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Abstract: Hybrid excitation is a technology that combines the advantages of field windings and
permanent magnets for inducing magnetic flux. This article studies the benefits of hybrid excitation
and provides an outlook on their possible applications, such as wind power generators and electric
vehicle motors. Compared to permanent magnet-based machines, hybrid excitation gives a variable
flux while still using the advantage of the permanent magnets for a portion of the flux. This article
also looks into some different categories of machines developed for hybrid excitation. The categories
are based on the reluctance circuit, the relative geometrical location of the field windings relative to
the permanent magnets, or the placement of the excitation system.

Keywords: hybrid excitation; HESM; dual excitation; double excitation; variable flux machines;
generator design; synchronous machines; electrical machines

1. Introduction

Hybrid excitation (HE) synchronous machines uses both electromagnets and permanent
magnets (PM) to establish the magnetic fields in generators, that is, a combination of
permanent magnet synchronous machines (PMSM) and wound-rotor synchronous machines
(WRSM). It combines the advantages of each technology so that the permanent magnets can
reduce the field windings (FW) and decrease the field current, but the field current can still
create a variable magnetic flux.

PMSM usually have the benefit of being able to reduce the volume and weight of the
magneto-motoric force while also avoiding the copper losses of the field current. Moreover,
they have the disadvantage of a non-variable magnetization so the magnetic flux cannot be
controlled (as it can be controlled in WRSM). In this way, it could be desirable to introduce
a variable flux, which would enable the control of the voltage, reactive power, power, or
torque depending on the system of the application.

There have been several review papers written about hybrid excitation. Many present
the wide variation of designs focused on the classification of the machines [1–8], whereas
other studies focus on specific topics such as machine modeling [9] or the application to
electric vehicles (EV) [2,10–14]. There have also been papers that presented overviews of
more specific categories, such as the review about hybrid excitation for DC machines [15],
whereas others presented broader perspectives, such as the reviews of variable flux PM
machines [3,16–18], which also covered other methods to obtain a variable flux. However,
many other papers in addition to review papers have provided a general description of
the subject [19–22]. There has been a steadily increasing number of publications on the
topic since the first papers about hybrid excitation machines were published in the late 80s
and early 90s [10]. However, some early combinations of PMs and field windings were
designed as far back as the 50s [23].

The name “hybrid excitation” is the most commonly used term in the literature to
describe these machines, but they are also referred to by many other names throughout the
literature, such as double-excitation synchronous machines, dual-excitation synchronous
machines, or combined-excitation synchronous machines [9,10,14]. Other names that more
specifically describe the methods for combining one additional source with a main source
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are also used. These are “Permanent magnet synchronous machines with auxiliary excit-
ing windings” [24,25], or wound-rotor synchronous machines with “assisting permanent
magnets” [26–28].

Overview of This Article

This article is organized as follows:
Section 2 briefly describes the magnetic flux and the induction of the voltage. Section 3

describes the advantages of HESM based on comparisons of PMSM and WRSM. Section 4
provides an outlook of possible applications. Section 5 describes different ways of cat-
egorizing hybrid excitation; these categories form the basis for the subsequent sections.
Section 6 is based on the reluctance circuit. Section 7 is based on different ways of combin-
ing FW poles and PM poles. Section 8 discusses the excitation system. Section 9 describes
some other specific hybrid excitation concepts and Section 10 briefly describes some other
technologies with similarities to Hybrid excitation.

2. The Excitation Flux

An electrical machine works by Maxwell–Faradays law (∇× E = −dB/dt), where a
voltage is induced in an armature coil by an alternating magnetic flux through that coil,
as in ˛

E · dl = − d
dt

˛
A · dl = − d

dt

¨
B · dS (1)

that is, an EMF, E induced by the change in the flux φ, as in

E = − d
dt

φ (2)

As a first simple approach, the combined flux could be written as

φHE = φFW(IFW) + φPM (3)

However, the total flux path of the magnetic circuit and the reluctance of the iron
depends on the flux density, where the flux from the field winding is controllable as in
φFW(IFW) since it is possible to control the flux in the machine by controlling the magnetic
field current IFW . Field windings (FW) establish the magnetic field through electric coil
windings. In this way, the electric excitation is based on electromagnets consisting of exciting
windings that establish a wound field.

The basic idea of hybrid excitation is to combine this advantage of electromagnets
with the advantages of permanent magnets. Except for a controllable flux, there are also
other advantages of hybrid excitation including the increased variety of designs that could
be created when optimizing the hybridization.

Several studies have expressed the ratio of the flux from the FW to the flux from the
PM, for example, the study of the influence of the “ratio of hybridization” by Ammar
et al. [10,29–32].

Ratio of hybridization =
φPM
φmax

(4)

This ratio could act as a way of analyzing the operation and how the field winding flux
is operated compared to the PM flux, as well as for studying the flux density distribution
and the output performance for different field currents IFW .

The ratio could also be used as a tool for optimizing the design, for example, to see how
the PM part should be dimensioned compared to the FW part [30,33,34]. This provides design
freedom in terms of how the benefits of PM excitation are combined with electrical excitation,
making it is possible to optimize the design regarding the material costs, operational costs,
spatial volume, machine weight, and performance.

Rather than seeing hybrid excitation as a combination, there is also an alternative
approach that considers one as a support of the other, where either the PM or the FW is
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considered the main source of excitation and the other excitation only acts as an additional
support. One such approach considers the field winding as the main source with the
assistance of permanent magnets [26–28,35,36], whereas the opposite strategy considers
the PM as the main source with additional support from the FW [24,25].

The design of the machine must be dimensioned for an interval flux

φmin < φHE(IFW) < φmax (5)

The variable flux is then designed to allow all feasible levels of flux through the air
gap. The effective area of the pole pitch (approximately the width of the pole body iron)
has to be dimensioned for both the FW flux and the PM flux.

Ratio of saturation flux =
φ

φs
=

BAe f f

Bs Ae f f
(6)

3. Benefits of Hybrid Excitation

The main advantage of electric excitation by field windings is the control of the
variable flux density. By introducing hybrid excitation, the field current can be reduced by
the addition of permanent magnets, which decreases losses and the related cooling.

There are also other benefits of permanent magnets that could be used when opti-
mizing hybrid excitation designs. Permanent magnets can improve the small size of the
machine. This is especially important when the size and weight are important, for example,
in electric vehicles and wind power.

Field windings in addition to PMs can also handle the risks of the demagnetization
of permanent magnets as they can strengthen the excitation flux to counteract high fields
from the risk of high-armature currents.

In general, hybrid excitation can provide a higher degree of freedom in the design of
a machine, which can optimize the costs of the machine, either by reducing the amount
of materials and components used in the construction of the design or by increasing the
efficiency and reliability.

3.1. Advantage of Variable Flux in Hybrid Excitation

The main advantage of hybrid excitation machines is usually that the flux is variable.
This is in contrast to PMSM, where the flux density cannot be controlled. The variable flux
level can change the voltage level of the induced EMF, making it controllable.

In motor applications, this can be used to improve the performance of machines that are
operated at a wide range of speeds. The benefits are related to field weakening [37,38], where
the power and torque can be controlled depending on the operation speed. Such benefits
have been studied by Cinti et al. [34], who compared PM machines and HE machines,
and showed the advantages of operating with a good efficiency at variable speeds. Such
strategies for flux weakening in hybrid excitation have been studied by Giulii-Capponi
et al. [39,40], Amara et al. [29], ShahMohammadi et al. [32], and Michieletto et al. [41].

An inverter-fed PMSM (Figure 1) is used to control the field-weakening strategies
(illustrated in Figure 2). At low speeds under the base speed (0 < ω < ωbase), the torque
is kept at a constant maximum Tconst and the power is linear to the torque depending on
the speed.

P = ωTconst (7)

AC

DC
SMUsupply

Us

Figure 1. Synchronous motor fed by an inverter.



Energies 2022, 15, 7254 4 of 38

Us

-Id

Iq
T

P

ωbase ωbase  ωmaxωmax
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Constant power
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T(ω2)
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(a) (b) (c) 

Figure 2. (a): Field-weakening technologies have a region (1) of constant torque and another (2) of
constant power. (b): The field-weakening decreases the flux φ by an increased negative d-comp.
current (−Id). (c): Field-weakening keeps the current (|I|) within the limit.

