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OF CLAW POLE MACHINE WITH A HYBRID EXCITATION
AND LAMINATED ROTOR CORE
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Abstract. This paper presents the design and research results of a claw pole machine with hybrid excitation. This machine is excited by permanent magnets
and an electromagnetic coil. Both excitation sources are located in the rotor of the machine. Additionally, the rotor is made of a laminated core.
This approach facilitates the process of its construction and enables the implementation of even very complicated structure of the rotor, which would
be difficult in case of making the rotor from a one piece of material. This paper presents the construction as well as the results of simulation and
experimental tests of the machine prototype. The tests showed that the proposed machine has the ability to adjust the voltage in a wide range.
Such as a feature could be used, for example, to increase the speed of motor operation in case of an electric vehicle application, but also to regulate
the voltage in wind turbines which generators operate at varying rotor speeds resulting from changing wind speed.
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BADANIA SYMULACYJINE | EKSPERYMENTALNE MASZYNY KLOWEJ ZE WZBUDZENIEM
HYBRYDOWYM I PAKIETOWANYM RDZENIEM WIRNIKA

Streszczenie. W pracy przedstawiono konstrukcje oraz wyniki badann maszyny klowej ze wzbudzeniem hybrydowym. Maszyna ta jest wzbudzana od
magnesow trwalych oraz cewki elektromagnetycznej. Obydwa Zrédta wzbudzenia znajdujg sie w wirniku. Ponadto wirnik ten zbudowany jest
z pakietowanego rdzenia. Takie podejscie utatwia proces jego budowy i umozliwia implementacje nawet bardzo skomplikowanej struktury wirnika, co
bytoby utrudnione w przypadku jego wykonania z jednej bryly materiatu. W niniejszym artykule przedstawiono budowe oraz wyniki badan symulacyjnych
i eksperymentalnych wykonanego prototypu maszyny kfowej ze wzbudzeniem hybrydowym. Badania pokazaly, ze zaproponowana Konstrukcja posiada
mozliwos¢ regulacji napigcia w szerokim zakresie. Takg cechg mozna wykorzysta¢ zaréwno do zwigkszenia zakresu predkosci obrotowej przy pracy
silnikowej w przypadku zastosowania w pojezdzie elektrycznym, jak i do regulacji napiecia w turbinach wiatrowych, ktorych generatory pracujq przy

zmiennych predkosciach obrotowych wirnika, wynikajgcych ze zmieniajqcej sie predkosci wiatru.

Stowa kluczowe: energia wiatrowa, generatory, maszyny z magnesami trwatymi, metoda elementéw skoficzonych

Introduction

One of the best known machines with a claw design is a three-
phase generator, i.e. an alternator. The alternator is mainly
responsible for providing the right amount of electric energy,
which is used to power the electric devices in cars. The alternator
is mostly driven from the engine crankshaft by means of a belt
transmission, therefore it must be properly adapted to work
in awide range of shaft revolutions. Such as an adaptation
effectively ensures adequate charging of the battery, but also
enables the use of all energy receivers located in the vehicle.
And in today's vehicles, such as devices have a high demand
for electricity and, at the same time, are not always resistant to any
fluctuations in the supply voltage.

It is also necessary that alternator has high efficiency, thanks
to which all of the components in the car will be able to work
properly. In order for the alternator to work properly with
the automotive electrical system, the generated voltage must
be properly rectified. The alternator itself should be designed
to be durable and also maintenance-free. Any slightest defect
could result in a power failure and unwanted immobilization
of the vehicle.

The paper presents research on a claw pole machine, which
can also be used as an alternator in cars, but besides, it could
be a generator of a low-power wind turbine or an electric vehicle
drive motor.

1. Machines with hybrid excitations

Hybrid excited motors and generators are machines that
combine the features of two machines in their design. It means
a machine with permanent magnets and machines with excitation
windings. Due to this design, these machines have much better
properties. Synchronous machines with hybrid excitation
are characterized by having two sources of excitation [5, 6, 9, 10].
The first is the excitation that comes from permanent magnets.

The second one comes from the use of additional windings
powered by direct current.

Considering the machine in the context of operation in the
motor regime, using the pulse width modulation (PWM) method,
it is possible to lower the average value of the motor supply
voltage, and thus reduce the rotational speed of its rotor. However,
this method cannot increase the motor speed above the idle speed.
The maximum rotational speed is determined by the voltage
induced in the armature, which is proportional to the product
of the flux and the angular velocity. Being able to weaken the field
it will be possible to influence on the flux, which also decreases.
Furthermore, the value of induced voltage in armature decreases
also to the state before increase. When the flux changes, the torque
changes also. The changed torque is equal to the product
of the associated flux and the armature current. During flux
changes, the product of torque and angular velocity is the same all
the time and does not change. Because of that we have constant
power on the shaft.

