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Abstract: The paper deals with the overview of different designs of hybrid excited electrical
machines, i.e., those with conventional permanent magnets excitation and additional DC-powered
electromagnetic systems in the excitation circuit. The paper presents the most common topologies
for this type of machines found in the literature—they were divided according to their electrical,
mechanical and thermal properties. Against this background, the designs of hybrid excited machines
that were the subject of scientific research of the authors are presented.
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1. Introduction

Permanent magnets excited electrical machines, and in particular, hybrid excited, play nowadays
an increasingly important role mainly due to their high efficiency and relatively high power-to-weight
ratio. Their great popularity is related to dynamic developments in the field of modern materials, such
as permanent magnets, magnetic composites, but also various types of power electronic components
and fast and efficient microprocessor systems used to control the machine.

Over the past two decades, the development of technology has caused the properties of permanent
magnets to improve rapidly. For this reason, permanent magnet machines have become competitive to
those previously used.

Due to the development of machines of this type, manufacturers of various types of drive systems
are increasingly turning to structures containing permanent magnets [1-5]. A very strong development
in this area has been noticeable in the automotive industry. Currently, all major car companies offer cars
powered by electric motors. Most of all, reliability and low production costs are required from motors
in electric vehicles. Perhaps for this reason, until recently, the “strongest player” in this part of the
automotive sector, which is the Tesla Company, used only induction motors in its designs. However,
most manufacturers today use mainly permanent magnet motors [6].

Apart from the undoubted advantages mentioned earlier, permanent magnet machines have
also some disadvantages. The disadvantages most frequently mentioned in the literature, include
the higher cost of their production, compared to induction machines and limited and energy-costly
ability to regulate the excitation flux. In variable speed drives, e.g., in electric vehicles, the drive is
required to operate over the widest possible rpm range with the highest possible torque. Due to the
constant flux of excitation from permanent magnets, to enable the motor to operate in the high-speed
area—switching from constant torque to constant power characteristics—it is necessary to apply the
d-axis current strategy [7]. This strategy is effective, but only to a limited extent. Too deep, field
weakening can lead to permanent damage to the magnets, and also generates additional losses.

Another area by which electric machines, that can operate in a wide range of rotational speeds
can be used, is wind energy that the electrical power that a wind turbine can generate depends on the
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strength of the wind. In the case of small (home) power plants, which usually do not have wind attack
angle control systems on the turbine blades, the wind force will directly determine the rotational speed
of the turbine, and therefore also the generator. There are several ways to regulate the rotational speed
of a low-power wind turbine, from eccentric mounting of the turbine in relation to the axis of rotation
of the entire nacelle, through more or less complicated mechanical systems causing the wind to press
against the axis of rotation of the turbine, to electrical limiters (e.g., resistors) increasing the generator
torque, which consequently brakes the turbine [8]. When a permanent magnet machine is used in a
turbine of this type, the generation of energy depends on the occurrence of a minimum wind speed,
as the generator voltage will be high enough to allow energy flow towards the receivers or energy
storage systems.

In the above-mentioned areas (electric vehicle drives and generators in wind turbines), i.e., where
it is necessary to regulate the excitation, rotational speed, induced voltage in the widest possible range
and the efficiency of energy conversion is also important, electric machines with hybrid excitation can
be successfully used.

The trend of minimizing the amount of permanent magnets in electric machines has been noticeable
for many years. This is mainly due to economic aspects (PMs are relatively expensive), as well as
limitations related to the temperature resistance, and permanent magnets may permanently lose
their magnetic properties after exceeding a critical temperature. In addition, the development of
electro-mobility forces, the use of electric machines with the widest possible range of rotational speed,
at which the electric machine is able to generate the appropriate torque on the shaft. Otherwise, hybrid
excitation allows for a much wider range of machine operation, compared to machines with only PM
excitation. Research on hybrid-excited machines fits this trend perfectly, in which a part of the magnetic
excitation flux is generated by the PM and the remainder by the corresponding electromagnetic system.

In this paper, in Section 2, the idea of controlled magnets is presented, and then in Section 3, an
overview of the design solutions of hybrid-excited electric machines is presented. They are divided
into several groups depending on the characteristic design properties. Then, based on this background,
proprietary design solutions of hybrid excited machines are presented in Sections 4-7, which are
implemented at the Department of Power Engineering and Electric Drives of the West Pomeranian
University of Technology in Szczecin. The paper ends with a short summary.