At high speeds above the base speed (ωbase < ω < ωmax), the current is controlled
to obtain the field-weakening. The flux is reduced and controlled by changing the angle
of the current while maintaining the maximum current limit (see Figure 2). If the stator
current is seen as two components (Is = Id + jIq), the flux is weakened by an increased
negative component in the flux direction (Id). Within the field-weakening region, the power
is controlled to obtain a constant power Pconst. The torque decreases proportional to the
inverse of the speed

T =
Pconst

ω
(8)

At high speeds, there is still an upper speed limited by a maximum speed, which is set by
the voltage and current constraints, that is, the constant power speed range (CPSR), written as

CPSR =
ωmax

ωbase
(9)

Hybrid excitation can be used to improve the torque–speed relation of relative con-
ventional PMSM [32] (illustrated in Figure 3). At low speeds, the torque can be increased
by a higher back EMF, E, considering that the torque is given by

T = 3
UsE sin δ

ωXs
(10)

The increased back EMF is obtained by a higher field current (I2 > I1) (see Figure 3a),
so that the torque is

Tmax(I2) > Tmax(I1) for I2 > I1 (11)

At high speeds, it can instead improve the maximum speed [32], which then is obtained
by a lower field current (I2 < I1) (see Figure 3b), that is

ωmax(I2) > ωmax(I1) for I2 < I1 (12)

ωbase ωmaxωbase ωbase ωmax ωmax

Conventional 
Field weakening

TP

T

P

Field weakening
with high field current

Conventional 
Field weakening

Field weakening
with low field currentT

P
T

(a) (b) 

Figure 3. Extended field weakening: (a) Increased torque by increased field current. (b) Increased
max speed by decreased field current
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The efficiency of a motor is related to the speed and torque and is often expressed by
an efficiency map [42–44], which describes the efficiency (η) as a function of the torque and
speed (η(T, ω)). Although comparing them makes it clear that PMSM have a high general
efficiency due to lower rotor power losses, WRSM gain advantages due to the variable
flux [45]. PMSM have some regions with high efficiency, whereas WRSM can optimize the
operation of the FW current to improve the area of high efficiency [12]. This can be seen in
the comparison in Figure 4.

HighHigh
High

(a) Efficency map
example: PMSM

(b) Efficency map
example: PMSM

(c) Efficency map
example: WRSM

Lo
w

Low

Lo
w

η(T,ω)
T

ω

η(T,ω)
T

ω

η(T,ω)
T

ω

Figure 4. Example of efficiency maps: (a,b) PMSM with a region of high efficiency, (c) compared to
WRSM with the possibility of optimizing the flux.

The field currents can create variations in the efficiency map, where both the torque–
speed curve is changed and the region of high efficiency is moved [46]. This can be seen
in Figure 5. As a result, the variable torque–speed curve shares some similarities with the
impact of the gear boxes, where the torque–speed relation changes.

(a) Region of 
high efficency

(b) Moving the region
of high efficiency 
by higher IFW 

(c) Moving the region
of high efficiency 
by lower IFW

η(T,ω)T

ω

η(T,ω)T

ω

η(T,ω)T

ω

Figure 5. Example of a variable efficiency map: (a) a region of high efficiency, which could be shifted
by changing the torque–speed relation, either by a higher field current for a higher torque (b) or by a
lower field current for a higher speed (c) .

The benefits are slightly different depending on the type of network and the grid con-
nection. This could either be an indirect connection through an inverter or an synchronous
grid connection directly to the grid (see Figure 6). The benefits in the case of an inverter
connection are linked to the advantages of flux weakening, whereas the benefits of a direct
connection are linked to the control of the voltage or the reactive power.

SM
AC

ACDC

DC
SM

(a) (b) 

Us Us
Ugrid Ugrid

Figure 6. (a) Generator connected with an inverter (b) Generator with a synchronous grid connection.

In generator applications, a variable excitation flux is useful for controlling the voltage
level or for compensating reactive power loads. The benefits of producing and consuming
reactive power have been mentioned by several authors [30,47]. The benefits of local power
generation have been addressed by Kamiev et al. [25] for marine ships and by Sun et al. [48]
for generators in aircrafts.
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The rotor flux is variable through the field current (as seen in Figure 7a), and the
magnitude of the alternating stator flux controls the induced back EMF of the stator windings
(as seen in Figure 7b). The control of the EMF can be used to control the load angle δ between
E and Us since the stator output voltage is

Us = E− jXs Is − Rs Is (13)

The load angle δ is also dependent on the phase angle ϕ, which relates to the reactive
power. With the unity power factor (as seen in Figure 7c), the voltage and current is in the
phase. An over-excited generator with a high EMF can deliver reactive power to inductive
loads (as seen in Figure 7d), whereas an under-excited generator can consume reactive
power from capacitive loads (in Figure 7e).

Is
Is

E

E
Us

XsIs XsIs

Is

E

Us

XsIs RsIs

(c) Unity (d) Over excitation (e) Under excitation

Us

ϕ E

IFWIFW

(rotor)

(a) Flux curve (b) EMF curve

(stator)

RsIs RsIs

δ
δ

δ

φ
φ

Figure 7. (a) The rotor flux is variable by the field current. (b) The induced back EMF (rms) is controlled
by the current of the field winding. (c) Unity power factor (d) Over excitation, high back EMF (e) Under
excitation, low back EMF.

When a generator is operating in a small local grid (in “island operation”), the excita-
tion flux can be used to control the voltage level so that a high flux gives a high voltage
and vice versa. When a generator is connected to an actual power grid, the voltage level
is instead set by the complete contributions of the grid by the control of the transmission
system operator (TSO). The variable flux instead acts as a compensator for reactive power
so that a high flux (over-excitation) delivers reactive power and a low flux (under-excitation)
consumes reactive power.

3.2. Optimization of Volume and Weight in Hybrid Excitation Designs

Permanent magnet machines can often be designed with a smaller size and weight
compared to wound field machines. Hybrid excitation can in this way be used to decrease
a machine’s volume and mass while still having a variable flux [30].

Wound poles usually contribute to the volume and weight since they consist of both
the copper field windings and iron lamination core. The field windings not only introduce
the insulation material and sufficient cooling system but also the excitation system that
supplies the DC field current.

Permanent magnets, on the other hand, can help to reduce the volume and weight
by decreasing the size of the rotor poles. Small-sized rotor poles enable either a decreased
rotor radius or a decreased rotor mass. As a consequence, it may also be possible to also
decrease the stator size, which further optimizes the weight and size [33]. Other benefits
of small poles include the decreased saliency (increased non-saliency) due to the effective
usage of the pole pitch [49].

The width of the flux path of the yoke (hy) has to be dimensioned to match the width
of the pole body (wp) as approximately half the width of the total width of the pole flux
(hy ≈ wp/2). This can be seen in Figure 8. The field windings take up space within the
rotor (Figure 8b), which affects the width of the iron of the pole body and the volume of
the rotor yoke. This can affect the inner radius (ri) since it has to be much smaller than
the rotor air gap radius (rr). A PM-based rotor constructed with RE magnets takes up less
space than a wound rotor, as seen in Figure 8c. However, it is worth considering that the
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saturation of the stator slots creates a limit in the amount of flux per pole pitch, which also
affects the design of the rotor. However, the decreased size of the rotor pole can still be
used to decrease the size or volume of the rotor or the total machine.

hy

hy hy

hy
ro

rr

rs

ri

ro

rr

rs

Volume used for windings,
and then not for flux path PM part of the flux path

Smaller volume used for flux

wp
wp

ri Greater volume used of the rotor

(b) WRSM (c) PMSM(a) WRSM (d) PMSM 

Figure 8. Comparison of geometry of WRSM (a,b) and PMSM (c,d). The field windings (b) take up
space within the rotor volume, compared to PM-based rotors (c).

Some of the advantages of hybrid excitation are that the size and mass of the rotor
poles can be kept low compared to overall designs that only use field windings, as the
field windings and their cooling can be decreased. This keeps the overall size and mass of
the machine low, which is important in conventional wind power applications where the
generator is mounted in a generator tower [33].

Electric excitation gives an MMF using the wound field current as

MMF = NIFW (14)

whereas a permanent magnet gives an MMF based on the remnant magnetization for the
magnet length

MMF =
Mr

µrec
`pm = Mpm`pm (15)

This can be seen as an equivalent current of the sides of the permanent magnet.

Jpm = ∇×Mpm (16)

The equivalent current of the permanent magnets contributes to the MMF without any
additional space and without resistive losses.

The density of permanent magnets is comparable to those of steel and iron, as seen in
Table 1. This shows that permanent magnets do not introduce any additional weight due
to their small volume. Conductors in field windings are instead introducing both volume
and weight compared to permanent magnets.

Table 1. Density (m/V) of some materials used in electrical machines.

Material ρm Density [g/cm3] Application

Steel 7.85 Soft magn. core
Steel (0.03 Si) 7.65 Soft magn. core

Iron 7.86 Soft magn. core

NdFeB 7.3–7.7 PM
SmCo 7.3–7.7 PM

Hard Ferrite 4.9–5.1 PM

Copper 8.96 Conductor
Aluminum 2.7 Conductor

It should be noted that the comparisons of sizes are highly dependent on which PM
material is studied. Rare earth magnets (such as SmCo or NdFeB) can establish a high flux
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density for their size. This is not the case for other magnets such as ferrite, which may still
need a large volume to establish a high flux density. The size deponent benefits of hybrid
excitation are clearly based on the designs of rare earth magnets.

Similar benefits can be found in motor applications, where weight and volume are
important design constraints such as in electric vehicle applications. Pure FW designs have
been compared to pure PM designs in hybrid electric vehicles. The performance has to
be set in contrast to the volume or the mass of the design, such as comparing torque per
volume (T/V [Nm/m3]) or torque per mass (T/m [Nm/kg]). Field-winding excitation
can be a low-cost alternative to PM excitation and operates at a wide constant power
range [50]; however, PM excitation could be designed with an improved torque density
(both considering T/V and T/m) [45]. Hybrid excitation could then be a way of combining
these advantages of the two technologies.

