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ABSTRACT

The study of electric machines (EMs) used in the
automotive industry has become crucial with the growing
interest in electric and hybrid vehicles, driven by the need to
reduce emissions, enhance performance, and improve energy
efficiency. EM enables the regeneration of part of the energy
that would otherwise be converted into heat during braking,
allowing battery recharging and improving the overall
system energy efficiency. In series hybrid vehicles, they can
be used exclusively as generators, coupled to an internal
combustion engine. In this work, we present a comparative
study between two electric machines. For this purpose, a
brief literature review on the principles of operation and
mathematical modeling is conducted, as well as an analysis
of the open-circuit voltage generation capacity of permanent
magnet synchronous machines with axial flux and Lundell
alternator, both operating as generators. The study is based
on computational simulations, yielding an investigation into
energy generation, which should be considered in various
automotive applications.

Keywords: Lundell alternator; PMSM; synchronous
generator; simulation; electric and hybrid vehicles.

INTRODUCTION

In recent years, the growing demand for energy-efficient
and environmentally sustainable technologies has intensified
interest in the analysis and application of electric machines
(EMs), particularly in their operation as generators [1]. In
applications such as Electric Vehicles (EVs) and Hybrid
Electric Vehicles (HEVs), examining EMs as generators is
essential for implementing regenerative braking and
improving overall energy efficiency [1, 2]. Proper analysis
of the generation mode allows optimal energy recovery,
control of torque production, and management of battery
charging dynamics. Additionally, understanding the
generator behavior under varying speed and load conditions
is necessary for designing effective control algorithms that
ensure smooth transitions between motoring and generating
modes, improve vehicle performance, and extend battery life
(3, 4].

Among the various types of EMs, Permanent Magnet
Synchronous Machines (PMSMs) and Lundell alternators
stand out due to their general use in automotive and industrial
applications [5, 6, 7]. Comprehending their operational
principles and performance characteristics is crucial for
improving energy conversion systems, optimizing control
strategies, and advancing technological innovation in electric
mobility and power generation [8].

PMSMs are known for their high efficiency, power density,
and precise controllability, making them ideal for
applications such as EVs and HEVs where performance and
energy optimization are critical [9]. Their compact size and
ability to operate efficiently across a wide range of speeds
and load conditions have made PMSMs essential in
achieving longer driving ranges and better overall system
performance [10]. However, their reliance on rare-earth
permanent magnets introduces concerns related to cost,
thermal stability, and material sourcing [11]. On the other
hand, the Lundell alternator, a widely used
electromechanical generator in internal combustion engine
(IEC) vehicles, represents a mature and cost-effective
technology for DC power generation [12]. It is primarily
used to supply power to the vehicle’s electrical systems and
to charge the battery. Although not as efficient or compact as
PMSMs, Lundell alternators are valued for their robustness,
cost-effectiveness, and ability to operate under the harsh
thermal and mechanical conditions typical of automotive
environments [12, 13]. In modern mild hybrid systems,
modified versions of Lundell alternators, such as integrated
starter-generators (ISGs), have been adapted to enable
limited regenerative braking and engine start-stop
functionality [14, 15].

The characterization of generator voltages is
fundamentally important for the proper sizing of rectifiers,
DC/DC converters, and frequency inverters. Therefore,
mathematical models capable of accurately representing the
behavior of the generated voltages play a decisive role in the
selection and design of the most appropriate converter
devices for electric vehicle applications [16, 17].

Inspired by the prior discussion, this paper presents a brief
review of the operation of PMSMs and Lundell alternators
operating as generators, with a focus on open-circuit
conditions. The study of the PMSM was carried out using
theoretical models, which were then confirmed through
numerical simulation to show how the machine performs. In
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contrast, the analysis of the Lundell alternator was based on
data from models developed by other researchers, since this
work did not include direct experimental testing of the
alternator.

