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Abstract—Electrically-excited synchronous machines are a
promising alternative to permanent magnet-based counterparts
for traction applications. Besides being rare-earth magnet free,
EESMs offer great flexibility of control and high efficiency
over a wide range of speed and torque values. This paper
introduces a rapid and precise method for scaling the dimensions
of electrically-excited machines, leveraging a reference design as a
starting point. The proposed procedure utilizes the pre-calculated
flux and loss maps of one existing machine to ensure compliance
with new peak torque and power, maximum operating speed,
voltage, and current specifications, all achieved within minimal
computational time. The efficiency map and operating limits of
the scaled machine are rapidly derived without necessitating ad-
ditional finite-element simulations. The efficacy of the procedure
is demonstrated by scaling the electrically-excited traction motor
of the Renault Zoe to match the performance of the permanent
magnet synchronous motor found of the Nissan Leaf drivetrain.

Index Terms—electrically-excited machines, synchronous mo-
tors, scaling procedure, traction motors, algorithm design.

I. INTRODUCTION

Electrically-Excited Synchronous Machines (EESMs), also
known as wound field/rotor synchronous machines, are gaining
popularity as a feasible alternative to Permanent Magnet Syn-
chronous Machines (PMSMs) in transportation applications
[1]-[5]. Unlike PMSMs, electrically-excited machines have a
dc-supplied rotor winding to generate the excitation field. This
feature allows for easy adjustment of the excitation field by
simply modifying the rotor current, which provides numerous
advantages. For instance, EESMs can achieve wide constant
power speed ranges while maintaining high efficiencies at
high speeds. Moreover, since the machine excitation can be
removed in case of fault, concerns related to uncontrolled
generation operations are avoided.

The electromagnetic design of EESMs is not a simple task,
as the presence of the rotor current introduces an additional

Simone Ferrari
Dipartimento Energia
Politecnico di Torino

Torino, Italy
simone.ferrari @polito.it

Sandro Rubino
Dipartimento Energia
Politecnico di Torino

Torino, Italy
sandro.rubino @polito.it

Gianmario Pellegrino
Dipartimento Energia
Politecnico di Torino
Torino, Italy
gianmario.pellegrino@polito.it

degree of freedom that significantly enlarges the design space.
Although several design approaches for EESMs can be found
in the literature, the majority are either only suitable for
generator applications or based on optimization algorithms
combined with finite element analysis (FEA), which generally
requires significant computational time [5]-[7]. An effective
way to rapidly design EESMs is to scale existing machine
projects with different dimensions and performance to meet the
required targets [8]. Scaling laws are an established procedure
that allows for the definition of a new machine design in
negligible computational time, albeit bonded to the original
machine geometry [9]. The computational efficiency of the
scaling process makes this procedure of particular benefit for
fast evaluations intended for preliminary technical discussions.

The scaling procedure proposed in this paper extends the
work conducted in [8] for PMSMs to EESMs. The scaling
process is based on the machine flux maps and has been
demonstrated using the EESM motor installed in the Renault
Zoe as a reference. The available sample of the EESM motor

Fig. 1. Sample of the Renault ZOE R135 electrically-excited motor.
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Fig. 2. Cross section of Zoe motor (a) and Leaf motor (b).

TABLE I
ZOE AND LEAF MOTOR RATINGS.

Zoe Leaf
Number of pole pairs 2 4
Number of stator slots 48 48
Type of motor EESM IPMSM
Winding type stranded stranded
Type of cooling air liquid
Stator outer diameter 262 mm 198 mm
Stack length 175 mm 150 mm
Turns in series per phase 18 24
Excitation turns 780 -
Rated power ND 106 kW
Peak power 100 kW 139 kW
Rated torque ND 208 Nm
Peak torque 245 Nm 290 Nm
Base speed ND 4000 rpm
Maximum speed 12000 rpm 10000 rpm
Rated phase current ND 335 Apk
Peak phase current 385 Apk* 480 Apk
DC-link voltage 400 V 375V

Number of rotor turns per pole 195 -
Maximum excitation current 12.5 A* -
Rotor resistance @20°C 57 Q -
*Estimated

ND = Not Declared

is shown in Fig. 1. The Zoe motor has been scaled to match the
performance of the Internal Permanent Magnet Synchronous
Machine (IPMSM) used in the Nissan Leaf. The cross sections
of both motors are shown in Fig. 2, while their ratings are
recollected in Tablel. The data of the Zoe motor have been
either collected from [10] or obtained from experimental
measurements on the available motor sample. The values
in Tablel indicated as ’Estimated’ have been obtained by
calibrating the operative limits computed through the FEA flux
and loss maps with those declared in [10].