3.3. Decrease Risks with Hybrid Excitation

Field windings in the excitation system can compensate for some of the risks of the
demagnetization of the permanent magnets. They are then used to handle fault tolerance
issues by reducing risks, decreasing faults, and decreasing the need for maintenance [25].
The auxiliary winding from the electric excitation can be used to compensate for the fields
from the reactions in the armature-winding current [24].

It should also be noted that the risk of PM demagnetization is increased at higher
temperatures for most permanent magnets [51], which is relevant when placing PMs
combined with currents since they may become heated. These risks are highly dependent
on the material, for example, heating clearly could reduce the remanent flux density (Br)
and the coercivity (Hci) of neodymium magnets (due to the low Curie temperature of
NdFeB) but this is not as clear for SmCo magnets (with a higher Curie temperature). A
hybrid excitation needs to place the magnets in a way that voids the heating from the field
current. However, ferrite instead has an increased coercivity (Hci) at increased temperatures
and could have an advantage in this context. Some demagnetization-related parameters
can be seen in Table 2 [52,53].

Table 2. Remanent flux density (at 25 ◦C), Coercive field strength and Curie Temperature of some
common PM materials.

Material Br(25 ◦C) [T] Hci [kA/m] Tc [◦C]

Sr Ferrite 0.39 275 733
SmCo5 0.90 1700 691

Sm2Co17 1.07 1100 805
Alnico 5 1.28 55 840
NdFeB 1.38 1000 310

Another approach is to focus on the risks of the field windings, rather than the risks
of the permanent magnets. The field windings are dependent on the DC supply of the
excitation system, which can decrease its availability and needs maintenance. The risks of
maintenance of the excitation system for the DC field current can cause higher downtimes
for FW generators [33]. A generator built with PM excitation can still establish a magnetic
flux when there is a loss of the field windings [33]. PM excitation could then compensate
for some risks with FW excitation.

3.4. Optimization of Economic Aspects in Hybrid Excitation

Hybrid excitation provides more alternatives when optimizing a machine design,
which can be used to improve the costs of the design. An economical model for generators
includes the following cash flow analysis [33]:

• Investment costs (considering the machine itself and its construction in an application),
• Net production income (considering efficiency and availability),
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• Operational and maintenance costs,
• Replacement costs (at end of operational life),

In this case, based on the calculations for wind power generation by McDonald [33], the
benefits can be seen in the investment costs and also the operational and maintenance costs.

The investment costs are first linked to the cost of the permanent magnet material,
where RE magnets (NdFeB and SmCo) have a high price and availability issues [54]. So,
although RE magnets help to decrease the size of a design, they also introduce high material
costs [30]. The price of RE PMs are usually much more expensive than the copper used
in wound field excitation [50], and there could be complications with the assembling of
the PMs in a design [45]. In this way, it is possible to see FW as a low-cost alternative to
RE PMs, which could instead cause additional costs due to their effect on size and weight.
Wound field excitation takes up volume due to the iron, coil, insulation, and cooling, which
affect the costs of many applications [45]. An increased volume and weight can result in
the increased costs of a turbine tower in wind power applications [33], which is also of
interest for EV applications. Hybrid exaction could then be an alternative that decrease the
costs of the PM while also keeping the costs of the size and weight low [33].

Rotor power losses, Protor are mostly related to the field current and the field windings,
since the iron losses are negligible in a rotor (the magnetic flux is not alternating within the
rotor iron as in the stator iron). These rotor losses consist of the resistive losses of the field
windings (PFW), but also the losses of the excitation system (PFW), and the cooling of the
field windings (Pcool), that is,

Protor = PFW + Pex.sy. + Pcool (17)

The field windings have losses due to the field current, IFW as

PFW = NRturn I2
FW (18)

where the resistance is written as the resistance Rturn per turn N

Rturn =
ρ`turn

Acond
(19)

with the circumferential length `turn and the conductor area Acond.
The material conductivity and area can be designed to optimize the impact of the rotor

losses while also considering the machine size and weight. The resistivity and density can
be seen in Table 3.

Table 3. Resistivity of conductor materials and the material density).

Material ρ Resistivity [Ωm] 10−8 ρm Density [g/cm3]

Copper 1.72 8.96
Aluminum 2.65 2.7

Permanent magnets are instead the low-cost alternative when focusing on operational
costs [45]. The DC field current introduces copper losses, cooling losses, and the mainte-
nance of the excitation system. Hybrid excitation can then be used as a way of decreasing
the operational costs of wound synchronous generators by decreasing the power losses [25].
This increases the efficiency of a generator or a motor, which is not only a question of
economics but can also be seen as a question of sustainability, where hybrid excitation plays
a role in energy efficiency [12,29].

Other economic advantages of hybrid excitation include its availability and the faults
and risks of the machine design. These aspects have been stressed by Kamiev [25] and
McDonalds [33].
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4. Outlook of Future Applications

Hybrid excitation has been proposed for several applications such as wind power,
electric vehicles, and hydro power; examples can be seen in Figure 9. The benefits of the
technology differ depending on the application.

AC

ACDC

DC

AC

DCHESM

HESM

HESM

(a) (b) (c) 

Us Us

Us

Figure 9. Illustrative examples of applications: (a) Wind power generator (b) EV motor (c) Hydro
power generator.

4.1. Hybrid Excitation for Wind Power Generators

Present wind power generators exist in various types, such as wound-rotor induction
generators (WRIG), doubly fed induction generators (DFIG), and permanent magnet gener-
ators (PMSM) with power converters. Hybrid excitation can be seen as an improvement of
the type that uses permanent magnet generators due to the introduction of a variable flux
or reduction in the amount of PM material.

PMSM in wind power generators are built with power converters, and an HESM
could then similarly be introduced together with power converters. The hybrid excitation
generator would then use the benefit of the flux control to optimize the back EMF for the
converter. Another alternative for the control of the variable flux would be by improving
the possibilities of operating the PMSM synchronously with the grid, which then would
be directly connected to the network without the converter. Hybrid excitation is preferred
compared to other variable flux machines such as wound field synchronous generators
since they do not have the same volume and mass. A wind power generator must have a
low weight and small size to be able to mount in the turbine tower [33].

The possibility of having a variable flux has been highlighted as an advantage of
hybrid excitation for wind power applications [33]. Since wind power is an application with
variable speed operation, it is useful to have a variable flux for improving the torque and
power for a speed. The flux control of wind power has been studied by Berkoune et al. [55],
designed for controlling the voltage in an application for an isolated load.

Some different types of hybrid generators have been proposed for wind power ap-
plications. A technology with PM-assisted FW poles (i.e., “parallel flux path”) has been
studied by Ployard et al. [35], where a conventional design with both field windings and
permanent magnets in the rotor was used. Other designs have avoided the field winding
in the rotor. The design by Berkoune et al. [55] had permanent magnets in the rotor and
the field windings in the stator. Other designs by Chau et al. [56], Kucuk et al. [57], and
Nakamura et al. [58] used a reluctance generator so the excitation system was entirely in
the stator. This avoided having the excitation system in the rotor, which only had iron cogs.
Another design used two stators and a rotor, for example, the design by Liu et al. [59].

4.2. Hybrid Excitation for Electrical Vehicle Motors

Many motors in electric vehicles are permanent magnet synchronous machines [60–63].
Hybrid excitation can act as a good alternative that maintains the basic design of PM
machines while introducing an additional and variable flux from the field windings.

Flux control is an advantage when considering the variation of loads and the variation
of speeds of vehicle traction [29]. Hybrid excitation can be used to improve performance
and efficiency at various speeds. This is important considering that vehicles usually operate
with different driving patterns. This could help to improve the torque and efficiency at low
speeds (which is beneficial for urban driving) while also improving the maximum speed
and performance at high speeds (which is beneficial for highway cruising).
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The torque can be increased at low speeds for improved acceleration by increasing
the flux density. The EMF of the machine can be kept limited at high speeds by decreasing
the flux density. There have been studies comparing the comparison IPM and HE, which
showed the advantage of the variable flux for variable speed operations [34]. Such strategies
for flux weakening in hybrid excitation have been studied by Giulii-Capponi et al. [39,40]
and Amara et al. [29] and also in a study that demonstrated that the flux could be deigned
based on an approach such as vector control [64].

The high price of rare earth metals has made it desirable to reduce the amount of
PM material in vehicle motors. To address this, there are designs that instead combine
permanent magnet machines and reluctance machines, which reduces the PM material
and decreases costs. These are known as PM-assisted reluctance machines [60,65], which
use both ferrite and NdFeB [66,67] and different amounts of PM compared to reluctance
machines [68]. Hybrid excitation could act as an alternative way of reducing the amount of
PM material by combining PMs with field windings. The torque density of the machine is
lower for PM-based excitation compared to field windings, whereas PMs are costlier due to
the price of rare earth metals. This is relevant in electric vehicles where it is desired that the
motor is kept with a low weight and size at an affordable price [45,50,69].