2. Controlled Magnets

The idea of hybrid excitation of electrical machines comes from so-called controlled magnets
which were initially used in different levitation systems and magnetic bearings [9-13]. In these systems,
strong permanent magnets are used for force generation. Their flux is modulated by currents flying in
properly placed coils. The principle of operation of such a system is shown in Figure 1. It is equipped
with additional current coils, which demagnetize one part of the magnetic circuit and magnetize the
other one, depending on changes in the size of the air gap. In this way, the system is stabilized in the
tangential direction having negative stiffness values. Figure 1 shows a situation in which the moving
part of the system was horizontally shifted in relation to the neutral position. In this case, it is necessary
to reduce the magnetic flux on the side of the smaller air gap and increase it on the opposite side,
in order to create reverse forces moving the permanent magnet system back to the central position.
The magnetic flux produced by the coil current is directed against the main flux on the left side of
the system, and in line with it on the right side. The levitation force in the configuration shown in
Figure 1 is generated by a large, strong permanent magnet, which guarantees the creation of high lift
forces, and to actuate the bearing in the tangential direction, small currents in the electromagnets are
required. This means that the entire system works with a very low power consumption by the system
measurement and control and executive elements. The operation of all levitation systems requires
the optimization of the magnetic field distribution within the air gap by means of proper choice of
geometry, material characteristics and power supply conditions [14,15]. Controlled magnets are used
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in various levitation systems, and their most spectacular use tangential directions the Transrapid
levitation and side stabilization systems [9-13].

Vehicle & . 5

Vehicle

(a) (b)

Figure 1. (a) Levitation systems with controlled permanent magnets; (b) Unbalanced position with
current compensation.

Controlled magnets are the basic executive part of all magnetic bearings [16,17]. Figure 2 shows
two examples of magnetic bearings: a conventional bearing with an external moving part and a hybrid
bearing with the control coils placed in the stationary part of the bearing. Such bearings are stable in
the axial direction, and the central position of the moving parts is maintained by appropriate control of
the coils currents.

Moving part .
Magnetic pole

Shaft

(@) (b)

Figure 2. (a) Conventional magnetic bearing; (b) Hybrid magnetic bearing.

The mathematical description (voltage equations) of magnetic bearings is very similar to the
description of hybrid-excited electric machines due to the appropriate selection of the coordinate
system (rotating with the rotor). The main goal in magnetic bearings is to maintain a constant air gap,
while in hybrid-excited machines, it is to obtain the required values of the magnetic flux.

3. Review of Hybrid Excited Machines

Hybrid excited electric machines can be divided into two groups. In the first group, the flux
caused by the excitation winding passes through permanent magnets. The second group includes
parallel excited hybrid machines. In these machines, the permanent magnet flux and the excitation
winding flux have different trajectories. The magnetic permeability of PM is similar to air permeability.
Therefore, for the first group machines, the coil magnetic reluctance is relatively high. This is a reason
for the introduction of magnetic bridges into the machine in order to ensure lower reluctance for the
excitation circuit.

For all machines with hybrid excitation the general mathematical model is described by Equations
(1) and (2). They show that the induced voltage and magnetic flux related to the machine axes d and g —
and, consequently, to the electromagnetic torque depend on the flux from permanent magnets and the
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current in the excitation coil [18,19]. Information about transformation from three-phase (L1—Ly—L3)
system to two phase (a—f) system, and then to d—q axis, are described in details e.g., in [20],

Ug Rs+sLy —welyq SM, iy 0
ug | = weLy Rs+L;  weMsc ig |+]| w.¥pm )
Uc sMs, 0 R. + sk, i 0

where u;—d-axis voltage component, u;—¢g-axis voltage component, u.—voltage on the excitation coil,
Rs—stator winding resistance, s—operator d/dt, L;—d-axis inductance, w,—angular velocity, L;—g-axis
inductance, Msc—mutual inductance between the stator winding and the excitation coil, R-—excitation
coil resistance, L.—inductance of the excitation coil, i;—d-axis stator current component, i;—q-axis
stator current component, i-—excitation coil current, ¥ pp;—flux of permanent magnets,

Iq
‘{rd Ld 0 Msc . ‘YPM
_ 2
|: ‘Pq ] [ 0 L‘i 0 ] ;‘1 +[ 0 ] ( )
c

where: Y ;—d-axis flux, ¥ ;—qg-axis flux.

The comparison of different structures of hybrid excited electrical machines is very difficult
because of their variety. They can be compared, e.g., in terms of their external characteristics
(mechanical design) [1-3,21]. Hybrid excited electrical machines can also be categorized according
to the path-determining design of the combined excitation flux. There is a huge number of design
solutions for hybrid excited machines. This Chapter presents the most interesting ones found in
the literature.

3.1. Synchronous Machines with Permanent Magnets

In order to regulate the excitation flux, in addition to permanent magnets, an additional source is
used in the form of a winding. A different approach is presented [22]. The synchronous generator
rotor has been modified by adding permanent magnets. In this way, it became independent to some
extent from the failure of the sensitive part of the machine, which is the arrangement of brushes and
slip rings. The machine can operate at high rotational speed with weakened excitation field. There is a
high flux density between two adjacent PM poles, which can increase iron losses in the stator core.

Similar structures have been presented in [23,24]. Furthermore author of [23] also described a
direct torque control strategy dedicated to hybrid excited permanent magnet machines.