II. ELECTRICALLY-EXCITED MACHINE MODEL

The voltage equations of electrically-excited machines in
steady-state conditions are reported in (1).
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Fig. 3. ZOE maps of the excitation current (a), g-current (b), d-current (c)
obtained with the minimum losses strategy.

where vg4, v, and v, are the d-, g- and excitation voltages,
i4, 14 and i, are the d-, g- and excitation currents, Ay, A\, are
the dq flux linkages, Rs and R, are the stator and excitation
resistances, and w is the electric pulsation in rad/s.

In this paper, the flux linkages are defined in the form of
flux maps as in (2). The bold symbols indicate maps function
of the three current components (iq, iq, ic).

Aoi - Ad(id»iq)ie)
Mo = Ay iasigsi) @
)\e = Ae(id7iq7ie)

The additional degree of freedom introduced by the ex-
citation current enables a variety of control strategies for
EESMs. These include maximum efficiency, maximum torque
per stator ampere, maximum torque per rotor ampere, zero d-
axis current, and unity power factor [11]. For example, Fig.3
shows the FEA computed maps of the Renault Zoe in terms
of excitation, g-, and d-current when the maximum efficiency
strategy is applied by minimization of the copper (stator and
rotor) and iron losses. The maps refer to a peak stator current
of 385A and a rotor current limit of 12.5A. As can be seen, for
the considered EESM, the level of excitation current is mainly
changed according to the torque request. On the contrary,
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Fig. 4. Torque maps obtained by the scaling equations and FEA-computed
maps of the scaled motor for different rotor currents.
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Fig. 5. dg-saturation curves of the scaled motor obtained by the scaling
equations and FEA-computed maps.
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the flux weakening is performed by injecting an increasingly
negative d-axis current. However, an ideal flux-weakening
curve can be pursued with the maximum power maintained up
to the maximum speed by controlling the motor with a stator
current equal to the motor’s characteristic current. In EESM,
the characteristic current is a function of the excitation current
and is defined as the current that compensates for the rotor flux
linkage created by the excitation circuit, as in (3).

ich(ie) = 1d| Ay (ig,ig=0,ic)=0 3)

One of the advantages of EESMs is the possibility to control
the characteristic current acting on the excitation current, ob-
taining a flat power profile for all the loads without efficiency
detriment.

III. SCALING RULES DEFINITION

The scaling process is based on four scaling factors defined
in (4). The scaling factors are defined as the ratio between
the quantities of the scaled machine and the quantities of the
baseline machine, denoted with the subscript 0. The scaling
factors can modify the radial dimensions (kp), the axial
dimension (kr,), the number of stator turns in series per phase
(kn), and the number of rotor turns (kg). In the definition, D
denotes the stator outer diameter, L the stack length, N, the
number of stator turns in series per phase and N, the number

of turns of the excitation winding.
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The scaling rules of electrical machines are well-known [9],
but are typically adopted and implemented just on the rated
working point of the motor. However, the scaling rules can
be extended on the entire flux map of the motor, dramatically
reducing the motor’s identification time.

A. Scaling of Flux Maps

Under the assumption of maintaining the same field distri-
bution in the motor cross-section, the linear current density
must be kept constant. In this case, the flux linkages can be
scaled as:

Ag
m—kD'kL'kN )
A
A;O =kp-kr-kn (6)
A,
Ao kp-kr-kg )

where A4, A, and A, are the 3D matrices of flux linkages
of the scaled machine, function of (ig4,iq,1%.) and Ago, Ay
and Ao are the 3D matrices of flux linkage of the initial
motor, function of (i4,0,%4,0,%,0). In order to keep the linear
current density constant, also the current maps (that are the
coordinates of the flux maps) must be scaled as:

I
=L =kp - ky' (8)
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For simplicity, the end-winding inductance is assumed to be
negligible. Once flux linkages maps and current maps are
scaled, the electromagnetic torque map can be scaled as:

T
— =K% kg

T, (an

As an example, the torque maps at two different excitation
currents are reported in Fig.4, while the d-axis flux at zero
g-current and the g-axis flux at zero d-current are reported
in Fig.5 for different rotor currents. The plots compare the
maps obtained by the described scaling equations (solid blue
contour) with the FEA-computed maps of the scaled motor
(dashed red contour).