Different HE motors have been studied for EVs and HEVs by several authors [2,11].
Many different solutions have been proposed and discussed such as parallel flux path
machines with PM-assisted field windings by Hwang et al. [70]. In addition, axially
separated systems, such as hybridization by an axially segmented rotor for FW and PM
by Schofield et al. [71] or the axially segmented stator by Cheng [72], have been proposed.
Field windings in the stator for consequent pole and spoke types has been proposed by
Kosaka and Matsui [73], Di Barba et al. [74], and Amara et al. [12]. Flux-switching machines
with excitation system in the stator [75] have been studied by Hoang et al. [76], Yin et al. [77],
Okada et al. [78], and Sulaiman et al. [79]. Furthermore, in-wheel motors have been studied
by Hou et al. [80].

4.3. Hybrid Excitation for Hydro Power Generators

The conventional types of generators for hydro power are salient-pole WRSM due to
their robustness and variable flux. Hydro power often plays a vital role in the control of a
power grid, which makes the control of the flux important. Hybrid excitation is a way of
introducing assisting permanent magnets into a WRSM design, which then still is based on
field windings.

Hybrid excitation for hydro power has been studied by Kamiev et al. [25] who dis-
cussed the advantages of flux control and also how field windings could be used to handle
risks with armature reactions.

5. Categorization of Hybrid Excitation Designs

There are numerous designs developed for hybrid excitation. It is then helpful to use
categorization as a tool to obtain an easier overview of the extent of HE designs that exist
throughout the literature. There are several different ways of categorizing hybrid excitation
machines.

Three different approaches can be found in various studies and will be used in this
paper. These are based on:

• the reluctance circuit of the magnetic flux path, either PM in series with FW or PM in
parallel with FW.

• the location of the excitation system, that is, if the FW and PM are placed in the rotor
or in the stator, or if the PMs are in the rotor and the FW are in the stator.

• the geometrical location of the different types of excitation; whether they are different
axial segments of the machine or a distribution of different types of poles around the
circumference.

The first type of categorization is the most common. It is useful for describing the
fundamental obstacle of combining the FW and PM. The FW in series with PMs gives a high
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reluctance path and the FW in parallel with PMs could give leakage flux. The drawback
of the categories is that they may not cover all types of hybrid excitation. Some magnetic
circuits are harder to categorize as either parallel or series circuits.

The second categorization gives a broad overview of the excitation system if the PMs
and FW are in the stator or in the rotor. It is useful for describing the complexity of the
excitation system. If the field current is in the rotor, it may need a more complex excitation
system compared to stator-based FW. An excitation current in the stator is then less complex.
It is often easy to categorize the machine type, but the number of categories could increase
when considering dual-stator or dual-rotor machines.

Other categorizations can vary and can be based on the geometrical location of the
FW excitation relative to the PM excitation. Similar categorizations are based on the
cylindrical coordinates [4,6] such as axially parallel systems or tangentially parallel systems.
This covers other strategies of hybridization that are not directly based on combining the
magnetic circuit, for example, machines designed with two different axial segments, which
are axially separated but have the same armature windings. Other machines have different
types of excitation systems distributed around the rotor circumference and combined
through the same armature windings. However, such categorizations may be unclear and
many machines may fit into several categories. An overview of the categories can be seen
in Figure 10.

(i) Series flux path

(ii) Parallel flux path

(iii) Overlapping flux path 
with paralell flux bridge

(iv) Seperated flux paths

(i) Poles with same design

(ii) Poles with different design

(iii) Axially sperated systems

(i) PM and FW in rotor

(ii) PM in rotor, FW in stator

(iii) PM and FW in stator

Reluctance circuit Placement of poles on rotor

Placement of excitation

(a) (b)

(c)

Figure 10. Different ways of categorizing HE machines, and the different categories.

6. Basic Flux Path Designs: Series and Parallel

The two most basic ideas underlying hybrid excitation are the series flux path and
parallel flux path. These two basics structures of hybrid excitation have been used as a simple
method for categorization in several studies [5,6,12,15,17–19,40,81,82]. Figure 11 illustrates
the reluctance circuit model of each type, together with illustrations of the fundamental
method for designing the two types of machines.

Both structures may be simple but they are good for illustrating the two important
but basic ideas that need to be considered. Series flux paths have the problem of the high
reluctance from the PM, and parallel flux paths could have leakage at low FW field currents.

The magnetization of a material is always has a point of saturation. In soft magnetic
materials (i.e., electrical steel), the remanent flux density is low (almost 0) but the perme-
ability is high. This can be seen in Figure 12 on the left. In hard magnetic materials (i.e.,
permanent magnets), the remanence is usually close to saturation, which results in a low
permeability. This can be seen in Figure 12 on the right. A soft magnetic material with a
high applied magnetic field strength H also operates at near saturation and similarly has a
low permeability (Figure 12 to the left).
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(a) Series flux path (c) Parallel flux path

StatorRotor

StatorRotor
PM

FW

(b) Reluctance model (d) Reluctance model

Rairgap

Rstator

NIs

NIFW

FPM

RPM

Riron

RPM

FPMNIFW

Riron

Rairgap

Rstator

NIs

Figure 11. Examples of basic designs built based on a “Series flux path design” (a) and a “Parallel
flux path design” (c). Reluctance circuits for series (b) and parallel (d) flux paths.

B

H

B

H

High slope

Low slope

Low slope

(a) Iron (b) PM

Operation point 
of FW at low IFW

Operation point 
of FW at high IFW Operation 

point of PM

Figure 12. The operation point of the BH curve in iron is different depending on the flux density (a).
The permeability is only high (i.e., reluctance is low) for low flux densities (B). The permeability
is instead low (i.e., reluctance is high) when the flux densities (B) operate near saturation. The
permeability (and reluctance) is then similar to PMs (b).

For the flux density for electrical steel we have

B = µ0H + µ0χH = µ0µr H (20)

Above saturation we have

B = µ0H + µ0M = µ0H + µ0Ms (21)

An example of the permeability of iron can be seen in Table 4.

Table 4. Permeability of soft magnetic materials.

µr Permeability µr Permeability

Material Regular fields Above saturation

Iron 10,000–200,000 1
Elec. Steel (0.03 Si) 4000–100,000 1

For permanent magnets

B = µ0H + µ0M = µ0H + µ0χrec H + µ0Mr = µ0µrecH + Br (22)

The relative permeability is often near µr ≈ 1 (µ0µrec ≈ µ0), similar to saturated iron
or air. An example of the permeability of PM materials can be seen in Table 5.

A theoretical material, which would have both a high permeability and a high rema-
nence, would be similar to a PM but without using the full potential of the material. It
could also be similar to a PM with a parallel iron bridge, which then combines the two
materials in parallel. These methods would obtain a medium level remanence and medium
level permeability.
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Table 5. Relative recoil permeability for PM.

Material µrec Permeability

NdFeB 1.0–1.1
SmCo 1.0–1.1
Ferrite 1.05–1.2
Alnico 1.3–6.2

Series paths have the disadvantage of the low permeability of PMs (since they could
be seen as saturated). Series flux is better for its use of a supporting winding.

Parallel paths have the disadvantage of flux leakage; however, field-winding excitation
can use the saturation of iron as an advantage since it decreases the permeability (the slope
dB/dH, incremental permeability) of the leakage.

Both type of designs have their advantages and disadvantages. Some studies have
compared specific designs that used serial and parallel flux paths such as Amara et al. [83],
Hua et al. [82], and Michieletto et al. [41,84].

6.1. PM in Series with FW

The most basic hybrid excitation design is to place the FW in series with the PM in
each machine pole. This used to be called the “series flux path”. A general disadvantage
of this design is how the FW flux goes through the PM since PM materials have a high
internal reluctance (low permeability). By placing a PM in series with the FW, it becomes
like an increased air gap for the overall flux circuit since PMs have a low permeability,
which is comparable to air.

When the FW have a low DC field current, the iron of the electromagnet has a low
reluctance (high permeability), as seen in Figure 13a. When the FW have a high DC field
current, the iron will be saturated and the iron in the electromagnet has a high reluctance
(low permeability), as seen in Figure 13b.

x x ..  

(a) PM flux and low FW current (b) PM flux and high FW current

x x ..

NIFW

FPM

RPM

Riron

ϕϕ

NIFW

FPM

RPM

Riron

Figure 13. The flux path is similar for both low (a) and high (b) field currents in series flux paths. The
resulting flux will be affected by the high reluctance of the PMs.

Hybrid excitation using series flux path designs have been designed and studied
by Fodorean et al. [85], Amara et al. [83,86], Bali et al. [87], Hoseinpour et al. [88], and
Kamiev et al. [25]. The PM magnets were either buried [25] or surface mounted [85].

6.2. PM in Parallel with FW

The other main design of basic magnetic circuits is to place the PMs in parallel with
the FWs. This type of design is often called “PM assisted WRSM”, where the PMs are seen
as a support for the FWs [35,36,89].

The flux is in two parallel branches in a “parallel flux path” circuit, and the combined
flux of the PM branch and the FW branch induces the excitation flux. Note that the complete
system is highly dependent on the FW current since the nonlinear magnetization gives a
nonlinear reluctance.

• When the FW have a high DC field current, the iron will be saturated and the iron in
the electromagnet has a high reluctance (low permeability). The combined flux from
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both the FW and the PM then passes through the air gap since the saturated iron has a
high reluctance, as illustrated in Figure 14a.