Excitation with strong permanent magnets causes difficulties
in obtaining a rotational speed higher than the rated speed.
Obtaining a speed above, the rated speed is possible with
increasing the supply voltage or weakening the field. The second
method is used in motors with a sinusoidal field distribution with
magnets embedded in the rotor. The field weakening is obtained
at high armature currents and causes a large reduction
in the efficiency of the machine. This loses one of the main
advantages of these machines. Weakening the field in this
way will create additional potential problems. In the event
of a disturbance, in the operation of the inverter, large currents
flow, which may cause a serious failure of the drive system.

Of course there are also other methods of adjusting
the rotational speed. Alternatively, the supply voltage can be
increased to increase the speed or apply the d-axis current strategy
[2]. However, such methods will make the power electronic
system powering the motor more complicated.
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2. Topologies of claw pole machines

Many constructions with claw pole topology are known.
With some of them, there may be some limitations; the lack
of a controlled excitation flux or requiring special areas where
the leakage flux is limited. Structures of this type can be used,
for example, in electric car drives and in wind farms as generators.

In machines with a claw construction, the excitation winding
is located between the centers of the rotor. In this machine
we have a standard excitation coming from the rotor windings.
Additionally, the permanent magnets are also used. With this
permanent magnet structure, there are two main ways to arrange
the permanent magnets. The first method (Fig. 1) gives the
possibility of placing permanent magnets on the claw poles [11],
another possibility allows to place the magnets between the rotor
poles (Fig. 2) [7]. Such as a solution necessitates the use of
additional solutions, magnetic barriers in the area of the rotor,
which will reduce the flux leakage, because a part of the magnetic
flux in this structure could close inside the rotor itself, without
passing into the air gap.

Another solution (Fig. 3) of the claw pole machine may
be the concept where the claws are placed on the stator, while
the permanent magnets are mounted on the rotor surface [3].

2. 3 4 5 |6 7
1 - stator core 5 - permanent magnet ,,S”

2 - ,N” rotor core part 6 - ,,S” rotor core part

3 - permanent magnet ,N” 7 - shaft

4 - DC control coil

Fig. 1. Hybrid excited claw pole machine with permanent magnets mounted
on claws [11]: a) stator and rotor, b) rotor in exploded view

1 - rotor 5 - rotor core

2 - stator 6 - permanent magnet ,,S”
3 - stator claw 7 - permanent magnet ,,N”
4 - winding

Fig. 3. Machine with claws on stator [3]: a) stator and rotor, b) exploded view

a) ‘
1 2

1 - rotor 5 - N rotor core part

2 - stator 6 - permanent magnet

3 - ferromagnetic element (rotor) 7 - shaft
4 - DC control coil 8 - ,,S” rotor core part

3141516 178

6151413

Fig. 5. Hybrid excited claw pole machine with stationary DC control coils [8]:
a) stator and rotor, b) rotor in exploded view
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However, such as astructure does not have flux excitation
regulation. In addition, it requires the use of the technique
of sintering magnetic composites.

Another possible solution (Fig. 4) is to place the magnets
on the outer rotor and the claw poles on the inner stator [4].

There are also constructions of a claw pole machine with
hybrid excitation in which the permanent magnets are located
in a toroidal form and are located on separate cores (Fig. 5) [8].
One of the more serious disadvantages of this construction
of machines is the complex structure which makes it difficult
to easily and quickly build such a machine. The advantage of this
design is the absence of slip rings and brushes as the excitation
coils are stationary. Unfortunately, such a solution forces
the excitation flux to pass from the coils through two air gaps,
which can limit the control possibilities.

The paper [1] presents the concept of a claw pole machine
with an external stator and a stationary excitation control system
(Fig. 6). However, the rotor is made of claw poles and permanent
magnets attached in their vicinity. In this case, the lack of brushes
and rings is advantageous, but it is also a structurally very
complicated solution. Moreover, the magnetic flux from the
excitation control system must also cross two air gaps, which
increases the flux leakage from the stationary excitation coil.

1 2 3

5 - permanent magnet ,,S”
6 - ,N” rotor core part
7 - shaft

41516 i

1 - stator core

2 -, N” rotor core part

3 - DC control coil

4 - permanent magnet ,,.S”

Fig. 2. Hybrid excited claw pole machine with permanent magnets mounted between
claws [7]: a) stator and rotor, b) rotor in exploded view

61718

S - stator claw

1 2 31415
1 - stator

2 - rotor 6 - permanent magnet ,,N”
3 - stator claw 7 - permanent magnet ,,.S”
4 - winding 8 - outer rotor core