B. Scaling of Loss Components

Three terms of loss must be considered and scaled, namely
stator copper loss Pj g, excitation copper loss Pj. and iron
loss P (both rotor and stator). Note that just the losses refing
to sinusoidal supply are considered. Winding AC loss are not
part of the scaling process at the moment, while PWM loss are
not included because of the dependency of the drive system.
Both loss terms must be re-computed after scaling. A common
and general approach to model iron loss is to express them as a
function of the currents in a similar framework of flux maps,
as done for PMSMs in [12]. The only difference with flux
maps is the dependency of the rotor speed w,: indeed, iron
loss maps are computed at constant speed and then scaled
according to the considered formulation (Steinmetz, Bertotti
or others). As iron loss are proportional to the iron volume,
iron loss maps can be scaled as:

PFe
Preo

= kb - kr (12)
On the other hand, the copper loss are mainly function of the
currents and the resistance of the respective circuits. Dealing
with stator copper loss, neglecting the AC effects, the stator
resistance is scaled as:

Ry k3 L Ly
=2 (kL~O+kD-’O> (13)
RS,O kD LO + Lew,O LO + Lew,O

where L., o is the end-winding length, which is proportional
to kp. Once the phase resistance is scaled and the dq currents
are re-mapped, the stator copper loss can be computed as:

3
PJszi

where the symbol © identifies the element-wise product be-
tween matrices. The excitation copper loss can be computed
in a similar way. The excitation resistance R, is scaled as:

Re o k% Le,ew,O
LO + Le,ew70
(15

Reo K}
Then, the excitation copper losses are recomputed as:

Ry (Lgola+1,01) (14

Ly
kp —0 k-
(L L0+Le,ew,O b

PJe - Re . (Ie © Ie) (16)

C. Scaling of Maximum Operating Speed

The maximum motor speed is related to the centrifugal
stress that the rotor can sustain. As explained in [8], the
maximum Von Mises stress in the rotor is proportional to
D?.n2 . So the stress scaling rule results:

max*

2
O-'HLHI 2 < nmaz >
—mar _ g2 [ e
Omax,0 Nmax,0
Assuming that the material of the scaled motor does not
change, the maximum stress of the scaled motor must be
the same as the initial motor, SO Opae = Omaz,0. With this
condition, the scaling rule for the maximum speed results:

7)

Nmax -1
= k
D

(18)

Nmazx,0

IV. PROPOSED SCALING PROCEDURE

In the proposed procedure, the inverter limits (DC link
voltage and peak phase current) are imposed, and the operating
point of the motor is automatically adapted to adjust to these
inputs and account for all the non-linearities. The steps of the
scaling procedure are:

1) Radial Scaling: radial scaling is the only factor affecting
the maximum rotor speed. The radial scaling factor kp
can be computed by imposing the maximum speed, as
in (18) or by imposing a target outer diameter, in which
case the maximum speed is re-computed.

2) Axial and Stator Turns Scaling: once kp is computed,
the axial and stator turns scaling factors ky, and ky are
computed thanks to a scaling plane in (L, N, ), imposing
the maximum inverter current and the DC-link.

3) Excitation Circuit Scaling: the last step of the scal-
ing process deals with the excitation circuit. From the
(L, Ny) plane, the excitation ampere-turns are derived,
so the number of turns of the excitation circuit is
retrieved from the maximum excitation voltage.

A. (L, N;) Scaling Plane

The core of the scaling procedure is the (L, Ny) scaling
plane, adopted to identify the two related scaling factors
(kr and k). The scaling map refers to the base speed and
peak torque point, that will be computed for each scaled
motor of the plane. For each (L, N,) point, the flux maps
of the reference EESM are scaled. Then, the operating point
is identified by assuming an excitation control that sets the
characteristic current equal to the maximum stator current. In
this way, an ideal field-weakening profile will be obtained,
and the excitation ampere-turns can be computed. Note that
for EESM, among the several control options, the selected
method is not too far from the maximum efficiency control
but is way easier to implement in the preliminary design stage
when the scaling process is adopted. The final scaling map,
computed with the same inverter limits of the target motor
(Leaf), is reported in Fig.6a. The plane reports peak torque
and base speed function of the stack length L and the number
of turns in series per phase N;. Peak torque and base speed
have opposite trends: the torque increases going from bottom-
left to top-right, while the base speed has the opposite trend.
The flux and loss maps and resistances can be scaled thanks
to the previously presented scaling rules. To help the motor
selection and further reduce the valid area in the (L, N;) plane,
additional quantities can be reported on the scaling plane as
the excitation ampere-turns (needed to cope the characteristic
current with the maximum stator current) and the specific
copper loss, reported as example in Fig. 6b and Fig. 6c.