• When the FW have a low DC field current, the iron of the electromagnet has a low
reluctance (high permeability) because the PM flux leaks through the iron core when
it has a low reluctance. All the flux contributions from the PM may then not pass
through the air gap, as illustrated in Figure 14b.

The saturation (of the rotor iron) can be used as an advantage with parallel flux paths
since the iron within the FW becomes saturated and then also affects the PM flux. This
contributes to increase the PM flux to the stator since the reluctance within the FW increases.
The ratio of the flux relative saturation is designed as

Ratio of saturation flux =
φFW
φs

=
BAFW
Bs AFW

(23)

where the area can be designed to establish a saturation flux (φs) for a desired field current
(assumed to be at max φFW(IFW)).

x x ..  

N  S N  S 

x x ..

NIFW

FPM RPM

Riron

ϕPM
ϕFW

(b) Mainly PM flux and low FW current(a) PM flux and high FW current

Saturation flux in FW iron Leakage PM flux in FW iron

ϕPMϕPM

NIFW

FPM RPM

Riron

Figure 14. The magnetic circuit will be different depending on the DC current of the FW. (a) At high
fields, the iron is saturated and all PM fluxes go to the stator. (b) At low field currents, there is a
leakage flux from the PM through the iron of the electromagnets.

Designs using parallel flux paths have been studied by Yamazaki et al. [26,89,90],
Hosoi et al. [91], Ployard et al. [35], Hwang et al. [28], Wardach et al. [36], and Pang et al. [92].
A common solution is to place the PM beside the air gap similar to a PM bridge between
the surfaces of two classical FW poles.

6.3. Alternatives to the Basic Flux Path Designs

There are several machine designs that are difficult to categorize, which are based
on the magnetic circuit as either series or parallel flux path designs. There are also other
approaches where the design aims to avoid some of the limitations of the two structures.
Two such alternative flux paths are:

• Overlapping flux paths with an iron bridge, which use series flux paths from both FW
and PM fluxes but with an iron flux bridge in parallel besides the PMs.

• Separated parallel flux paths, where the FW flux path or the PM flux path are parallel
but in “isolated” flux paths [25,47]. The two separated systems are then combined
through the electric armature coils.

6.4. Series Flux Path with Iron Flux Bridge

Some designs aim to avoid the high reluctance of the series flux path by designing
flux bridges with low reluctivity, as illustrated in Figure 15. The flux bridges are then iron
placed as a passage beside a PM or FW. The flux bridge is often placed around a PM or
between several PMs. In this way, there is a path for the FW flux with low reluctance (high
µr) through the iron passages, besides the PM.
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(a) Flux bridge in parallel with PM

Flux bridge

PM

Field winding

(b) Reluctance model

PM

FW

StatorRotor Rairgap

Rstator

NIs

NIFW

FPM

RPM

Riron

Rbridge

Figure 15. (a) Example of series flux path with an iron flux bridge. The flux bridge adds low reluctance
in parallel with the PM. (b) Reluctance model.

An iron bridge is a piece of iron that can introduce a low reluctance in parallel with a
high reluctance, where the iron can provide a bridge of low reluctance in addition to a PM,
which has a high reluctance.

The solution may not only be seen as a question of the series flux design. Technically,
it more resembles parallel flux path designs. If the PM is placed in parallel with an iron flux
bridge, it makes the flux bridge act as a passage for leakage flux, similar to other parallel
flux designs (see Figure 16), where this leakage flux is established for low field currents
(low FW excitation), similar to the typical parallel flux path type. The difference with a
proper parallel flux path is that the leakage flux goes through the iron flux bridge rather
than through the iron of the FW part. As illustrated in Figure 16.

(b) Only PM flux and now FW current(a) PM flux and high FW current

Saturation flux in iron flux bridge Leakage PM flux in iron flux bridge

x x ..

N  S N  
S 

S  
N

N  
S 

S  
N 

Figure 16. A flux bridge designed in parallel with the PM. (a) It gives low reluctance for FW flux.
(b) It also gives leakage paths for the PM flux when there is no FW flux.

However, the designs are still based on the structure of a series flux path design and
are easier to describe as such, even if they behave similar to parallel flux path designs. In
addition, they can be designed to act similar to “series flux path” designs if the flux bridge
is designed with a small width. There have been some studies of machines with series flux
paths that use flux bridges. One used a structure built by several separated buried PM
magnets in one FW pole, as in the design studied by Mudhigollam et al. [49,93]. Another
similar design used several PM magnets in one FW pole where internal PM are placed as
V-shapes, as in the design studied by Hu et al. [94,95].

6.5. Separated Flux Paths in Parallel

Another way of combining FW and PM excitation is to aim for separating the two
concepts into two separated and isolated flux paths. A reluctance circuit illustrates the
concept in Figure 17. The flux goes in two separate systems but they induce a combined
back EMF in the same armature winding.
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(b) Reluctance model of seperated flux paths
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dt        dt~

StatorRotor

(a) Same armature winding
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Figure 17. (a) Parallel flux paths with separated flux paths combined by the same armature winding.
(b) Reluctance model of separated two flux circuits for the same EMF.

Even if they are sometimes referred to as “isolated flux paths”, it should be noted that
there is no insulation material for magnetic flux so the leakage flux can never be completely
removed. So, even if the magnetic flux paths are separated, they may still share the same
electrical armature windings. The flux path may then be considered to be a parallel flux
path, but since the two systems are separated, the problem with leakage flux is reduced.

There are different ways of combining the two magnetic systems, either by having
different systems along the length of the machine or by having different systems for
different magnetic poles. These are:

• dual-rotor systems with axially separated parts; each part of the rotor length has its
own type of excitation.

• different types of excitation for different poles, then creating tangentially separated
magnetic systems.

In this way, it becomes a common electrical system but with several magnetic systems that
could be modulated or controlled separately.

Note that the second point above does not have to be a parallel flux path design. There
are series flux path designs that also have different types of excitation for the different poles.

7. Categories Based on How to Combine PM and FW

The magnetic circuit may not always be a good method of categorizing hybrid excita-
tion machine designs. There have been some attempts to categorize machines based on the
relative location of the permanent magnet relative to the field windings.

Shanming et al. [6] used categories for “Parallel overlapped excitation”, “Axially sepa-
rated hybrid excitation”, and “Circumferentially distributed hybrid excitation at different
poles”. A similar approach was also taken by Wang et al. [4], who made a separation
between the overlapping designs with the PM above or under the iron.

Based on these categories, an improved categorization system may be as follows:

• Combined excitation within each pole, where both the PM and FW are combined in
each pole. All poles have the same design, and only the polarity of the magnetization
is different between the poles, either as a series flux path or a parallel flux path.

• Axially separated hybrid excitation, where each motor end has a different type of
excitation system. These are generally designed as isolated parallel flux path systems
and are usually designed with axially separated parts of the rotor when the excitation
system is in the rotor. However, there could also be separated parts of the stator for
flux-switching machines.

• Each pole has different type of excitation. Some poles are built with FW excitation and
others are built with PM excitation but can also use other designs for the poles. The
magnetic circuit can be either a series flux path or a parallel flux path.
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However, not all machines may be able to be categorized according to these categories
but at least a large number of different strategies for combining FW with PM in hybrid
excitation would be accounted for.

7.1. Hybridization by Two Axially Segments

One simple combination is to have one length segment with FW excitation and the
other with PM excitation. This can either be called “axially portioned rotor”, “axially
separated excitation”, or “axially separated hybrid excitation”. The excitation consists of
two parts along the machine length. Both parts share the same electrical armature windings
for inducing the stator current, but the two parts have different designs for the excitation
flux. This is illustrated in Figures 18 and 19.

(a) FW part (b) PM part (c) Combined rotor

Figure 18. Separated parts of rotor with a short auxiliary FW part (a) and a main PM part (b). These
are combined at the rotor (c).

Field winding part of rotor

PM part of rotorStator

Armature windings

Figure 19. The basic idea of axially separated systems. The rotor has one FW part and one PM part
combined using the same armature winding in the stator.

The machines with axially separated excitation systems may generally be considered
“parallel flux path” systems since the flux paths are in parallel [15].

The way to construct this is to combine the flux through a shared electrical armature
coil in the stator and there are two separated parts along the rotor. The main flux is from the
PM part of the rotor, whereas the flux can be increased or decreased by the FW part of the
rotor. Machines with this type of rotor have been designed and studied by Syverson [96],
Schofield and Al-Adsani [71], Bernatt et al. [97], Kamiev et al. [47], and Popenda et al. [98].
Some proposed application would be electric vehicles [71] or hydro power generators [47].
Note that these designs had the end coils for the FW in the middle of the rotor, which
affected the active area relative to the stator armature windings.

A similar alternative would be to cover the whole rotor with the FW coils, even if half of
the rotor also has PM excitation, as in Naoe et al. [99]. The rotor is instead a combination of
an FW part and an FW+PM part. This design needs longer windings but eliminates the end
coils between the two sections. The FW–PM part is similar to a “series flux path” design.