BACKGROUND THEORY

LUNDELL’S ALTERNATOR — The Lundell’s alternator is
one of the most used electrical machines in vehicles with
internal combustion engines due to its low cost, robustness,
and wide operating speed range [18, 19]. The Lundell
alternator is a three-phase synchronous machine with salient
poles; however, due to the way the poles are distributed on
the rotor, for analytical and modeling purposes, it can be
assumed to have a smooth pole rotor [20]. The alternator has
a rectifier coupled with its output, which may or may not be
controlled, and its purpose is to recharge the vehicle's battery
and supply energy to the vehicle's electronic systems. The
electrical circuit that represents the Lundell alternator is
shown in Figure 1.

Alternators can be self-excited through a secondary
rectifier circuit at their output, which regulates the voltage to
provide the field current. Some studies suggest different
ways to increase alternator efficiency, such as replacing its
field circuit with permanent magnets or operating at points
of higher efficiency. Additionally, there are suggestions for
rectifiers and power electronics systems with techniques that
offer better performance [21, 22, 23, 24].

Any alterations, whether in its structural design or its
electronic system, will result in increased production costs,
making it less advantageous in terms of price.
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Figure 1: Representation of the electrical circuit of a Lundell
alternator.

PERMANENT MAGNET SYNCHRONOUS MACHINE —
PMSMs are synchronous electrical machines that, instead of
having field windings on the rotor, use permanent magnets
to provide machine excitation. These magnets produce a
constant and rotating magnetic flux in the air gap at
synchronous speed. The way the magnets are positioned on
the rotor allows them to be classified as either radial or axial
flux machines, as shown in Figure 2. Their advantages
include high efficiency and high-power density [25]. As a
type of rotary electrical machine, they can operate either as
a motor or as a generator. However, when operating as a
motor, they have a disadvantage regarding control, as they

require a high-precision position sensor and high-
performance processing [26].

The radial flux PMSM features a classic cylindrical
geometry, in which the magnetic flux is distributed radially,
that is, from the center of the rotor to the stator. The
permanent magnets are mounted on the surface or embedded
within the rotor, while the stator contains windings
distributed in slots. The magnetic field generated by the
magnets interacts with the rotating field of the stator,
producing torque. This configuration is widely used due to
its robustness, ease of manufacturing, and efficient control
[27].

The axial flux PMSM, on the other hand, presents a disc-
shaped architecture, where the magnetic flux is distributed
along the axis of the motor. The magnets are mounted on
rotating discs, positioned between flat stators or vice versa.
The axial flux design allows for high torque density and
thermal efficiency, making it ideal for applications where
space and weight are limited, such as electric vehicles and
drones [28, 29].

Stator

Figure 2: (A) Rotor of a radial flux PMSM, and (B) exploded
view of a radial flux PMSM [25].

The following section presents a literature review on
synchronous machines operating as generators.

SYNCHRONOUS GENERATOR — Synchronous machines
are a type of rotating electrical machine in which alternating
three-phase voltage is applied to the armature windings, but
the magnetic field generated in the rotor can be produced by
windings excited by DC (Direct current) or permanent
magnets. Synchronous machines are commonly used as
generators in hydroelectric plants, diesel generators, among
others. The shape of their rotor may vary depending on the
application; the cylindrical rotor can be used in high-speed
situations, such as turbo generators, while salient pole rotors
are better suited for lower speeds [31].

The rotating magnetic field in the stator is synchronized
with the rotor speed, and therefore, there is no slip. The
frequency of the voltage at the armature terminals (f;,) or
stator is a function of the rotor speed (n,) and the number of
poles (P), and can be expressed by Eq. (1),

_120#n

fse =—— (M

The voltage generated by a synchronous machine is a
function of the magnetic field flux, its constructive aspects,
and the rotational speed. For a synchronous generator excited
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through a field circuit, the induced voltage in phase A can be
expressed by Eq. (2),

e, = Kow, )

where, e4. represents the electromotive force in phase A, also
referred to as EMF, K is a constant related to constructive
aspects, and w is the rotational speed in rad/s.

