[20].
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Different dynamic modeling approaches can be found in the
technical literature, many of which are developed for circuit-
based simulation software [21]-[23]. In these models, the
nonlinearities are approximated through a magnetic saturation
curve, which relates the magnetizing machine current to the
magnetizing flux linkage [24]-[26]. In order to achieve a more
accurate dynamic modeling, the relationships between flux
linkages and machine currents can be considered using maps.
Indeed, the maps directly relate stator and rotor currents to the
fluxes, without introducing approximating functions to model
the nonlinearities. Three types of maps are generally adopted
for the implementation of dynamic simulations:

e current-to-flux A = A(i) : the machine currents are
used to determine the flux linkages. These maps can be
derived by means of finite element analysis or tests;

e current-to-inductance I = I(i): the machine currents
are used to determine the incremental inductances,
computed as the gradients of the fluxes with respect to
the currents;

o flux-to-current i = i(A): the flux linkages are used to
determine the machine currents and can be derived by
inversion of the current-to-flux relationships.

These maps are adopted in the implementation of state
variable-based simulation models. Depending on the chosen
model formulation, one or more of the maps are used. This
paper presents state-of-the-art nonlinear dynamic models for
EESMs and proposes an innovative procedure to compute the
flux-to-current maps for their implementation in numerical
environments, such as MATLAB/Simulink. Simulations are
performed by means of the presented models, using the data
from a 100 kW sample of the EESM equipping the Renault
ZOE. The models are compared in terms of results accuracy,
computational efficiency and simulation capabilities.

II. EESM DYNAMIC MODELING

The nonlinear dynamic models for the state variable-based
simulation environments usually rely on the machine current-
to-flux maps A = A(i), defined as in (1).

Aa = Aq(ig, ig,if)
/’lq Zlq(id'iq'if) (])
Af = /’lf(ld, iq, lf)

In (1), the machine flux linkages depend on the stator d-
and g- current components and on the field f~ current. An
example of the current-to-flux maps, determined for the
100 kW EESM sample, is provided in Fig. 1. Using to the
machine magnetic symmetry, only positive stator g-axis
currents and positive field currents have been considered in
the definition of the represented current-to-flux maps.
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Fig. 1. Current-to-flux maps for the EESM.

The current-to-flux maps can be either used to compute the
current-to-inductance or the flux-to-current maps, leading to
two alternative modeling approaches, commonly referred to
as ‘current-based’ and ‘flux-based’ models.

A. Current-based model

The current-based model utilizes the currents as state
variables and relies on the current-to-flux A(i) and current-to-
inductance I(i) maps. Following the schematic representation
in Fig. 2, and neglecting the iron losses and the presence of
any rotor damper winding, the current-based dynamic model
of the EESM in the dg synchronous reference frame is:

== I1(D)[v — Ri — wJA(D)] @)
where i = [igiqif]", 2 =[A4 4 A¢]" and v = [vg v, vf]"
are the current, flux linkage and voltage vectors storing the
stator and rotor variables, respectively. The machine d-axis
coincides with the axis of symmetry of the rotor pole and
corresponds to the magnetic axis of the rotor winding, whose
electrical angular position is defined with respect to the
magnetic axis of the first stator phase.

In (2), w, is the electrical pulsation, R contains the stator
R and rotor R; resistances and J is the rotational matrix for
the motional electromotive force calculation:

Ry, 0 0 0 -1 0
0 R, 0],]:[1 0 ol 3)

0 0 RJd lo 0o o

R =

The current-to-inductance matrix I(i), which contains the
gradients of the flux linkages with respect to the machine
currents, is formulated as in (4).
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Fig. 2. EESM current-based dynamic model.
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Fig. 3. EESM flux-based dynamic model.