3.2. Flux-Switching Machines

A novel hybrid excitation flux-switching motor (HEFS) presented in [25] is dedicated to hybrid
vehicles. A new motor topology has been proposed, in which the dimensions of the magnets have been
reduced to save space for additional excitation winding, while the rotor and stator lamination remain
unchanged. It should be noted that this allows the machine stream to be adjusted by controlling the
length of the magnets in the radial direction. This solution in its idea is to eliminate the disadvantages,
even higher torque ripple due to the cogging torque, which has, for example, a permanent magnet
motor with flux switching (FSPM). Similar design has been investigated in [26]. The paper presents
numerical research as well as experimental tests on built machine prototype.

3.3. Doubly Salient Machines

The paper [27] presents design of hybrid excited doubly salient machine with parallel excitation
system. Authors of the paper analyzed the regulation possibility of air gap flux in three types of
the machine main poles. By performing simulation and then experimental tests, obtain very good
control properties from approx. 30 V to approx. 220 V. Hybrid excited doubly salient machines are also
presented in [28-30].
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3.4. Axial Flux Machines

The text [31] discusses a synchronous, hybrid excitation, axial flux generator in autonomous mode,
with a field winding powered by an armature winding. The proposed solution allows for very precise
control of the magnetic flux, which allows to obtain the set value of the output voltage in cases where
the load or speed changes, or both. Very interesting designs of hybrid excited axial flux machines are
also described in various papers [32-35].

3.5. Axial-Radial Flux Machines

Structural optimization, which maximizes the flux control range of a dual excitation synchronous
machine, is discussed in the paper [36]. The air gap flux in this type of machine can be regulated by
controlling the field currents. A machine of this type is able to regulate the air gap flow more flexibly
compared to conventional PM machines. This has been achieved at the expense of more volume
and higher costs due to the presence of additional field windings. Both electromagnetic and thermal
complexity has been well addressed through the use of equivalent circuit networks. It was also found
that one of the analyzed configurations almost eliminates the PM flux. Similar construction of the
machine is shown in [37]. On the other hand, in [38] the authors presented simulation studies of
a machine with an excitation flux in both, radial and axial direction, while the rotor is similar to a
rotor of a flux-switching machine. In addition, some parts of the machine are proposed to be made of
SMC material.

3.6. Dual Rotor/Stator Machines

In [39], a new toroidal winding twin-rotor permanent magnet synchronous reluctance machine
(PM-SynRM) is discussed, which is proposed for high electromagnetic torque taking full advantage of
the permanent magnet torque and reluctance torque due to the special design of the mounting angles
of the two rotors. Permanent magnet torque and reluctance torque of the proposed machine can obtain
their maximum values near the same current phase angle due to the special configuration of the two
rotors, which significantly increases the total torque. It turned out that, as a result of the FEM analysis,
the proposed machine gives much better torque results. On the other hand, the proposed double
rotor structure has excellent properties and resistance to irreversible magnetization. The paper [40]
discusses the research on a hybrid excited machine with a double rotor, in which one part is a rotor
with permanent magnets, and the other—a classic wound rotor.

Inverted structure is presented by the authors of the paper [41]. In the paper, a hybrid-excited PM
machine, based on the flux modulation effect, has been proposed. The authors state that in the machine
there is no risk of irreversible demagnetization of PMs. Moreover, the machine does not need slip rings
and brushes, since the DC excitation coils are placed in the stator, which makes the structure simple
and reliable. The paper shows FEA numerical model of the machine, its structure and the working
principle. Similar design is presented in [42].

A very interesting, but at the same time very complicated structure, was presented by the
authors [43]. The paper presents a machine with two stators (inner and outer) and two parts of the
rotor, one of which was composed of alternately arranged N and S magnets, and the other part was a
classic claw pole rotor with excitation from the coil inside it.

3.7. Hybrid Excited Machines with DC Winding on Stator

The concept of a machine with hybrid excitation with permanent magnets and excitation of the
AC field winding is presented in [44]. In this machine, permanent magnets (PM) are placed on the
rotor side and the AC windings on the stator side for flux control while ensuring high torque. Since the
magnetic field PM rotates with the rotor, the alternating currents would have the same frequency as
the motor speed. The obtained results and FEM analyzes show that, in the case of the HEPM machine,
flux regulation and operation in a wide speed range can be realized, and the electrical parameters can
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be improved compared to the original IPMSM, which could verify the theoretical analysis presented
above, expand the method of designing permanent magnet machines and control strategy and provide
a reference to the design of machines with hybrid excitation of permanent magnets.

Similar design can be found in [45]. An example of a parallel hybrid excitation machine is hybrid
excitation flux reversal machine (HEFRM). It has been designed for application in electric vehicles
propulsion. It may not only show better overload and the possibility of weakening the flux, but also
reduces the risk of PM demagnetization. The change in the air gap flux can be controlled by controlling
the excitation winding current, which also improves the overload torque at low speeds.

3.8. Axial Flux SRM Machines

The issues of construction and modeling of a machine with some favorable features for wind
energy conversion applications are presented in [46]. A machine with a double stator with an axial
rotor and permanent magnet flux switching (AFSPM) was adopted for consideration. The developed
model of this machine was verified by comparing its results with the results from the two-dimensional
(2D) FEM model. The modeling approach adopted has proved to be effective and gives good results
compared to FEM. The open-circuit AFSPM performance was compared to the previously developed
SMPMAF prototype. This comparative study showed that the EMF waveform is very close to the
sinusoidal signal for AFSPM, which is desirable for the intended applications. However, for SMPMAF
the EMF wave contains more harmonics.