Another alternative would be to combine the PM excitation with a reluctance machine
section, such as the designs studied by Chalmers et al. [100], or to combine a PM-based part
with an iron rotor part, such as the design studied by Sun et al. [48,101], Gu et al. [102,103],
Geng et al. [104], and Li et al. [105].

Another alternative would be to have both the FW and the PM in the stator side, as in
the case of flux-switching machines, with a rotor entirely made of iron, as in the studies by
Wang et al. [15,106] and by Cheng [72]. The different types of excitation could be different
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parts of the stator length. Another different design combined a part based on PMs with a
part based on a homopolar [107].

7.2. Hybridization by Different Types of Poles

Another way of creating a hybrid design of the excitation is to use different methods
of excitation for different poles. Although other designs are built using the same structure
of the pole pair for all poles, this alternative may have some poles as FW-poles and other as
PM-poles.

Some basic type of machines with different type of poles are “series flux path” ma-
chines, but with the FW on another pole compared to the PM. The series connection is then
better seen for a pole pair. Other machines with different types of poles may be hard to
categorize as either “series flux” or “parallel flux” types, and the type could depend on the
operation of the FW. The categories may then be different depending on the study.

Some examples of how to combine different kind of poles are presented in studies by
Salameh et al. [108], Kamiev et al. [19,20].

7.3. Series Flux Path with Different Types of Poles

Some machine designs use different excitations on different poles as an alternative
version of the series flux path designs, where the flux from both the FW and PM are placed
in series. This becomes clear when seeing the complete flux path of a pole pair.

Kamiev et al. [19,25] and Salameh et al. [108] studied series flux machines with eight poles,
where four poles were PM poles and four poles were FW poles. An example of this design is
shown in Figure 20 (illustrating both a surface-mounted PM case and an internal PM case).
In these designs, all FW poles act as the South poles and all PM poles act as the North poles.
The complete flux of each pole pair will pass through both the PM and the FW in series.

(a) (b) (c) 

Figure 20. A series flux path that can be constructed with different types of poles. Examples showing:
(a) SPM, (b) IPM, (c) flux of the pole pairs (IPM).

The rotor shares similarities with consequent pole machines, which are described more
in detail in a later section. The poles without PMs act as the South poles, even without the
FW current since all PM poles have the North poles facing outward. The flux of the PM
poles establishes a closed flux, which has to be through the iron of the poles without PMs.

7.4. Other Types of Combining Different Types of Poles

Some other machines are harder to categorize as either “series flux path” or “parallel
flux path”. One example is the “SynPM” (synchronous PM) design by Luo et al. [109,110],
which some categorize as a parallel flux path design [12,19], whereas others categorize it as
a series flux path design [5].

The “SynPM” machine by Luo et al. [109,110] was constructed with six poles, where
two poles were PM poles and two poles were FW poles, as seen in Figure 21. Note that
there are PM-based poles of both polarities, acting as either North poles or South poles in
relation to the air gap. The combined contribution of the PM flux and the FW flux depends
on the operation of the FW, which act in a similar way to series flux path or parallel flux
path designs.
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(a) (c) (b) 

Figure 21. Variable flux and changing number of pole pairs: (a) six poles, (b) without field current,
(c) two poles.

More generally speaking, the number of poles depends on the field current of the FW
coils (that is, six poles, four poles or two poles), as seen in Figure 21. This has similarities
with pole-changing machines [111–114], which makes it possible to alter the pole numbers
depending on the speed. It also creates another approach to controlling the machine
parameters in operation, as an alternative to the classic flux variation of field weakening.

Some other examples of machines that are hard to categorize include those by Zhang
et al. [21,115] and Ockhuis et al. [116], which are still described as “parallel flux paths” in
their papers.

The machine studied by Ockhuis et al. [116] and Salameh et al. [108] had eight poles,
with four PM poles and four FW poles, which differed from the similar series flux machines
in the previous section. The PM poles and FW poles had different polarities so the FW
poles could be seen as parallel to the PM poles. This can be seen in Figure 22, among other
similar concepts.

Other concepts use a different number of PM poles compared to FW poles and some
examples are shown in Figure 22. For example, Kamiev et al. [19], who discussed a structure
with six PM poles and two FW poles. A similar concept was studied by Michieletto et al. [84]
and also Zhang et al. [21,115], the latter of which used six PM poles, two FW poles, and four
joint PM/FW poles. This design can be built using either buried PMs or surface-mounted
PMs [115].

(a) (b) (c) (d)

Figure 22. Rotors of various designs with different types of rotors distributed around the circumference.

There is also a design that uses three types of poles such as those designed by Ake-
makou and Phounsombat [117,118] and Finken et al. [119], which had 16 poles in total, with
4 FW poles, 4 PM poles, and 8 iron poles. Both the FW poles and the PM poles were built
with the same polarization, and all acted as North poles toward the air gap. The remaining
iron poles worked as return paths for closing the flux lines. The design then resembled a
consequent pole machine, with all iron poles with a South pole polarity toward the air gap.

The following machines are illustrated in Figure 22:

• (a) Four FW poles, four PM poles, eight iron poles (Finken et al. [119]).
• (b) Four PM poles, four FW poles (Ockhuis et al. [116]).
• (c) Six PM poles , two FW poles (Kamiev et al. [19]).
• (d) Six PM poles, two FW poles, and four other mixed poles (Zhang et al. [21,115]).,
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8. Placement of the Excitation System

As an alternative to permanent magnet-based machines, there is also a need for creating
an excitation system to obtain the field-winding currents. This can make the technique more
similar to WRSM than PMSM.

Several reviews have categorized the machines depending on the placement of the
FW or the PM. Owen et al. [17] divided parallel flux path machines into three sub-groups:

• Rotor PM, rotor field winding
• Rotor PM, stator field winding
• Stator PM, stator field winding

The first category covers many types of HE machines. The second type covers many
consequent pole types with hybrid excitation but can also refer to other methods of flux
weakening. The third category mostly covers flux-switching machines such as HE steppers
or reluctance machines. A similar division was found in the study by Kamiev et al. [19] but
with a fourth category, where the FW was on the stator machine end instead of beside the
air gap.

8.1. Examples of Excitation Systems

There are many different solutions for excitation systems to obtain the field current for
the FW [120,121]. Some examples are “static exciters” that use slip rings with the DC current,
either with a current from a pilot machine (in Figure 23a) or from a rectifier (in Figure 23b).
These are common solutions and provide fast flux control but require a lot of maintenance
due to the slip rings. Another example is “brushless exciters”, which are constructed as
separate generators within the rotor (in Figure 23c). They are built with an opposite design
toward the main generator so that the armature winding is in the rotor and the field winding
is in the stator. In this case, the generated AC current is rectified in the rotor.

AC
DC

(b) Rectifier with slip rings (c) Brushless exciter (d) FW in stator(a) Pilot exciter with slip rings

SM

rotor stator

IFW

G

SM

rotor stator

Is
IFW

AC
DC

SM

stator

AC

DC
IFWG

rotor

SM

statorrotor

AC
DC

IFW

Is Is Is

Figure 23. Excitation system: Pilot and slip rings (a) Rectifier and slip rings (b) Brushless (c) . Some
alternatives have the FW in the stator (d).

The HESM that have the FW placed in the stator have a much simpler design compared
to wound-rotor excitation (as seen in Figure 23d). The field current is then not within the
rotor, which avoids both slip rings and brushless solutions.

8.2. Excitation Winding in Stator and PM in Rotor

Most concepts that have been mentioned have both the PM and FW in the rotor. These
designs then need an excitation system to obtain the field current for the field windings.

Some alternative designs exist that instead place the field winding in the stator or by
the machine end, which simplifies the excitation system. They are generally built with iron
poles or pole shoes in the rotor so that this rotor iron can be affected by the flux from the
field winding.

When the excitation winding is placed in the stator, it is placed in the same machine
part as the armature winding. The difference used to be that the field winding was placed
orthogonally relative to the armature winding and the PM flux.

8.3. Consequent Pole Machines

Some HE machine concepts involve consequent pole machines (see Figure 24), which
are based on a specific type of rotor. In these machines, each pole pair consists of one PM
magnetized pole (“PM pole”) and one pole that is an iron flux path (“iron poles”). The
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magnetized poles are all in the same radial direction so the flux lines must close through
the non-magnetized poles of iron. Consequent pole machines do not reduce the overall PM
material in a machine, even if the number of magnets is reduced. Each magnetized pole
still has to be dimensioned for the complete pole pair including the iron poles [122,123].

(b) PM flux (c) FW flux (d) PM flux (e) FW flux(a) Rotor and FW

Figure 24. (a) Consequent pole rotor with PMS an with the FW in stator. (b) A consequent pole
rotor only has PMs on half of the pole pairs; the other half are made of iron. (c) the FW induce a
magnetic flux orthogonal to the PM flux. (d) The PM flux is distributed in the radial-tangential plane.
(e) The FW flux is distributed in the radial-axial plane, such that the iron poles can be affected by the
field current.

The iron of poles without PMs can be used as an advantage in hybrid excitation. The
iron in these “iron poles” has a high permeability compared to the low permeability of
PM materials and in this way, allows variations in the flux from the FWs. The iron poles
are then affected by both the PM flux and the FW flux. The flux of the field winding has
an orthogonal path relative the flux of the permanent magnets. Such that the PM flux is
designed in the radial-tangential plane and the FW flux is designed in the radial-axial plane.