Eq. (2) can be simplified to express it as a function of the
field current since the intensity of the field flux directly
depends on the current in the rotor circuits. Therefore, the
induced voltage in phase A can be written as,

ey = Kw,if 3)

where, i is the DC field current, thus not varying over time,
and K represents the mutual inductance module associated
with the reaction of concatenated fluxes between the
armature and the field circuit [18]. Since the derivative if is
zero, as it is a constant current, therefore non-variable over
time, the voltage drops across the field inductance Lgcan be
disregarded, as its value is given by:

v, = L=+ “4)

i v

For a synchronous machine with permanent magnets,
where the field flux is constant, the induced voltage can be
represented as,

es=Kw (6)

The K constant continues to represent the constructive
aspects of the machine and must consider the field flux
promoted by the permanent magnets. Thus, the rotational
speed of the shaft (w) can be expressed in units of rad/s or
revolutions per minute; this constant is provided by the
manufacturer of the electrical machine.

The voltage E, can be measured with the generator in an
open circuit, as under this condition, there will be no voltage
drop due to synchronous resistance and inductive reactance.
The voltage in the other phases will have the same amplitude
as E,, but lagging by -120° and +120° concerning phase A,
respectively, for E5 and E for positive phase sequence.

Figure 3: Electrical circuit representing the interaction
between the field and armature windings.

The phase terminal voltage v, can be calculated by
subtracting the voltage drops across the resistance and
synchronous inductance, thus,

dig(t)
dt

v4(t) = e (t) — Rpia(t) — Ly (7
The voltage V, can also be represented in the form of a
phasor; therefore,

Va= Eqx— Ruly — jXuly (3

Given V,, E,, and I are the phasors of the terminal
voltage, induced voltage, and armature current, respectively.
The reactance X, can be calculated as:

The value L, does not behave as a constant and varies as
a function of the interaction with the field flux. Reactance X,
is generally much greater than R, which allows ignoring the
effects of R, in some analyses.

The voltage across the synchronous reactance X, can be
calculated as,

v, = L, T4 (10)
as presented in Eq. (7). However, the inductances must be
represented considering the changes experienced due to the
rotating magnetic field generated by the field flux, depending
on the rotor position and the interaction with the other
inductors in the machine. This introduces, in addition to its
self-inductance, mutual inductances that depend on the
interaction with the stator and field windings. Therefore, this
voltage can be represented by the derivative of the
concatenated flux 4, since A = li. Thus, the voltage drops in
the synchronous reactance of the winding corresponding to
phase A can be expressed as:

dA®)
W= "0 an

Considering the mutual inductances due to electromagnetic
interactions between the windings, the concatenated fluxes
can be calculated from

Aa Laa Lap Lac Lar iy
Ap Lga Lpp Lpp Lpf ip

= X | 12
Ac Lea Lep Lee Ley lc (12)
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Where Lyg, Lgg, L¢c, and Ly are the self-inductances, and
the other inductances represent mutual inductances for
instance, L,p represents the influence of the scattering flux
generated by Lp on L.

As the mutual inductance between the stator and rotor
varies according to the rotor's position at synchronous speed
ws , its position 8,,, hence, the electrical position 6, can be
calculated considering the number of poles of the machine.
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0,, = wst+68, (13)

B = (222) O, +800 = Wet+6eq (14)

Thus, the mutual inductance between the stator and rotor
can be represented as a function of time variation. Therefore,
the mutual inductance between the windings of phase A and
the field circuit can be obtained from

LAf = LfA = LAfCOS (a)et+6eo) (15)

The mutual flux between the stator and rotor of the other
windings can be determined from the phase shifts of -120°
and +120° for phases B and C, respectively. Thus, Eq. (7)
can be rewritten as

dAa(t)
dt

va(t) = ea(t) — Rain(t) — Ly (16)

All the voltage values presented refer to the peak voltage
in their respective phase; to find the effective voltage, it will
be necessary to divide the peak voltage by v/2. The armature
windings of three-phase generators can be connected in star
or delta configurations, thus, depending on how they are
arranged, the line voltage can be calculated as,

Vag = V3|V,|260 + 30°
Vge = V3|V,]26 —120° + 30° (17)
Vea = V3|V,|20 + 120° + 30°

Equation 17 presents the line voltage at the generator
terminals in a star connection; in a delta connection, the line
voltage is equal to the phase voltage, thus, V5 = V.