3.9. Consequent-Pole Permanent Magnet Machines

An innovative concept of a permanent magnet motor with sequence poles was proposed in [47].
The motor has a unique rotor configuration in which the actual PM pole pairs and image pole pairs are
positioned every other pole pair. The pole pairs of the image are formed on parts of the iron core next
to the actual solid parts of the rotor surface. One of the most important features of the proposed motor
is the ability to run at high speed with a lower field-weakening current (negative d-axis current). This
enables the operating range to be effectively extended at high speeds without increasing copper losses.
One disadvantage is that the amount of effective magnetic flux is too low, which results in a lower
torque in the low speed range. Therefore, optimization of the magnetic circuit is needed.

A slightly different construction is presented in [48]. The subject of the research was a machine,
the rotor of which had alternating permanent magnets and iron poles, consequently one pole of the
machine was a magnet and iron element. Between the two parts of the stator the excitation regulating
coil was placed.

3.10. Claw Pole Machines

The rapid development of hybrid vehicles has prompted the need to develop a highly efficient
source of electricity for this type of vehicle. One of the ways to achieve this goal is to equip the
synchronous generator with claw poles.

The article [49] proposes a new design of a machine with a claw pole and compares its performance
with a conventional machine. The new design features permanent magnets in the inter-claw region
to reduce leakage flux and provide increased magnetic flux in the machine. It was observed that
when adding permanent magnets weighing only a few grams, the machine output power increased
significantly by over 22%. The geometrical dimensions of the magnets were also changed to verify
their influence on the operation and it was observed that, as the mass of the magnet increases, there is
a non-linear increase in the machine torque. The power-to-weight ratio of the machine has also been
significantly improved, which is one of the main advantages for mild hybrid applications.

A similar variant of the rotor structure, only seven-phase, was considered in [50]. This solution
is characterized by an unequal number of pairs of magnetic poles between the armature and the
excitation circuit. In this case, it is necessary to model only a quarter of the structure, not a third as in
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the case of a classical generator, where the number of bars of the rotor and stator poles is the same p =
6. The main goal of the project was to increase the output power and reduce the core losses.

The paper [51] presents a hybrid excited machine, in which the sources of the excitation field are
placed inside a claw rotor—toroidal permanent magnets are inside the toroidal core, on which the
excitation coil is located.

4. Electric Controlled Permanent Magnet Synchronous Machine

Electric Controlled Permanent Magnet Synchronous machine (ECPMS-machine) is one of the
hybrid excited machine concepts with good application prospects. The magnetic field excited by the
DC coil current (Ipc) gives possibility to change a machine air gap flux and consequently the stator
flux linkage ¥. In this way, the output voltage of the machine is electrically controlled.

Figure 3 shows ECPMS-machine concept, in which an air gap flux is controlled by a DC excitation
control coil (DC control coil), fixed on the stator or on the machine rotor. The presented 12-poles
ECPMS-machine design has a winded double stator, which is separated by a stator DC control coil
and is centrally placed between two stator laminations. The stator DC control coil is locked inside
a toroidally-wound additional stator core. The machine rotor has two lamination stacks which are
separated by toroidally-wound additional rotor core. The rotor lamination structure has multi-flux
barriers and embedded flat magnets NdFeB type, that form six iron poles (IP) and six permanent
magnets poles (PMP) for each of two rotor stacks. The main feature of the proposed rotor structure
is related with proper machine air gap flux distribution and simultaneously required machine flux
control (FC) ability. The presented ECPMS-machine concept has been presented in [7,52-54].

Stator DC
control coil

Rotor lamination
Rotor DC control coil steel M400A
thickness 0.5 mm

(a) (b)
Figure 3. ECPMS-machine design: (a) Design; (b) Prototype [54].

4.1. Stator DC Control Coil of the ECPMS-Machine Concept

The concept of hybrid excitation with permanent magnets and the additional DC field winding
locked on the stator machine is presented in Figure 4. The DC control coil placed on the stator side
(Figure 4a) is used to control the machine air gap flux. The presented machine design concept has
been widely analyzed in [52], where the influence of rotor structures on field regulation capability
of the machine has been described. The main results of the study show a rotor structure which
ensures the effective machine flux regulation. The results obtained during FEA carried out on the
three-dimensional (3D) model of the machine (Figure 4b, where B is flux density expressed in tesla)
confirmed effective flux control of the machine. The characteristics of magnetic flux linkage ¥ versus
of DC coil magneto-motive force (MMF) Opc, which can be seen in the Figure 4c, is proof.
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Figure 4. (a) The stator DC control coil location in the prototype; (b) 3D-FEA model; (c) Results of
no-load magnetic flux linkage ¥s vs. DC coil MMF of ECPMS-machine design [54].