The main benefit of the current-based model is the
straightforward determination of the maps needed for its
implementation in numerical simulations. However, being
the current-to-flux maps nonlinear, each element of the
current-to-inductance matrix depends on the d-, ¢g- and f-
currents. Therefore, 12 interpolations are performed at every
time step, 9 of which are needed for I(i) and the remaining
for A(i). Moreover, as can be noted in Fig. 2, the inversion of
the current-to-inductance matrix is required for each step.

In order to the improve the model numerical efficiency,
the law of conservation of energy can be applied to exploit
linear relations among the matrix elements (e.g., lgq = laq),
reducing the number of interpolations to 6, as observed in
[27]. In addition, the inverse of I(i) can be computed offline,
i.e., prior to the dynamic simulation, thus avoiding the online
matrix inversion. Nevertheless, the convergence of the
current-based model is sensitive to I(i) and to its inverse, as
they directly establish the current time derivates. Therefore,
implementing these assumptions may lead to convergence
issues for the model in the case of large data interpolation or
extrapolation, strong noise and measurement errors.

B. Flux-based model

The flux-based model utilizes the flux linkages as state
variables and relies only on the flux-to-current i(4) maps.
Under the same assumptions adopted for the current-based,
the EESM flux-based model, schematically shown in Fig. 3,
is formulated as follows:

da ,
E=v—Rl—weM %)

i=i4) (6)

The numerical integration of the fluxes time derivatives
only requires the interpolation of 3 flux-to-current maps, for
retrieving the currents from the fluxes. The reduced number
of maps used in the simulation improves the computational
efficiency, with respect to the current-based model. However,
the flux-to-current maps determination is a more complex and
time-consuming task, compared to the computation of I(i).
Indeed, the determination of i(4) consists of interpolating the
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Fig. 4. Fluxes of the current-to-flux maps and smaller external cuboid.
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Fig. 5. Fluxes domain in the transformed coordinate system.

current values contained in A(i) to obtain a regular mesh grid
in the fluxes space, which is non-trivial due to the flux values
irregular shape in the considered space, as shown in Fig. 4.

The easiest choice for the definition of a regular flux-to-
current domain consists of the smallest cuboid enclosing all
the flux values in A(i), as shown by the red outline of Fig. 4.
However, in this case, the points located in the cuboid empty
spaces are computed by extrapolation, since they do not
belong to the original maps. The consequent drawback is the
poor accuracy of the flux-to-current maps in the extrapolated
regions. Moreover, an adequate mesh grid in the area of the
original maps requires an excessively fine discretization for
the whole cuboid. An alternative is represented by the largest
cuboid entirely enclosed by the fluxes of A(i), which implies
the loss of most of the original data, since a significant
number of points is located outside the cuboid. Neither of the
two domain choices can provide an accurate and exhaustive
formulation of the flux-to-current relationships.

A numerically efficient solution to determine i = i(4) is
presented in [28], hereafter referred to as ‘single step flux-to-
current model’, relying on a reference system transformation
for the flux vector components.

III. SINGLE STEP FLUX-TO-CURRENT MODEL

As proposed in [28], a prism tightly enclosing the fluxes
is defined through a coordinate system transformation. As
shown in Fig. 5, the extrapolated points are heavily reduced.
For the considered procedure, a 3x3 transformation matrix G,
is defined to convert the coordinates representation of the flux
vector 4 into a new reference system. For this purpose, the
covariance of the fluxes in the current-to-flux maps is
computed. The transformation matrix is then retrieved from
the eigenvectors and eigenvalues of the fluxes covariance.

According to the considered procedure, the fluxes values
for the i(4) maps are defined in the new reference system. For
each flux vector, an optimization procedure is carried out to
identify the current vector whose corresponding flux values
differ from the references within a defined tolerance.

iq
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Fig. 6. Single step flux-to-current model solution scheme.