The input power can be calculated from the mechanical
torque (7,,), and rotation (w,, ) applied to the generator shaft,
therefore,

Py = Tmwm (18)

The mechanical power converted into electrical power
inside the generator can be calculated as,

Poony = Tingwm = 3E4l, cos cosy (19)

where y is the angle between E, and I,

The output power will be the mechanical input power
minus the supplementary losses, friction losses, and core
losses, which will result in the converted power. Subtracting
copper losses from this will yield the power delivered to the
load, as presented in Figure 4. The output power can be
expressed as,

Pyt = V3Vaglag cos cos 0 = 3V, cos cos 6 (20)

B

IR losses

Core losses
(copper losses)

Friction and
Supplementary  ventilation

losses losses
Figure 4: Relationship between input and output power and
the losses involved. [32]

Therefore, the conversion efficiency (1) can be given by
the ratio between the mechanical input power and the
electrical power delivered to the load. Thus,

Pin

n= = (1)

Pout

SIMULATION PARAMETERS

Due to the inability to determine the parameters of a
Lundell alternator directly, the parameters established by
Rodrigues [18] were adopted, and are presented on Table 1.
However, for the PMSM, the data from the datasheet of an
available test unit was used and are presented on Table 2.

Given the availability of a PMSM unit, validation tests
will be conducted using this device. To gather open-circuit
voltage data from the PMSM operating as a generator, a test
bench was employed. This setup utilizes a brushless DC
motor (BLDC) directly coupled to its shaft.

Table 1. Parameters of the Lundell alternator adapted from
18]

Parameter Value
Number of poles (P) 16
Synchronous resistance (R,) 0.03 Q
Field resistance (Ry) 1.90 Q

Synchronous inductance (1)

Field inductance (Ly) 0.2 H

See equation 19

Mutual inductance (K) See equation 18

Diode conduction voltage (V) 0.8V

Table 2. Parameters of the axial flux PMSM [35]

Parameter Value
Nominal Voltage 250 Vac
Nominal Power 55 kW
Nominal Torque 96 Nm
Maximum Speed 6500 rpm
Synchronous Resistance 1.35 mQ

Inductance 15 uH

= \? V. I, cos B
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Parameter Value
MMF vs. Rotational Speed Ratio 0.0184
(K) Vrvs/RPM
Number of Poles 20
Armature Windings Connection Star

DISCUSSIONS AND RESULTS

LUNDELL ALTERNATOR - To perform the
computational simulations presented in this work, the
parameters used in the model are based on the study
conducted by [20], which in turn was based on experimental
data obtained from an alternator modeled by Sarafianos ef al.
(2015) [18] using experimental data. This work is limited to
modeling the electrical circuit only, in order to analyze the
behavior of the alternator under no-load conditions.
Therefore, the electrical parameters of the alternator are
defined as shown in Table 1.

Based on the characterization and parameter evaluation
through experimental data by Sarafianos et al. (2015) [18],
and analytical studies conducted by [3], it is possible to
define the module of mutual inductance (K), for the
mentioned alternator as:

-5.31x1073

1_'_10(2.9—1‘f)3.z»37><10—1

K=8.16x1073

(22)

And synchronous self-inductance can be defined as a
polynomial function dependent on the field current, and is
calculated as

La(ip) = 2.35x 1076 — 2.09 X 1075if + 1.96 X
1075i + 2.96 x 10~* (23)