To validate the simulation results, a set of experimental tests have been carried out on a machine
prototype. Figure 5 shows experimental validation results of no-load rotor speed obtained at constant
DC-bus voltage of 100 V (Figure 5a), back-EMF waveforms recorded at 1000 rpm rotor speed (Figure 5b)
and characteristics of no-load induced voltage in phase winding (Figure 5c) at different DC coil MMF
of ECPMS-machine. The results have shown that the high (10:1) field control ratio of the presented
hybrid excited machine concept is successfully achieved.
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Figure 5. (a) Experimental results of no-load speed obtained at constant DC-bus voltage of 100 V;
(b) Back-EMF waveforms at 1000 rpm rotor speed; (c) Characteristics of no-load phase output voltage
at the different DC coil MMF of ECPMS-machine [54].

4.2. Rotor DC Control Coil of the ECPMS-Machine Concept

The DC excitation source can be placed in the rotor of ECPMS-machine. Figure 6a presents a
3D-FE model and rotor prototype of the machine where the placement of the DC control coil on the
rotor is clearly shown. It should be noted that, depending of the presence of the stator DC control coil,
the rotor DC control coil can be an additional or independent source of excitation.
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(a)

Figure 6. (a) 3D-FE model with rotor DC control coil location; (b) Machine prototype with contactless

energy transfer system; (c¢) Experimental results of no-load induced voltage in phase winding at the
different DC coil MMF of ECPMS-machine [54].
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Commonly, in order to supply the windings placed on the rotor, it is necessary to use brushes and
slip rings. Alternatively to this, modern contactless energy transfer (CET) system shown in Figure 6b
have been performed and described in [54], and it has been successfully used, in this case.

Figure 6b shows construction details of the ECPMS-machine prototype with the rotor DC control
coil and supply coils used for the wireless power transfer which have been designed and locked on the
housing of the machine prototype. Such a solution includes a transformer whose windings are formed
by a double-sided printed circuit board (PCB) (used 70 um copper thickness) plates. On both parts
of the secondary and primary plates, ferrite sheets have been used as the path of the magnetic flux
(Wurth Electronic® WE-FSFS flexible ferrite sheet, number 344,003). Air gap between TX and RX-coil
was approx. 1 mm, in this case.

Figure 6¢c shows experimental results of phase back-EMF waveforms recorded at constant rotor
speed of 1000 rpm by three operating conditions at rotor DC control coil MMF (0 and + 1000 AT). The
results show that the field control ratio (FCR) up to 4:1 can be effectively obtained. Additionally, the
result of FWR has been achieved at low losses and low power consumption of the rotor DC control coil.
In this case, the power consumption of the DC control coil (at 1000 AT excitation) is approx. 20 W.

4.3. ECPMS-Machine Concept-Conclusion

The presented ECPMS-machine belongs to the concept of hybrid excited machines with excellent
field-control capability, which can be used in wide adjustable speed drives. The experiment validations
have shown that the field control ratio 10:1 of the presented machine can be effectively obtained. This
property can be used in electric vehicle drives and other adjustable speed drive applications.

Advantages: wide flux control range, high starting torque, totally flux-weakening possibility, low
demagnetization risk of rotor magnets, possibility to locate additional DC field sources on the stator or
rotor machine, or both.

Drawbacks: additional components, complex machine structure and greater weight and
dimensions compared to conventional machines.

5. Hybrid Excited Disk Type Machine

The hybrid-excited axial flux machine (HEAFM) is built on the basis of an internal double
winding stator and two external 12-pole rotors connected by a ferromagnetic bushing. Additional
electromagnetic excitation is placed in the stator circuit. The structure of the machine is shown in
Figure 7.

| — Ferromagnetic disk 4 — Stator core 7 — Control coil
2 —Iron pole 5 — Stator windings 8 — Rotor bushing
3 — Permanent magnet 6 — Iousing 9 — Non-magnetic shaft

Figure 7. HEAFM construction [55].
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The machine’s stator is made of two laminated toroidal cores, and in each of them 32 slots with a
3-phase winding. The DC coil used as an additional excitation source was mounted on the inside of
the stator around the rotor bushing. The coil is stationary, so it has no brushes or slip rings. The rotor
consists of two outer discs connected by a steel sleeve. On each disk are alternately mounted iron poles
with magnets polarized in one direction. There are 6 pole pairs on each disc. The operating principle
of HEAFM is shown in Figure 8. When no current flows through the DC coil, the main magnetic flux
in the machine flows through the air gap between the magnets, and part of it between the magnet
and the iron pole. Depending on the direction of the current in the DC coil, the iron poles magnetize,
which in turn leads to a strengthening of the main flux (FS) or its weakening (FW).

Figure 8. Main principle of the HEAFM.

The prototype of the machine (Figure 9) was made in accordance with the assumptions and tested
on the experimental stand (Figure 10) in generator mode.

() (b)

Figure 9. The prototype of the HEAFM machine: (a) A stator with a rotor, (b) A complex machine with
a caliper 20 cm long [55].

1 — motor, 4 — resistors, 7 — inverter,
2 — measuring shaft, 5 —power supplies, 8 — inverter controller,
3 — HEAF generator, 6 — oscilloscopes, 9 — laptop.