Being 46 = [A46 Ag6 AfG]T the flux vector represented in
the new reference system, the optimization procedure leads to
the flux-to-current model formulated in (7).

ig = ig(Aag, Agcr Arc)
iq = iq (Athqu'AfG) @)
= ir(Aagr Aq6: AG)

In order to perform numerical simulations, the obtained
flux-to-current maps for the new reference system are loaded
into the state variable-based environment, together with the
corresponding transformation matrix. As shown in the model
solution scheme of Fig. 6, at every simulation instant, the flux
vector 4 is modified by means of (8), allowing to compute A4
in the transformed reference system. Since the flux-to-current
maps are defined in the new reference system, (7) can be used
to retrieve the current vector for the considered time step.

<
|

A6 =Gy 4 ®)

Although the presented model implements a numerically
efficient formulation of i(4), there are still points computed
by extrapolation. In addition, the accuracy of the flux-to-
current maps is affected by the tolerance value chosen for the
optimization procedure.

IV. TwO-STEP FLUX-TO-CURRENT MODEL

In order to avoid the usage of iterative procedures and data
extrapolation, an alternative formulation of the i(4) maps is
developed in this paper. The proposed approach consists of the
following set of equations:

g =lq (Ad,pw lq,pw if) 9
iq = iq (Ad,pu' Aq,pu' if) (10)
lf = lf(ld, iq, Af,pu) (1 1)

where A4y, Ag,py and Ag 4, are the per unit values of the flux
vector components. The relationships (9) and (10) constitute
the stator flux-to-current model, while (11) refers to the rotor.
All the maps are computed offline according to the following
procedure and used in the simulation environment together
with the normalization boundaries for the per unit fluxes.

The stator flux-to-current maps determination consists of
interpolating the stator current values for a regular grid in the
fluxes domain. For this purpose, the procedure is carried out
starting from the relationship (12) derived for a constant rotor
current. As can be noted in Fig. 7a, the stator fluxes domain
corresponding to (12) is not regular and needs manipulations
to obtain a regularly meshed stator flux-to-current model.
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Fig. 7. Sequence (a)-to-(d) for the stator flux-to-current model determination
at a fixed rotor current: (a) starting stator flux components from the current-to-
flux maps, (b) stator fluxes in a regularized grid, (c) normalized stator fluxes,

(d) normalized stator fluxes in the regularized grid.

Aa = Aq (g, ig)
{,1 = A (i) i) (12)
q q\dr 'q

Therefore, a new regular fluxes domain is created in the
space of 14 and A, as shown in Fig. 7b. In order to define a
regular fluxes grid for the stator flux-to-current model valid
for all the rotor currents, the fluxes values are normalized
within the boundaries Ay min, Agmax and A max. Hence, the
per unit values in Fig. 7c are obtained. It should be noted that
Admin and Ag mq, depend on the iy level, while Ay .4, is a
function of both i and 4;. The minimum and maximum
stator d- and ¢- fluxes must be stored for later usage in the
numerical simulations. Finally, the normalized stator fluxes
are used to obtain the stator current components over a regular
grid in the fluxes domain, shown in Fig. 7d, which is kept
constant for every rotor current. The stator current-to-flux
model (9)-(10) is ultimately determined by iterating the
proposed procedure for all the available rotor currents.

As for the rotor flux-to-current model (11), the minimum
and maximum rotor flux linkage values are determined for
every stator current present in the current-to-flux maps. Such
values are then used for the rotor flux normalization, and also
stored for the normalization in the numerical simulations. The
resulting per unit rotor fluxes allow to completely determine
(11) over a regular grid, by means of the current-to-flux maps.

Note that the rotor flux-to-current map is defined as in (11)
for current-to-flux maps with a rectangular domain of i; and
[4. In the case of polar maps, i.e., maps characterized by stator
current components in a circular domain, (11) can be defined
as a function of the stator current amplitude and angle, without
any change in the proposed procedure.
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Fig. 8. Two-step flux-to-current model formulation.
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Fig. 10. Control scheme for the fluxes in the closed-loop validation.