Hybrid excitation with consequent pole machines has been studied by Tapia et al. [124–126]
and others [73,127–132]. Most used an inner rotor but there are also similar designs using
an outer rotor [133,134].

8.4. Two Axially Segmented Consequent Pole Machines

Another concept of hybrid excitation with consequent poles uses two axially separated
consequent pole machines. Each of the two sections have different polarization and different
placements of the magnets. The advantage is that a field winding could induce a magnetic
field on both of the sections.

Such a design was first presented by Spooner [135] but was not referred to as a
consequent pole machine. This is illustrated in Figure 25. It was not until later that it
was described as a consequent pole machine [8,17] and was compared to the design by
Tapia et al. [124–126]. Alternatively, the FW flux part could instead be compared to the
rotors of reluctance machines or to homopolar machines.

(d) FW flux(a) PM flux (b) PM flux (c) FW flux

Figure 25. Hybrid excitation concept built as two axially separated consequent pole rotors(a), with
the PM flux in the radial-tangential plane (b). The FW flux is in the radial-axial plane (c), so the field
current could affect the “iron poles” (d).

There are several similar machines that use the same concept but are designed with
different numbers of poles; all are illustrated in Figure 26:

• (a) 2 poles (Jie Wu et al. [136]).
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• (b) 4 poles (Spooner [135], also Wang Huijun et al. [137,138]).
• (c) 6 poles (Mizuno et al. [139] and Zhang Hongjie et al. [140]).
• (d) 8 poles (Tapia et al. [124–126]).
• (e) 12 poles (Di Barba et al. [74] and Paplicki et al. [12,141]).

(a) (c) (b) (d) (e) 

Figure 26. Different designs with two axial segments of consequent pole machines.

An alternative development of the concept is to create bigger portions of magnets
in the rotor so the part affected by PM excitation becomes bigger than the FW-affected
parts [137,138].

Further, there are also toroid versions of the machine, which have been studied by
Spooner [135] and by Aydin et al. [142].

8.5. Spoke Type Rotor Machines

Another alternative is to use spoke-type rotors as a type of internal PM magnet, but
they also share similarities with consequent pole rotors since both have big pieces of iron
pole bodies by the air gap. An example of a spoke-type rotor is illustrated in Figure 27,
with an FW in the stator. Each iron pole body acts as a pole relative to the air gap, but the
iron of the pole body can still be affected by the field current of the excitation winding.
This could then be utilized by flux control from an FW placed in the stator. The FW flux
could be applied from the sides at the end of the windings so that the pole shoes have a
variable flux. Poles in parallel with the FW flux increase and poles anti-parallel to the FW
flux decrease. The flux is also be affected by the variation in reluctance depending on the
field current, which then affects the overall flux of a pole pair.

(a) Rotor and FW (b) PM flux (c) FW flux

Figure 27. (a) Spoke-type rotors are similar to consequent poles since they both have iron pole shoes
toward the air gap. (b) The flux each pole pair is in the radial-tangential plane. (c) The iron pole
shoes could be affected by a FW in the stator.

Such designs have been studied by Zhang [21], Amara et al. [12], and Hoang [143].
Similar concepts have been studied by Mbayed [144] and Zhang (with “magnetic bridges”
or ”Magnetic shunting”) [145,146], as well as by Boughrara et al. [147].

Another similar concept uses internal PMs, where there are pieces of iron between the
air gap and the PM. The flux in the iron can be affected by an FW placed in the stator in a
similar way [148]. The designs have some resemblances to claw-pole machines (described
in a later section) since the pole shoes are connected to either the North pole or the South
pole of the field windings, as in the type by Amara et al. [12].

8.6. Obstacles with Three-Dimensional Flux Paths

Most simple flux density distributions are designed in 2D and work well with the
laminated core construction. If the flux is supposed to be distributed in 3D, it may be harder
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to design the iron core for the flux path. This could be relevant to some of the designs
mentioned in this section.

The magnetic flux path can become more complicated while combing the two sources
of magnetic induction using three-dimensional flux paths. Laminations and increased iron
losses can be caused by odd geometries and paths such as more iron losses due to lost areas
for the flux density (higher maximum flux density), or longer paths for the flux through the
iron can increase the volume of iron due to the induced iron losses. Some solutions need
3D paths that are hard to build with lamination.

8.7. Excitation System in the Stator

Some machines in hybrid excitation have both the PM and FW excitation placed in
the stator. This group mainly consists of flux-switching machines, which are a type of
machine that uses a stepper rotor made entirely of an iron material with iron cogs as
poles [149–151]. The cogs of the rotor create angular variations in the rotor reluctance,
which is used for the rotation of the rotor. A drawback of the rotor design is a clear cogging
torque, but the advantage is the placement of the excitation system in the stator. The flux of
the stator is designed in a way to keep the reluctance rotor rotating. This means that during
the three phases of the armature winding, the excitation fluxes act together to create the
flux from the stator.

There are several designs for flux-switching machines that have been adopted for
hybrid excitation [15,16,18,51,101,105,152–154]. Some examples can be seen in Figure 28
and are:

• (a) Tong et al. [155], Chen et al. [156]
• (b) Yin et al. [77], Hoang et al. [76] (similar to c)
• (c) Nasr et al. [157]. (similar to b)
• (d) Gaussens et al. [158], Hua et al. [159], Ilhan et al. [160], Li et al. [105]
• (e) Hua et al. [159], Gaussens et al. [158], Li et al. [105]
• (f) Gao et al. [161].

(a) (b) (c) (d) (e) (f)

Figure 28. Flux-switching machines with hybrid excitation. The rotor is only iron and the excitation
system is entirely in the stator.

Other concepts are based on switched reluctance machines [162], Vernier flux ma-
chines [163,164], or homopolar flux [107].

Wang et al. [15] and Wu et al. [136] studied a design using an iron rotor, which had
two axially separated segments of the stator. The rotor used in these machines was a
cogged stepper rotor along the whole machine length, whereas the stator consisted of one
PM-excited part and one FW-excited part.

Owen et al. [17] also described a similar concept, the so-called “hybrid stepper”
machine, which may be harder to categorize. A rotor in two parts was magnetized by axial
magnetization so that each part had its own polarization for the rotor cogs, which was
similar to the idea of claw-pole machines but here had each pole type only on one side.
Note that the rotor is PM-excited and may not be a proper HE technology, even if it is called
a hybrid stepper.

Designs using iron rotors have also been built for generators by Chau et al. [56], Kucuk
et al. [57], and Nakamura et al. [58,165]. This is illustrated in Figure 29. The excitation flux
goes from one stator side to the other. The flux from the stator passes through the rotor
cogs depending on the rotor angle, which affects the flux path. So, each rotor angle leads
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the flux through different stator teeth. The voltage is induced in the armature winding,
which is coiled around the different stator teeth.

(a) phase A (b) phase B (c) phase C

Figure 29. Generator with excitation system placed in the stator. The flux takes a different path
through the rotor depending on the rotor angle.

9. Other Types of HE Machines

Other special machine concepts that are sometimes mentioned in related articles
include claw-pole machines, machines with non-radial flux, and machines with several
stators or rotors.

9.1. Claw-Pole Machines

One group of simple machine design is the so-called “claw pole machines”, also called
“Lundell alternators”. The design is illustrated in Figure 30. The claws may not be as easy
to manufacture as stacks of lamination plates, but the manufacturing of the simple winding
is a benefit. The poles consist of two pieces of claw-shaped iron, where each claw becomes
either a North pole or a South pole. The central coil has the north and the south sides along
the rotor axis direction. The claw connected to the south side of the magnet becomes the
South pole and the claw connected to the north side becomes the North pole.

N
S

N
S

N
S

(a)  The field winding is
providing an axial flux

(b)  Each claw piece 
creates all North poles 
or all South poles

(c)  The flux goes radially to the 
stator between the poles

Figure 30. Claw-pole rotor. (a) The flux from the coil goes through the two claw-shaped parts into
the claw poles. (b) One claw-shaped part becomes the North pole and the other becomes the South
pole. (c) The flux goes through the stator iron between the poles.

There is a simple single winding around the rotor shaft where the flux is distributed
to the poles though claw-shaped poles. The drawback of the design is that it is hard to
combine with laminations. Laminations are not as important for the iron in the rotor poles
since the field is not alternating inside the poles as in the stator iron. This makes it possible
to cast the claw poles into single pieces without using laminations.

A Lundell alternator was used for an early design of hybrid excitation in 1956 [23].
Other modern hybrid excitation concepts using claw poles have been studied by Ni
et al. [166], Chengfeng et al. [167], Hagstedt et al. [168], Jian et al. [169], Li et al. [170],
Upadhayay et al. [171], Wardach [172], and Cao et al. [173]. These were built by either
having the PM between the claw poles beside the air gap (Figure 31a) or having the PM
along the rotor shaft with the excitation winding (Figure 31b).