Figure 10. Experimental stand [55].
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Waveforms induced in the machine without load at a speed of 600 rpm for different currents in

the DC coil are shown in Figure 11 by a dotted line.

240

)
=

120

back-EMF [V]
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=

0 60 120 180
electrical angle |°]

Figure 11. RMS of induced experimental (dotted line) and simulation voltages (solid line) in no-load

machine for Ipc = =5 A (blue) and Ipc =5 A (orange).

A 3D model of HEAFM was built and simulations were made using the finite element method
(FEM). Figure 12 shows the distribution of magnetic induction in a magnetic circuit of the machine
with the unpowered DC coil. Figure 13 shows the 2-D distribution of magnetic induction in an air gap
for different currents in the DC coil on an arc, the radius of which is the average of the inner and outer
radius of the machine active parts. This arc spans two adjacent poles: iron pole and PM pole.

Figure 12. Distribution of magnetic induction in a machine for the unpowered DC coil.

1.2
0.6
iron pole
N —
Q
- N——7 e Ie=5A
— Ihc=0A
-0.6 e Ie=SA

-1.2
Figure 13. The distribution of magnetic induction in air gap for different currents in the DC coil [55].

The results show that the magnetic flux only changes under the iron pole, which is the advantage
of this design, unfortunately the FS level is much higher than FW. Waveforms of magnetic induction in

air gap for different currents in the DC coil are shown in Figure 13.
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Subsequent simulation studies were to show the effect of modification of the machine’s magnetic
core on the magnetic field regulation (FCR) range. The height of the magnets was examined first. The
base model was the machine in which the height of PM was 12 mm and it was changed in the range
from 2 to 14 mm. AFCR is the ratio of the base machine FCR to the FCR of the machine with different
heights of PM (Figure 14).

The results show that the amount of PM has an impact on FCR. With increasing PM height, the
induced voltage increases, but at the same time the possibility of its regulation decreases.

AFCR

0 5 10 15
PM height [mm]

Figure 14. Relation AFCR to the height of PM based on FEA [55].

Further research aimed to demonstrate the impact of permanent magnet materials on FCR. For
this purpose, various types of PM were shown, shown in Table 1.

Table 1. Specification of tested PMs.

Item (Unit)  Material Code = Remanent Magnetic Flux Density (T)  Coercive Force (kA/m)

Type A N48H 1.388 1058.8
Type B N38H 1.248 947.8
Type C SmCob 0.943 693.5
Type D F30 0.399 226.5

FEM simulations have been conducted for no-load generator mode. Table 2 shows the distribution
of induction throughout the entire air gap and the percentage ratio of magnetic flux flowing through
the surface over the iron pole (IP) to pole with permanent magnet (PMP).

Table 2. Air gap magnetic flux density distribution for different types of PMs.

- Type A Type B Type C Type D

Magnetic flux near PMP @pyp 205mWb  1.87mWb 1.63mWb 0.58 mWb
Magnetic flux near IP @pp 076 mWb  0.64 mWb 048 mWb 0.09 mWb
Percentage ratio of magnetic flux @;p/@pp1p 37.10 34.22 29.45 15.52

The waveforms of induced voltages for selected materials of PM—neodymium (N38H) and ferrite
(F30) depending on the currents in the additional DC coil at 200 rpm are also presented in Figure 15.
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Figure 15. Induced voltage waveforms depending on different DC coil currents for: (a) N38H and

(b) F30 PM types [55].

Based on the simulating results, which was made, it can be concluded that despite the N38H
magnet is the strongest and has the largest coefficient kg9, it allows the smallest possibility of flux
control, and thus the induced voltage regulation.

The FCR coefficient of the analyzed machine is influenced, among other factors, by the magnetic
circuit topology, including the shape, dimension and material of PM.

6. Hybrid Excited Claw Pole Machine (HECPM)

One of the innovative solutions is the use of hybrid excitation in claw pole machines by placing
permanent magnets on or inside the claws. A construction of a hybrid excited claw machine with
permanent magnets placed in milled areas on one [56] or both parts [57] of the rotor was proposed.
Figure 16 shows these structures.

1 —rear housing,

2 — bearing,

3 —pole NV,

5 —pole S,

6 — magnet S,

7 — stator with windings,
8 — front housing,

9 — rotor excitation coil.

1 — rear housing,

2 — bearing,

3 —pole N,

4 —magnet N (skewed),
5—pole S,

6 —magnet S,

7 — stator with windings,
8 — front housing,

9 — rotor excitation coil.

(b)

Figure 16. Visualization of a claw pole machine: (a) With permanent magnets on one part of the
rotor [56]; (b) With permanent magnets on both parts of the rotor [57].
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During the scientific research of the proposed solutions, in order to experimentally validate
the results of numerical tests, a car alternator manufactured by Denso, with the nominal current
I, =100 A and nominal voltage U, = 12 V, was used and rebuilt, while maintaining the standard
excitation regulator. As a result of the work, it was possible to develop a technical solution that made it
possible to self-excite the machine without the use of an additional DC source. In the first solution [56],
self-excitation took place at the rotational speed equal to 1300 rpm, while in the second solution [57]—at
850 rpm. This feature can be used in a home wind turbine—in the absence of wind, thanks to the use
of one diode, the generator regulator would not get energy from the batteries, while when the wind of
sufficient strength appears, the generator would be self-excited, and consequently the energy would be
generated for the storage system.