Regarding the implementation of the model in numerical
simulations, the obtained flux-to-current maps (9)-(11) are
loaded in the state variable-based environment, together with
the normalization boundaries for the per unit fluxes. As
schematically shown in Fig. 8, at every simulation instant, the
stator flux components are normalized by means of the
boundaries computed in the maps determination procedure.
Along with the rotor current of the previous time step if 1,
Agpu and A, are used to interpolate the stator 3-D model
(9)-(10) and retrieve the d- and g- axes currents. Hence, the
stator current components are used with the normalized rotor
flux linkage A ,,, to interpolate the rotor 3-D map (11) and
compute i for the considered time step.

The proposed EESM flux-based dynamic model features
enhanced simulation capabilities, with respect to the single
step formulation. Indeed, thanks to the computation of the
current vector in two different steps, the benefits are twofold.
Firstly, machine dynamic simulations for the stator flux
components can be performed for a constant field current. In
addition, the proposed flux-to-current model enables accurate
simulation of the effects of fast stator current transients on the
rotor circuit voltage, by directly acting on i; and i, at the
output of the stator 3-D maps. For instance, the model second
step individually taken allows evaluating the rotor overvoltage
caused by a rapid opening of the stator windings, as in the case
of inverter fault or overcurrent protection.



Closed-loop validation
Reference currents,

A
400 : : (4) :
g 200 1
200
< 200

5 10 15 20
time, (s)
Fig. 11.  Reference currents waveforms for the closed-loop simulation.
Current-based model
Current errors, (A)
4 . . .
wn
Z 2
g0
=2
4
4 T T T
& 2 .
g0 i -
S 1
-4 L L L
0.2 T T T
g 0.1r 1
2 olesessns rossssorsrrrrrrrorrerers
<L 01t i
-0.2 ! > :
0 5 10 15 20
time, (s)
Fig. 12.  Errorsin iy, iy and if for the current-based model.

V. NUMERICAL SIMULATIONS

In order to assess the numerical efficiency and the results
accuracy of the discussed EESM models (current-based, flux-
based single step, flux-based two-step), simulations have been
carried out in a state variable-based environment. The data of
a 100 kW sample, which is shown in Fig. 9, of the EESM
equipping the Renault ZOE have been used for the validation.
The windings resistances have been measured by means of
DC tests and the values are Rg = 9.80 mQ and Ry = 5.67 Q.
The current-to-flux maps for this machine have been derived
through finite element analysis considering the maximum
stator and rotor currents previously shown in Fig. 1. Lately,
the maps have been experimentally verified.

Two approaches have been used for the models numerical
validation. In the first one, the models accuracy is analyzed by
means of closed-loop control of the fluxes. The references are
generated through sinusoidal currents of different frequencies,
so as to cover all the domain of the original current-to-flux
maps. In the second approach, the models open-loop response
to input steps are analyzed. The high dynamics caused by step
voltage variations is used to assess the models convergence.
In addition, fast stator current transients have been simulated
to analyze the consequent rotor overvoltage. For this purpose,
only the second step of the proposed flux-based model has
been involved in the numerical computation.

A. Results accuracy assessment

The scheme adopted for the machine flux vector control is
depicted in Fig. 10. The reference flux vector A" is generated
from a reference current vector i* by means of the current-to-
flux maps. The reference currents used for the validation are
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TABLE 1. SIMULATIONS RUN TIME FOR THE CLOSED-LOOP RESULTS

Model run time, (s)
Current-based 55
Flux-based single step 47
Flux-based two-step 38

three sinusoidal waveforms with different frequencies, as
shown in Fig. 11. Depending on the simulation, the block with
the EESM model contains one of the three dynamic models
considered in this paper. It receives a voltage vector as input
and produces current and flux vectors as output. The voltage
vector v is generated by the ideal PI regulators, for the d-, g-
and f- axes, at a fixed rotational speed of 3000 rpm. Finally,
the difference between i* and the model current i is used to
evaluate the results accuracy. The computational efficiency of
the models is assessed measuring the simulation time.