B. Scaling of the Excitation Circuit

In order to determine the appropriate number of turns for
the excitation winding, it is necessary to consider the available
voltage of the rotor. This is because the voltage of the rotor
will ultimately determine the amount of current that can be
induced in the excitation winding. As a result, the number of



turns in the excitation winding must be scaled appropriately
to ensure that it can produce the required magnetic field while
operating within the limits of the available rotor voltage. The
application of Ohm’s law to the rotor circuit determines the
scaling rule of the excitation turns:

1 V:e . Ne,O . Ie,ma:L’,O

kp =k —- (19)
F b A ‘/6,0 Ne : Ie,max
In equation (19), the value of A is expressed as in (20).
Leew,o
A=kp —2 4 kp —20 (20
r LO + Le,ew,O P LO + Le,ew,O ( )

For the computation of kg, the value of the excitation
ampere-turns of the scaled motor, i.e. the product Ne¢-I¢ 10z, 18
established through the (L, Ny) scaling plane. The value of the
rotor turns, and the maximum excitation current of the baseline
motor are known and listed in Tablel. Concerning the ratio
Ve/Ve.0, the definition depends on the available rotor voltage.
If this information is missing, then the same percentage of
rotor voltage with respect to the DC link can be assumed in
the motor’s scaling process. Another option is to consider that
the value of the rotor voltage remains constant with respect
to the baseline motor, hence assuming V,/V, o =1 as a first
approximation.

V. CASE STUDIES

To demonstrate the proposed scaling procedure, the Zoe
motor is scaled to match the peak specs of the Leaf motor.
The different cooling types, i.e. forced air for the Zoe and
water-jacket for the Leaf, represent a critical non homogeneity
when comparing the two motors, leading to scaled EESMs of
larger volumes with respect to the liquid-cooled Leatf PMSM.
Nevertheless, the validity of the described scaling procedure
remains intact.

A. Radial Scaling

According to the procedure described in the previous sec-
tion, the first step of the motor scaling is to identity the radial
scaling factor kp. In this case, the maximum speed is pursued,
and the radial scaling is computed according to (18). With the
benchmark data, it becomes:

Mgz, zoe 12000

= =12
Nmax,Leaf 10000

kp = 21

Note that the diameter of the scaled motor will be larger
than the baseline motor. The comparison with the Zoe motor
follows from the different maximum speeds, while the com-
parison with the Leaf motor is more complex since a different
number of poles is considered. If the rotor diameters of the
scaled EESM and the Leaf motor are compared, the difference

is not crucial, while the structural problem for EESM and
IPMSM is quite different and needs further investigation.
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Fig. 6. Scaling map for the considered benchmark case: a) torque and speed
versus stack length and stator turns, b) excitation ampere-turns versus stack
length and stator turns and c) specific loss function of stack length and stator
turns.

B. Axial and Stator Turns Scaling

The scaling plane is reported in Fig.6. The main plane
reports torque and base speed at the maximum inverter limits
and computing the excitation ampere-turns N, - i, (reported
in Fig. 6b) in order to have the characteristic current equal to
the maximum stator current. The green-shaded area identifies
all the motors on the scaling plane that fulfil both maximum
torque and base speed requirements (reported with bold lines).
The final motors must be identified inside this area. To slightly
reduce the preferred area, the specific copper loss k; ¢o¢ can
be considered. It is defined as the total copper loss at rated
windings temperature divided by the stator outer surface.
Even if this index suffers from some approximations, it is
representative of the cooling system’s capability. The specific



TABLE II
COMPARISON BETWEEN THE TARGET MOTOR (LEAF) AND THE SCALED
MOTORS.

Leaf Motl Mot2 Mot3
Number of pole pairs 4 2 2 2
Number of stator slots 48 48 48 48
Type of motor IPMSM EESM EESM EESM
Type of cooling liquid air air air
Peak phase current (Apk) 480 480 480 480
DC-link voltage (V) 375 375 375 375
Stator diameter (mm) 198 314 314 314
Stack length 150 142 149 149
Turns in series per phase 24 18 18 16
Rotor turns per pole - 211 205 223
Excitation (A-turns) - 3510 3510 3224
Peak torque (Nm) 290 330 346 305
Base speed (rpm) 4000 4200 4000 4600
Maximum speed (rpm) 10000 10000 10000 10000
Stator winding temp. (°C) 150 150 150 150
PM temp. (°C) 100 - - -
Rotor winding temp. (°C) - 150 150 150