The influence of the excitation current on the cogging torque of the machines was also investigated.
The results are shown in Figure 17a which shows cogging torque waveforms for a machine with
permanent magnets on one part of the rotor for five current values in the excitation coil-parameter « is
an angular (mechanical angle) position between rotor and stator.

—Inc=-1A

5
—Ipe=-05A

_ 4

E —Inc=0A —
= £3

= Inc=05A E
—Inc= 1A é 2

R
1

-2
2
0 2 4 " 6 8 10 00 3 6 9 12 15
o
7 ]
(a) (b)

Figure 17. (a) Cogging torque waveforms for a machine with permanent magnets on one part of the
rotor as a function of the current in the excitation coil (in kilo ampere-turns); (b) Maximum values of
the cogging torque for a machine with permanent magnets on both parts of the rotor as a function of
the angle y, in a no-load excitation coil state [56,57].

In the second model, the magnets from the first model (on one part of the rotor) were retained
and another 6 magnets were added to the second part of the rotor, however, simulation studies on the
influence of the y angle between the permanent magnets on this part of the rotor and the machine
axis were previously carried out with using FEA. This angle varied from 0 to 15° in steps of 1°. It
turned out that the angle at which the lowest cogging moment occurs is y = 9°. The chosen results are
presented in Figure 17b, which demonstrates the maximum values of the cogging torque as a function
of the angle y, in a no-load excitation coil state.

The test results showed that the induced voltage decreased with the increase of the angle y, while
the cogging torque reached the minimum for the angle y = 9°. Additionally—thanks to the use of
additional magnets set at an angle of y = 9°—the machine was self-excited at speeds up to 450 rpm
lower, moreover, despite the fact that twice as many sources of magnetomotive forces were installed,
the cogging torque in the no-load state of the excitation coil did not increase in relation to the machine
presented in [57]. Figure 18 presents experimental stand with HECPM.
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Figure 18. Test stand with HECPM [57].

Very important, from the technological point of view, is the simplicity and ease of production of
all kinds of devices, including electromechanical energy converters. For this reason, a new approach to
designing a hybrid excited claw machine has been proposed. The paper [58] presents the concept of
building a machine with the use of a laminated rotor made by sheets of an appropriate shape (Hybrid
Excited Claw Pole Machine with Laminated Rotor—HECPMLR). Figure 19 shows FEA model of the
tested HECPMLR machine which is 1/6 of whole machine.

I

W

| — stator laminated core,
2 — stator windings,

3 — permanent magnet,
4 — rotor laminated core,
3 — rotor excitation coil.

Figure 19. FEA model of HECPMLR [58].

This type of approach allows the construction of even the most complex electromagnetic structures.
The paper [58] presents also preliminary results of simulation tests of the proposed structure and the
relationship between the maximum cogging torque and the induced voltage distribution depending
on the current in the excitation coil (Figure 20). Figure 20a shows the maximum value of the cogging
torque T,max depending on the current in the excitation coil Iy, and Figure 20b—the distribution of
the back-EMF depending on the current in the excitation coil, where « is a mechanical angle between
rotor and stator.

-10 -5

IDCO[A]
(a) (b)

Figure 20. (a) Maximum value of the cogging torque depending on the current in the excitation coil;
(b) Distribution of the back-EMF depending on the current in the excitation coil [58].
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The research shows that the cogging torque always increases with the increase of the current in
the excitation coil, regardless of its direction—Figure 20a. On the other hand, the induced voltage
Uimax has the following adjustment range from 189.4 V to 253.8 V (=18% + +10%).

7. PM Electric Machine with Magnetic Barriers and Excitation Coils in the Rotor (HESMFB)

The purpose of the work of a new design of HESMFB machine was to develop a construction
with magnetic flux barriers, embedded PMs and additional electromagnetic excitation in the machine
rotor. It should be added that in order to achieve a wide speed control range of PM machines a large
inductance ratio Ly/L; (L;—inductance in g-axis, L;—inductance in d-axis) of the machine is required.
The magnetic flux density distribution in the FEA model has been presented in Figure 21.

As can be seen in Figure 21a, the large saturation in magnetic bridges in the rotor close to the air
gap and permanent magnets is noticeably. Due to this, flux leakage is reduced because the most of the
magnetic flux passes through the air gap. Figure 21b presents a novel conception of the machine rotor
with barriers and hybrid excitation.

(\\U 7
\\\"'f'ff

()

l
'

"7’,--\\

1 — shalft,
2 — mounting disk,

3 —rotor stack,

4 — excitation coil,

5 — permanent magnets.

(@ (b)

Figure 21. (a) Magnetic flux density distribution in the FEA model; (b) Concept of HESMFB machine
rotor [59].