Using the parameters presented in Table 1 and equations
18 and 19, it is possible to perform computational
simulations that demonstrate the behavior of the terminal
voltage of the alternator. Figure 5 shows the open-circuit
output voltage values, considering an internal combustion
engine of an HBEV (Hybrid Biofuel-Electric Vehicle)
operating at the best trade-off point between emissions and
energy consumption, with a rotation speed of 3000 rpm [33],
coupled to the alternator through a 1:1 transmission ratio. To
vary the voltage, a step of 0.2 A in field current was applied.
In an open circuit, there is no voltage drop in the synchronous
resistance and reactance, as there is no armature current.
Therefore, the terminal voltage of the machine will match the
electromotive force voltage (e,) as presented in equation (5).
Due to the presence of a full-wave three-phase rectifier at the
alternator output, the rectified voltage can be determined
from the peak value of the line voltage, V,p, as presented in
Eq. (24). Alternatively, if the effective phase voltage, Vap,, o,
is considered, the appropriate expression is given by Eq.
(25).

v, = 3"% = 0.9549V,, (24)

3V3V2Vapys
= - =

2.3391V4,,,6 (25)

o

The behavior of this system will change depending on the
applied load; the terminal voltage will be reduced based on
the armature current required by the load. The main purpose
of the alternator is to recharge the battery; therefore, its
output voltage must not exceed the maximum voltage
supported by the battery and other electrical loads in the
vehicle. Consequently, some commercial models will feature
a system for voltage control and regulation, either through
controlled rectifier bridges or DC/DC converters [34].

80 Alternator output voltage in open circuit

MMF RMS
Rectified voltage

70

Voltage [V]
B
(=]

0 O‘I 5 ‘; 1?5 2‘ 2.‘5 :; 3.‘5 ;f 4?5 5

Field current [A]
Figure 5: Alternator output voltage in open circuit before and
after the rectifier bridge.

PERMANENT MAGNET SYNCHRONOUS MACHINE -
To perform computational simulations representing the
open-circuit voltage behavior of an axial flux PMSM, the
parameters presented in Table 2 of a test-ready unit were
considered.

An important piece of information in the simulation of
electric machines is the field current. However, in PMSMs,
there is no field current; instead, there is a constant air gap
flux @, which allows for determining an equivalent field
current value to use in the model. Thus, it is possible to use
Eq. (8) to represent its behavior [30].

Different speeds were applied, and the voltage was
measured using an oscilloscope. The curve representing the
variation of the MMF measured at the machine terminals is
shown in Figure 6.

To verify the relationship between the MMF and the
rotational speed of the rotor shaft, the polynomial curve was
plotted based on the measured data. The result was the first-
order function:

e, = 0.0183n, + 0.0288 (26)
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55 MMF measured during experimental tests of a PMSM

Noow oW & B G
o & & ©o & O
T T T T T

Terminal Voltage RMS [V]
N
o

0 500 1000 1500 2000 2500 3000
Rotation [rpm]

Figure 6: MMF measured during experimental tests of a
PMSM

The error in the measured values was low, as can be seen
in Figure 7. The angular coefficient of the line found for the
polynomial curve fitting was 0.0183 Vrums/RPM, very close
to 0.0184 Vrms/RPM presented in the PMSM datasheet.
Therefore, it is possible to say that the model satisfactorily
represented the behavior of the open-circuit voltage.

Co5r5nparison between the MMF measured and simulated computationally
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Figure 7: Comparison between the MMF measured and

simulated computationally

CONCLUSION

The present study focused on performing computational
simulations of MMF behavior in a Lundell alternator and an
axial flux PMSM, which proved to be satisfactory and
accurately represent the open-circuit MMF behavior. This
information is crucial for designing energy generation
systems in hybrid and electric vehicles and can contribute to
the development of energy-efficient solutions.

It is a fact that the terminal voltage in a generator varies
depending on the energy demand. Therefore, it is
recommended that future studies consider these aspects, as
well as mapping the efficiency of converting mechanical
energy into electrical energy. For PMSMs, it is also
interesting to consider their operation as a motor, applying
traction force to a vehicle, in addition to studying their

energy regeneration capacity. Validation of the models in
bench tests is also suggested, along with adjusting the
parameters of the electric machine based on experimental
data. Additionally, mechanical and thermal models should
also be considered.
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