Fig. 4. Claw pole machine with outer rotor [4]: a) stator and rotor, b) exploded view

a) b)
ﬂ i
1 2

314 |5 6 i 8 1913
1 - rotor 6 - rotor core with shaft
2 - stator 7 - DC control coil
3 - ferromagnetic ring (rotor) 8 - ,,S” rotor core part
4 - permanent magnet ,N” 9 - permanent magnet ,,S”
5 - ,N” rotor core part

Fig. 6. Hybrid excited claw pole machine with stationary DC control coil [1]:
a) stator and rotor, b) rotor in exploded view
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3. Research model of a claw pole machine
with hybrid excitation

Initial simulation studies and visualization of the concept
of a hybrid excited claw pole machine with a laminated rotor were
presented in the previous publication. This paper [12] presents
the relationship between the volume of used magnetomotive force
sources in the form of permanent magnets and the parameters
of the machine itself. In line with the conclusions, it was decided
to build an experimental model with 15 mm wide magnets,
but an additional change was made to [12], i.e. all coils of each
phase were connected parallely to reduce the induced voltage.
This model is the subject of the research presented in this paper.
Figure 7 shows a visualization of the constructed machine.
The basic parameters of the machine are summarized in Table 1.

Fig. 7. Visualization of the prototype of a claw pole machine

Table 1. Basic parameters of the machine

name symbol value
number of poles p 12
external dimensions of the stator plates axa 326 x 326 mm
inner diameter of a stator ids 164 mm
number of stator slots s 36
outer diameter of a rotor Ogr 162 mm
PM width Wpm 15 mm
PM thickness tom 3 mm
machine length | 100 mm
air gap g 1 mm
number of turns of DC control coil Zpbc 1800

The machine has 6 pairs of poles. The rotor claws were
obtained by appropriate arrangement of the three types of rotor
plates (Fig. 8). The sheets of the first type (“1” on Fig. 8) with
a thickness of 10 mm are made of carbon steel. They are a path
only for the flux of one type of poles, which means that the initial
sheet conducts the magnetic flux from the “N” pole, and the end —
from the “S” pole. Therefore, the sheets “1” are rotated 180
electrical degrees with respect to each other.

The sheets of the second type (“2” on Fig. 8) are made
of M400-50A electrical steel with a thickness of 0.5 mm. These
are packed of 20 sheets with a total thickness of 10 mm and are
a path for a single type of flux (similar to the first type of sheets),
but there are opposite pole ends between the poles. The two
packages are also rotated 180 electrical degrees to each other.

Sheets of the third type (“3” on Fig. 8) are also made
of M400-50A steel, they are the continuations of the poles of both
types (“N” and “S”). The sheets of the first type protrude beyond
the stator area, while the second and third types have magnetic
bridges 1 mm thick and are coplanar with the stator plates. Bridges
perform a mechanical function and are so narrow that they are
completely saturated.

Inside the rotor’s core (in the area of the third type of metal
sheets) there is a coil that regulates the excitation flux. The whole
is put on the steel shaft, which is also a path for the magnetic flux
from the magnets and the rotor coil.
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The three-phase stator has 36 slots in which 36 coils
are placed in a two-layer arrangement. All coils of a given phase
are connected parallely, so the phase windings have 12 parallel
branches.

1 2 4 3 2 5

2 1 6

————
T ——
=

1 - 1" type steel plate (10 mm thick)

2 - 2" type steel plates (0.5 mm thick)

3 - 3" type steel plates (0.5 mm thick)

4 - shaft

5 - DC control coil

6 - permanent magets (15 x 3 x 100 mm)

Fig. 8. The rotor of the claw pole machine prototype in an exploded view
4. Results of simulation tests

Figure 9 shows the simulation model of the tested claw pole
machine.

B [teslal

2.50
2.34
2.19
2.3
1.88
1.72
1.56
1.41
1.25
1.09
8.94
8.78
8.63
8.47
8.31
8.16
0.00

100 (mm)
5 - DC control coil
6 - permanent maget

Fig. 9. FEA model of the claw pole machine

During the simulation tests, the induced voltage waveforms,
the cogging torque and the electromagnetic torque of the machine
were determined in various power conditions of the rotor
excitation coil. Figure 10 shows the waveforms of the voltage
induced in the selected machine phase for currents in the rotor coil
from -3 Ato3 A

The next figure (Fig. 11) shows the waveforms of the back-
emf induced between two phases, assuming the association
of phases into a star.

The result of the cogging torque as a function of the excitation
current is shown in figure 12.

The electromagnetic static torque as a function of the stator
current and the current in the DC rotor control coil was also tested.
Examples of waveforms (for stator current Ig = 20 A) are shown
in the next figure (Fig. 13).
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U Induced voltage — phase
(simulations)
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Fig. 10. Induced phase voltage — simulations
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Fig. 12. Cogging torque — simulations
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Induced voltage — interphase
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Fig. 11. Induced phase-to-phase voltage — simulations
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Fig. 13. Electromagnetic torque — simulations

5. Results of an experimental research

Based on the simulation tests performed, an experimental
model of a claw machine with hybrid excitation and a laminated
rotor core was built. Figure 14 shows the experimental stand to
test the prototype.