A similar concept to claw-pole machines involves a design with the field winding
on the stator side of the air gap [22] with only the PM excitation placed in the rotor (in
Figure 31c). Then, the field winding is used, similar to the designs using consequent pole
machines and spoke-type machines mentioned in a previous section of this paper.
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(a) PM between poles (b) PM inside winding (c) PM in rotor, FW in stator

Figure 31. HE concepts for claw-pole machines: (a) PM between poles, (b) PM within the field
winding (c) PM in rotor and field winding in stator

9.2. Machines with a Non-Radial Flux

Some machines are constructed with axial or tangential flux paths rather than the
common radial flux path. There are many classifications of machines based on the direction
of magnetization [174], and radial flux machines is then referring to machines with the flux
pointing radially in a cylindrical airgap. Non-radial flux could then instead be between
rotating discs, toroid shapes or spheres. Several concepts of hybrid excitation include
machine types with different directions of the flux, such as the toroid versions of consequent
pole machines by Spooner [135] and Aydin et al. [142] and the disc machines by Eastham
et al. [175] and Yiping et al. [176], as well as the axial flux machines [46,177–179]. Other
non-radial flux paths with toroidial coils were studied by Kosaka [73].

Another non-radial structure is the imbricated machine design studied by Amara
et al. [86]. Similarly also non-radial flux machines by Zhang et al. [145] and Wang et al. [180].

9.3. Machines with Several Rotors or Stators

There are also machines that use several rotors or several stators such as on the two
stator sides of the rotor. With two stators, there is both an inner stator and an outer stator
with the rotor placed in between. The flux path is then going through two air gaps (which
could increase the reluctance). The two stators provide possibilities for further designs of
the magnetic path, especially considering that field windings are easier to construct in a
stator than in a rotor.

Some designs using this concept are:

• a two stator machine with one rotor, as in the design by Liu et al. [59].
• a two-stator design with different kinds of poles on the different stator, in addition to

a rotor: Giulii-Capponi et al. [39].
• a two-stator design with different kinds of poles on the different stators, in addition to

a rotor, and also with consequent pole types: Hua et al. [181] and reviewed by Asfirane
et al. [9].

• an excitation stator between the outer stator and the rotor: Hua et al. [182]
• a two-stator design with both types of poles on the rotor and alternating flux paths on

both stators: Aydin et al. [142].

Another concept involves using two rotors, that is :

• a machine with two rotors placed inside a stator (“Dual rotor”) with both an inner and an
outer rotor [183].

10. Similar Concepts in a Broader Perspective

Other concepts that resemble hybrid excitation but are not proper hybrid excitation
involve combining induction machines with permanent magnets, including permanent
magnets in the excitation system for wound field generators, memory machines with a
variable magnetization of permanent magnets, and other variable flux machines (based on
other techniques for flux variation).
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10.1. Line-Start PMSM

A technology that has some resemblances to hybrid excitation machines is line-start
PMSM (LSPMSM) [184–189]. The difference is that it combines permanent magnets with
the rotor bars of induction machines (instead of actual field windings). When the rotor is
operating at an asynchronous speed, When it operates in synchronous speed, the permanent
magnets are the only source of excitation.

However, it is not a proper hybrid excitation system since it is using an induction
motor technique with the rotor current induced from the stator armature currents. The
rotor current is not a controlled field current, which is the case in proper field windings.

10.2. PM-Based Electrical Excitation for FW in SM

It could be worth mentioning a similar technology using both FW and PM that is not
hybrid excitation, that is, having the field current of the electrical excitation in PMSM. This
is not an actual hybrid excitation since it is an FW-excited machine; however, it is based on
the idea of combining the two technologies.

10.3. Variable Flux by Mechanical Control

There is another name for hybrid excitation that highlights that it is based on perma-
nent magnets but that the flux could be adjusted, that is, variable-flux permanent magnet
machines. This name indicates the mechanical variations used to control the permanent
magnet-based flux [17]. The name also covers the technologies of the field weakening or
flux weakening used in electric motors. These may be hard to implement for generators.
Another risk is that extra windings could act as a transformer relative to the other windings,
or that voltages could be induced in the extra windings.

There is an alternative to adjusting the flux that is not related to the alternatives
mentioned above, that is, to adjust the flux path mechanically by either adjusting the
reluctance of the flux path or the PM-placement to change the magnetic field. This can be
done by mechanically adjusting the rotor. This was mentioned in a subsection of a review
of variable flux by Owen et al. [17].

The following groups also exist [5]:

• systems with variable reluctance of the magnetic circuit;
• systems with magnetic flux diverters;
• systems with adjustable active air gap areas.

Field weakening by the PM slide in the rotor [190] can be achieved using a mechanically
rotated flux bridge with a path for regulating leakage flux [191]. The mechanical adjustment
of the magnetic circuit path can be done in several ways such as by varying the air gap as
performed by Kim et al. [192] or changing the paths/barriers with springs as performed by
Li and Li [193].

Several other methods were mentioned by Owen et al. [17]:

• Rotating rotor sections [194–196]
• Rotating stator sections [197]
• Axially adjusting the air gap
• Adding leakage paths [198–200]
• Adjusting flux barriers (IPM machines) [201,202]

10.4. Memory Motors

Memory machines are another concept that may be worth mentioning because of
their variable flux [203,204]. The machines use ideas from magnetic memories where the
magnetization is repeatedly “stored” after demagnetization. These are often based on
Alnico due to the low coercive field strength (Hci) [205,206] and can also have a variable
flux since the magnetization of the magnets can be changed [207].
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11. Conclusions

Hybrid excitation is a promising technology that can combine the advantages of PMSM
and WRSM. It provides a variable flux compared to PMSM, which is useful for voltage
control, reactive power compensation, or performance improvements at various speeds. It
also gives smaller field windings and reduced field currents compared to WRSM.

The cost, size, and weight of a machine can be optimized compared to PMSM and
WRSM. The volume can be decreased when using PMs compared to FWs, which can also
reduce a machine’s weight. The cost for power losses increases with the FWs, but FWs use
cheaper materials in construction than PMs. Hybrid excitation in this way can be a good
alternative for balancing the pros and the cons.

Several designs in hybrid excitation are either built on series flux designs or a parallel
flux designs, based on the structure of the reluctance circuit, meaning that the PMs are in
series with the FWs or that the PMs are in parallel with the FWs.

The FWs in HESM are often placed on the rotor as in conventional WRSM, such
that the FWs are placed together with the PMs. But there are also alternatives. Different
solutions exist considering the location of the FWs in HE, and there are also other solutions
which instead have the FWs in the stator.
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Abbreviations
The following abbreviations are used in this article:

Abbreviations
CPSR Constant power speed range (of flux-weakening region)
DFIG Doubly fed induction generator
EMF Electro-motoric force
FW Field winding
HE Hybrid excitation
HESM Hybrid excitation synchronous machine
IPM Internal permanent magnet
LSPMSM Line start permanent magnet synchronous machine
MMF Magneto-motoric force
PM Permanent magnet
PMSM Permanent magnet synchronous machine
RE Rare earth
SM Synchronous machine
SPM Surface-mounted permanent magnet
TSO Transmission system operator
VFPMM Variable flux permanent magnet machine
WRIG Wound-rotor induction generator
WRSM Wound-rotor synchronous machine
Symbols (Greek letters)
δ load angle
η efficiency of machine
µ permeability
µr relative permeability
µrec recoil permeability of PM
ρ resistivity
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Symbols (Greek letters)
ρm density (mass per volume)
ϕ phase angle
φ magnetic flux
φFW flux from field winding
φHE combined flux of hybrid excitation
φmax maximum flux
φmin minimum flux
φPM flux from permanent magnet
φs saturation flux
χ magnetic susceptibility
ω angular speed
ωbase base angular speed
ωmax maximum angular speed
Symbols (Roman letters)
A Magnetic vector potential
A Area
Acond Area of conductor of field winding
Ae f f Effective area of flux path
AFW Area of iron core within field winding
B Magnetic flux density
B Scalar magnetic flux density
Br Remanent flux density
Bs Saturation flux density
E Electric field
E EMF
Fpm MMF of PM
H Scalar magnetic field strength
Hci Intrinsic coercive field
hy Width of yoke
I Current
Id Direct component of stator current
IFW Field winding current
Is Stator armature current
Iq Quadrature component of stator current
J current density
Jpm equivalent current density of PM
`pm length of permanent magnet
`turn length of a turn in a winding
M Magnetization
Mpm Magnetization of PM
Mr remanent magnetization
m mass
N number of turns in winding
NIFW Ampere-turns of FW (MMF of FW)
NIs Ampere-turns of stator armature (MMF of armature)
P power
Protor power losses in rotor
PFW power losses in FW
Pex.sy. power losses in excitation system
Pcool. power losses by cooling system
Rairgap Reluctance of airgap
Rbridge Reluctance of flux bridge
RPM Internal reluctance of permanent magnet
Riron Reluctance of rotor iron core
Rstator Reluctance of stator iron core
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Symbols (Roman letters)
Rs Stator resistance
Rturn Resistance per turn in FW
ri inner radius (radius of rotor shaft)
ro outer radius (outer yoke)
rr radius of rotor side in airgap
rs radius of stator side in airgap
T Torque
Tmax maximum Torque
Tc Curie temperature
V Volume
Us Stator voltage
wp pole body width
Xs Stator reactance
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