losses are reported in Fig. 6¢c and the value of the Zoe motor
is reported with a bold line, reducing the green area. To
demonstrate the scaling process, three motors are selected
from the (L, Ny) plane. The most convenient area for selection
is on the left side of the green area, being characterized by
feasible motors with the smallest volumes. The motors are
thus chosen accordingly and considering only solutions with
an integer number of stator turns. Figure 6 reports the selected
motors, while their main characteristics are listed in Table II.
The preferred motor is Mot (the one with the shortest stack),
while the other two motors are selected to show how the
motors change based on the (L, N;) point.

C. Excitation Turns Scaling

From the (L, N;) plane, the value of the ampere-turns
corresponding to the maximum rotor current is identified for
the three motors and reported in Table II. For the computation
of the scaling factor kg, the rotor voltage of the scaled motors
is assumed equal to that of the reference machine. The latter
has been computed as the product of the maximum rotor
current and the rotor winding resistance. Once the value of
kg is obtained using (19), the number of rotor turns per pole
N, of the scaled motors can be computed. The resulting values
are listed in Table II. The corresponding excitation current can
be simply obtained by dividing the ampere-turns by rotor turns
per pole N..

D. Scaled Motors Comparison

The three scaled EESMs are compared to the Leaf PMSM
in TableIl and Fig. 7. Expectedly, the three scaled EESMs
feature a larger outer diameter with resepct to the Leaf motor,
with similar stack length. The larger active volume relates to
both the superior torque density figures of PMSMs and the
different adopted cooling techniques. As said in Section V, a
fair comparison should consider motors with the same cooling
capability.

The three scaled motors have slightly higher torques and
base speeds than the Leaf motor, which is consistent with the
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Fig. 7. Efficiency maps of Leaf (a) and the three scaled EESM motors (b,c,d),
computed at the inverter limits and the temperatures reported in Table II.

data of the (L, Ny) scaling plane. Figure 7 shows the efficiency
maps of the Leaf and scaled motors, considering iron losses
(both in the stator and the rotor), stator copper losses and
either PM losses or rotor copper losses, depending on the
motor type [13], [14]. Please, note that all the mentioned loss
components are considered with sinusoidal supply. AC loss
related to skin and proximity effects in the conductors and
PWM loss are disregarded in the comparison, as well as the
mechanical loss. In addition, the maps of the scaled motors
report, in dashed blue lines, the operative limits of the Leaf
motor in order to highlight the differences between the scaled
EESM and the target IPMSM. The computed maps confirm
the peak torque and base speed values of the scaled motors.
It can be noted that the three EESMs reach higher efficiency
values than the Leaf motor. Moreover, the efficiency of the



IPMSM tends to decrease at high speeds, while the EESMs
succeed in maintaining high efficiency values for the whole
speed range. Indeed, the flux weakening in IPMSM requires
injecting negative d-currents to compensate for the magnetic
flux generated by the permanent magnets, leading to efficiency
detriment. In EESMs, although negative d-currents are still
used for flux weakening operations (see Fig.3c), the value
of the magnetic flux to be compensated is not fixed and is
regulated by the excitation current, resulting in better machine
exploitation.

VI. CONCLUSION

A fast scaling procedure is proposed for the preliminary
design of EESMs considering the peak motor performance.
The workflow relies on applying fast scaling rules to flux and
loss maps of EESMs, allowing for the accurate estimation of
the output characteristics of the new motor. This approach
provides direct access to the flux and loss maps of the scaled
motor without requiring any additional FEA simulation. This is
particularly useful in the case of electrically-excited machines,
where the computational burden of the flux maps is signifi-
cantly increased due to the presence of a third simulation vari-
able, i.e. the rotor current. Moreover, the flux and loss maps
of the scaled motor can be further evaluated for efficiency
maps computation and control algorithm implementation. A
graphical method is introduced for selecting the best trade-off
between stack length and stator number of turns, considering
the other key design outputs. The procedure is demonstrated
by scaling the EESM of the Renault Zoe to match the peak
performance of the IPMSM motor equipping the Nissan Leaf.
Three motors are selected from the proposed (L, N;) scaling
plane and compared to the original Leaf motor to showcase the
proposed workflow operation. Last, the EESMs and IPMSM
efficiency maps are compared, highlighting the efficiency
advantages of EESM compared to IPMSM at medium-high
speeds.
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