It should be pointed out that all the 3-D maps considered
in the three models are defined only for positive stator g-axis
currents and positive field currents. The maps are discretized
for the same number of points in the three directions
(151x151x151). For negative stator g-axis and field currents,
the maps needed for the current-based and the two-step flux-
based models can be derived offline exploiting magnetic
symmetries. Conversely, the single step flux-based model
relies on an online computation to determine the currents sign,
as the magnetic symmetries exploitation is not straightforward
in the transformed reference system, thus worsening the
numerical efficiency of the single step approach.
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the two flux-based approaches. The run time discrepancy
between the single step and the proposed two-step approaches
can be found in the different ways the models deal with
negative stator g-axis and field currents. The proposed model
features the shortest run time, along with high accuracy and
additional simulation possibilities in retrieving the rotor flux
dynamics, as demonstrated in the following.

B. Models response to input step voltages

The analyses of the responses to input step voltages are
necessary to assess the models convergence capabilities in
open-loop simulations. Firstly, the step responses with locked
rotor are evaluated. Secondly, the rotational speed is set to
500 rpm, to analyze the fluxes variations impact on the

Fig. 16. Rotor overvoltage simulated by means of the two-step model.

convergence. In both cases, the simulation input step voltages
are those corresponding to the machine currents in steady-
state conditions represented by the dashed lines in Fig. 15. It
is possible to observe that, at both speed values, the current
transients obtained with the proposed two-step flux-based
model are similar to those of the other approaches.

C. Rotor overvoltage simulation

The proposed two-step flux-based dynamic model permits
to directly provide iy and i, to the rotor 3-D map, so as to
simulate the rotor flux linkage dynamics. In the numerical



validation, the rotor model is supplied with a constant positive
input voltage, while the stator currents are imposed as shown
in Fig. 16. The simulation output is the rotor flux derivative
dA,./dt. The vertical line at 0.5 s corresponds to a reset of the
rotor integrator, which is necessary to include only the rotor
flux derivatives related to the stator current interruptions in the
simulation results. Two different amplitudes are obtained for
the flux derivatives, depending on the d-axis current sign prior
to the opening.

The smallest overvoltage occurs at the interruption of the
positive d-axis current, while a larger overvoltage is observed
for the interruption of the negative d-axis current. Indeed, in
the first case, the machine operates in a more saturated
condition, as the stator d- and rotor currents give concordant
contributions to the flux production. Conversely, when the d-
current opposes the rotor current, the machine operates in a
less saturated condition. Therefore, a sudden reduction of the
negative d-axis current causes a larger change in the rotor flux
linkage, resulting in a greater overvoltage.

VI. CONCLUSION

A nonlinear dynamic model based on flux-to-current maps
for electrically excited synchronous machines has been
developed. The proposed two-step approach for the numerical
implementation of the flux-to-current maps provides the
model with enhanced simulation capabilities with respect to
other modeling approaches found in the technical literature.
For comparison purposes, an overview of the state-of-the-art
dynamic models for EESMs has been presented, emphasizing
the advantages and the challenges of their implementations in
state variable-based simulation environments.

The numerical validation of the proposed model has been
performed using the data from the 100 kW EESM equipping
the Renault ZOE. As presented in the paper, the proposed two-
step flux-based model features good computational efficiency,
compared to the other approaches in the technical literature,
still ensuring significantly low errors for all the machine
admissible currents. In addition, the convergence capabilities
of the proposed model have been verified by means of high-
dynamics simulations exploiting input step voltages. The
enhanced possibilities offered by the two-step approach have
been also demonstrated in the numerical environment. The
rotor flux linkage dynamics has been simulated for two
different stator current transients, showing the impact of the
magnetic saturation on the rotor overvoltage.
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