The waveforms of back-emf phase and phase-to-phase
voltages are presented in the next figures 15 and 16.

Figure 17 shows the cogging torque as a function
of the current in the rotor coil Il while Figure 18 shows
the waveforms of the electromagnetic torque measured in a static
state. During this study, the machine was star connected.
One of the phases is connected to the positive pole of the DC
power supply and the negative pole to the other two phases
connected parallely. These tests are analogous to those carried out
in the simulation.

UVl Induced voltage — phase
30 (experiment)

45 — 3
30 . 15
o [ 15 0

Fig. 15. Induced phase voltage — experiment

1 - claw pole machine prototype

2 - torque meter

3 - driving machine

4 - DC power suppliers for stator windings
5 - oscilloscope

6 - DC power supplier for rotor control coil

Fig. 14. Experimental stand to test the claw pole machine prototype

Induced voltage — interphase

um (experiment)

30

=30 -
60 i
45 ) - 3
30 - 1.5
ome(h] 15 ™ - 0

e 3 Lac 1Al

al

Fig. 16. Induced phase-to-phase voltage — experiment
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T, [Nm| Cogging torque
5 (experiment)

0

15

@ [ 10

Fig. 17. Cogging torque — experiment
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Fig. 18. Electromagnetic torque — experiment

6. Comparison of research results

Comparing the results of simulation and experimental studies,
it is possible to come to very interesting conclusions. Figure 19
shows the change in the rms value of the induced voltage
depending on the excitation current for phase (red color)
and phase-to-phase (blue color) voltages obtained during
simulation and experimental tests.

Uirms v
5 V1

—L1 (sim)
==Ll (exp)
e - 10 ——L1-L2 (sim)
== L1-L2 (exp)
5
0
-3 -2 -1 0 1 2 3
Lo [A]

Fig. 19. Rms value of back-emf vs. excitation current le,

A similar comparison for the maximum voltage values
is shown in the next figure 20.

Uimm |VI
5

——L1 (sim)
-« L1(exp)
——LI1-L2 (sim)
10 == LI1<L2 (exp)
5
0
-3 -2 -1 0 1 2 3
Lo [A]

Fig. 20. Maximal value of back-emf vs. excitation current le

Moreover, the results of the research in terms of the cogging
torque, presented in figure 21, were compared.

Comparing the obtained results of simulation and
experimental tests, it can be concluded that the numerical model
correctly reflects the real prototype. Analyzing the results, there
can be seen that the parameters of the machine do not obviously
change depending on the value of the current in the excitation coil
leee. Figure 19 shows that the root mean square value
of the induced voltage for phase waveforms changes
insignificantly, while the rms value of phase-to-phase voltages
changes in the range from approx. 9 V to approx. 21 V, i.e. FCR
(field control range) is as high as 2.33. The maximum voltage
value changes slightly differently, ranging from 25 V to 32 V
for phase voltages and 14 V to 32 V for phase-to-phase voltages
(see Fig. 20).

In case of the cogging torque, increasing the excitation does
not cause significant changes in the cogging torque (see Fig. 21),
but in the field of decreasing, this torque increases from about
2 Nm to about 5 Nm. The increase in pulsation is also clearly
visible in case of the electromagnetic torque, which is also shown
in figure 13 (simulations) and figure 18 (experiment).

T.|Nm]

sim.

== exp.

i3 2 -1

Fig. 21. Maximum value of the cogging torque

7. Conclusions

As a part of the research, simulation and experimental analysis
of the parameters of a claw pole machine with hybrid excitation
having a laminated rotor core were carried out. The paper presents
the numerical and experimental model of the machine as well
as the analogous test results. The influence of the current
in the excitation coil on the induced phase and phase-to-phase
voltage as well as on the cogging and electromagnetic torque
was investigated.

The research shows that despite the fact that the rms value
of the induced phase voltage changes slightly, when the machine
is star-connected, a wide range of interfacial voltage regulation is
visible, for which the FCR coefficient is 2.33. According
to the authors, such a dependence results from the complicated
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shape of the induced voltage waveform, in which there are
maxima and minima in appropriate time ranges. The resultant
phase-to-phase voltage, which results from the difference between
the instantaneous values of the voltages in the two phases, results
in a wide adjustment range.

In case of torque tests, the conclusion is as follows: flux
straightening does not cause a visible increase in the pulsation
of the cogging and electromagnetic torque, while the higher
the current in the field of weakening, the greater the cogging
torque and pulsations of the electromagnetic torque.
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