During FEA investigations induced voltage waveforms have been plotted—Figure 22a, where
« is a mechanical angle between rotor and stator. Furthermore the influence of additional windings
current density (jpc) on the electromagnetic torque characteristics of the machine has been specified.
These numerical tests have been conducted for three stator currents at I max = 4; 8 and 12 A, at various
additional winding current density jpc in the range from —8 A/mm? to + 8 A/mm? and for whole load
angle range (from 0 to 360°¢!). The maximum values of electromanetic torque T, depending on jpc and
Is max have been presented in Figure 22b.

200 4 1vy

100 i ) 30 T. [N'm]

— Joc =-8 A/mm

— Joc =-4 A/mm’ 20

=joc= 0
Joc=4 A/mm?

— joc=8 A/mm”

Joc [A/mm?]
8 -4 0 4 8

@) (b)

Figure 22. (a) No-load back-EMF waveforms at 1000 rpm under different current density levels;
(b) Electromagnetic torque means values versus additional windings current density at the stator peak
current Is max = 12 A [59].
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Next, the experimental tests have been conducted. Figure 23 presents chosen experimental results
and comparison with simulation predictions.

Figure 23 show that in the proposed machine the induced voltage control range from 77.6 V to
129.8 V has been obtained. Whereas according to FEA results the back-EMF control range from 72.2 V
to 129.3 V was reached. It follows from the above that the field control range (FCR) for the experiment
is 1.67 but for FEA-1.79. This means a good representation of the real machine using the developed
simulation model. Regarding the cogging torque, the results of the experiment differ slightly from the
results obtained in the simulations. However, these differences are rather minor. These differences may
result from the not perfect torque measuring, because of very small its values and the FEA model’s
mesh and accuracy.

140
0.7

120
100 88 /
= —
5 FEA 04
\/ —— FEA

€
= 60 i
40 exp & =
0 0.2 exp
o 0.1
-8 4 0 4 8 0.0
Jjoe [Afmm?] w - 0 y 4 g
Joc [A/mm”|
(a) (b)

Figure 23. (a) RMS values of back-EMF; (b) Maximum values of cogging torque [59].
8. Conclusions

The paper provides an overview of various hybrid excited machine topologies. In the literature
a lot of solutions for hybrid excited machines can be found. In this paper the most common ones
have been presented. Against this background, some new designs, sometimes completely innovative,
developed by the authors were presented. In Table 3, the advantages, disadvantages and characteristic
features of these machines are summarized.

Table 3. Characteristic features of tested machines.

Machine Type Advantages Disadvantages Features
wide control range,
FCR ~10,
ECPMS-machine low PM demagnetization risk, complicated structure, dedicated to high-speed drive,
possibility to locate DC coil on large dimensions e.g., electromobility
stator or rotor machine, or
both
HEAFM mldliffﬁ?ggg i:;nge very complicated structure, dedicated to low-speed
low PM demagnetization risk large dimensions applications, e.g., wind power
HECPM middle control range, middle PM demagnetization risk, dedicated to low and
(HECPMLR) (easy implementation of necessity to use brushes and slip middle-speed applications,
complex rotor structures) rings or CET e.g., wind power
simple construction, middle PM demagnetization risk, . . .
HESMFB middle control range, necessity to use brushes and slip dedicated to high-speed drive,

large inductance ratio Ly/Ly rings or CET ¢.g., electromobility

Finally, we conclude that some of the presented solutions have very good flux control properties,
but their complicated structure eliminates them from the possibility of practical application. Hence, the
legitimacy of further search for such structures will be easy and inexpensive to manufacture, durable
in operation, and at the same time will be characterized by a large range of control.
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Nomenclature

2D Two-dimensional

3D Three-dimensional

AFSPM machine Axial flux switching permanent magnet machine

AT Ampere-turns

CET Contactless energy transfer

DC Direct current

ECPMS machine Electric controlled permanent magnet synchronous machine
EMF Electromotive force

FC Flux control

FCR Field control ratio

FEA Finite element analysis

FEM Finite element method

FS Flux strengthening

FSPM machine Flux switching permanent magnet machine

FW Flux weakening

HEAFM Hybrid excited axial flux machine

HECPMLR Hybrid excited claw pole machine with laminated rotor
HEFRM Hybrid excited flux reversal machine

HEFS machine Hybrid excitation flux switching machine

HEPM machine Hybrid excited permanent magnet machine

HESMFB Hybrid excited synchronous machine with flux barriers
P Iron pole

IPMSM Internal permanent magnet synchronous machine
MMF Magnetomotive force

N North (pole)

NdFeB Neodymium, iron, boron (type of permanent magnets)
PM Permanent magnet

PMP Permanent magnets pole

PM-SynRM machine Permanent magnet assisted synchronous reluctance machine
RMS (rms) Root mean square

RX Receiver

S South (pole)

SMC Soft magnetic composites

SMPMAF machine Surface mounted permanent magnet axial flux machine
SRM Switched reluctance machine

X Transmitter
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