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Abstract: Hybrid excitation in electrical machines is a technology that combines the ad-
vantages of field windings and permanent magnets for exciting magnetic flux. Hybrid ex-
citation with controllable flux gives specific benefits that can be used in applications, such
as electric vehicle motors and wind power generators. The paper presents an analysis of the
influence of additional magnets and iron components embedded in rotor geometry on mag-
netic flux control of the Electric Controlled Permanent Magnet Synchronous machine
(ECPMS-machine). 3D-finite element analyses of no-load magnetic flux density distribu-
tion, magnetic flux linkage, back electromotive force (BEMF) characteristics performed at
different field windings conditions of the machine in three rotor design cases have been
carried out and discussed. Experimental verification on the machine prototype with a se-
lected case of the rotor design has been performed.
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1. Introduction

Over the last twenty years, many papers have been published relating to the problem of
excitation flux control of permanent magnet (PM) machines, especially operating in a wide speed
range. This issue is especially important in electric vehicle motors where the efficiency of a
motor (often expressed by an efficiency map) is related to the speed and torque. In general,
despite significant technological and scientific progress in the electric machines’ modern
structures, PM machines have some specified regions on the efficiency map with high efficiency,
and in other regions the efficiency is much lower. Hence, the expansion of the area of high
efficiency of PM machines and effective flux control techniques are still expected.

A special class within synchronous machines are hybrid excited (HE) (subsequently, the
same abbreviation "HE" is sometimes employed to signify "hybrid excitation.") machines with
two sources of magnetic flux excitation. The purpose of a combination of these two sources is
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to combine the advantage of PM machines with those of electrically excited synchronous
machines. The main advantage of HE machines is that their flux is variable. This is in contrast
to typical PM machines, where the flux excited by PM cannot be controlled. The variable flux
can change the voltage level of the induced electromotive force (EMF), making it controllable,
and can increase the torque at low speeds. Moreover, hybrid excitation constitutes an additional
degree of freedom in machine design flexibility. The effective performance of HE machines, in
terms of operational flexibility at high speeds and their optimized efficiency, especially in
motoring mode of the machine, has received growing attention in recent years [1-12]. Moreover,
in generating mode, HE machines are an interesting alternative to PM machines associated with
a controlled rectifier. When HE generators are operating in a local grid, the excitation flux can
be used to control the terminal voltage level. Some of the advantages of HE machines are that
the mass and size of the rotor poles can be kept low compared to overall designs that only use
field windings, as the field windings and their cooling system can be decreased.

The aim of this paper is to study a new rotor design dedicated to the Electric Controlled
Permanent Magnet Synchronous machine (ECPMS-machine) that uses two axially separated
consequent poles, described in detail in [13-18]. The machine has, in addition to magnets
embedded in the rotor, a field winding (FW) generating the magnetic field by a DC coil fixed on
the stator. In the machine, each pole pair consists of one PM magnetized pole (PM pole) and one
iron pole (iron pole) — that is an iron flux path. The iron poles without PMs are used as an
advantage in hybrid excitation and are made of highly permeable iron compared to the low
permeability of PM materials, which allows variations in the flux from the DC coil. It is
important to know that the iron poles are affected by both the permanent magnet flux and the
FW flux. Hybrid excitation in consequent pole machines, using an inner rotor, has been studied
by Tapia et al. [19-20] and others [21-26]. A concept for the application of the ECPMSM
machine in EV drive systems regarding a dedicated control algorithm has been presented in [27].

2. ECPMS-machine with new rotor structure concept

Figure 1 presents a 12-poles ECPMS-machine prototype with a new rotor geometry concept.
The main data of the machine prototype are listed in Table 1.
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Fig. 1. Prototype of ECPMS-machine
The stator of the ECPMS-machine (Fig. 2) consists of two stator cores with independent

armature windings. Between the stator cores there is a single stator DC coil which is placed
inside a single stator toroid core.

stator core 2
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armature \
windings 1 armature windings 2 armature windings 2

Fig. 2. Stator of ECPMS-machine

The rotor (Fig. 3) consists of two rotor cores, a single toroid rotor core and a shaft. What is
important here is that, the three groups of magnetic flux barriers in the rotor core lamination are
used. A specific shape and location of magnetic barriers in the rotor core lamination, arranged
as shown in Fig. 4, cause that the reluctance of the PM pole is high, hence, it is possible to control
the flux from the FW passing through the iron pole in a very effective way.
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Fig. 3. A new rotor design concept for the ECPMS-machine
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Fig. 4. A rotor core lamination with multi-flux barriers

The main data of the machine prototype are listed in Table 1.

Table 1. The main data of the machine prototype

Parameter name Value Unit
Number of poles 12
Stator inner/outer diameter 164.0/326.0 mm
Stator axial length 2x40.0 mm
Number of slots 36
Number of turns in slot 300
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Rotor outer diameter 163.0 mm
Rotor core axial length 2x40.0 mm
Toroid rotor core axial length 50.0 mm
Embedded PM grade/dimensions N35/ 10x3x40 mm
Air gap length 0.5 mm

3. The hybrid excitation flux and hybridization ratios

An electromotive force e of a multi-turn winding in HE machines is induced by the change
in the hybrid excitation flux ¢yg, and is written as:

_ doue _ _dy
e =—k,N w - @ (D)

where: k,, is the winding factor; N stands for turns of the winding; ¢ is the magnetic flux; wis
the flux linkage.

The flux linkage v of the HE machine is the sum of the hybrid excitation flux ¢y, and the
flux of the armature magnetic reaction ¢,. In general, the hybrid excitation flux, ¢ne has two
components: first, the permanent magnet flux linkage ¢py; Second, an additional excitation flux
¢rw excited by an FW, in this case, by the stator DC coil current Ipc. In the first simple approach,
the combined flux can be written as:

due = drwlpc) + dpu- )

The total flux path of the magnetic circuit and the reluctance of the iron depends on the flux
density, where the flux ¢y excited by the FW is controllable, since it is possible to control the
hybrid flux ¢y by controlling the magnetic field current I,c. Except for the controllable flux,
there is also another advantage of hybrid excitation, including the increased variety of machine
designs that could be established when optimizing the hybridization. Therefore, it is necessary
to determine the hybridization ratio, for example, as an optimization tool for design purposes.
There are many publications [28-32] where the hybridization ratio was expressed.

During 3D-FE-analysis, three indicators of hybridization ratios denoted by «, 5, y were
examined. The hybridization ratio « is defined as the ratio of the total excitation flux by the flux
strengthening ¢re s to the no-load permanent magnets’ flux linkage ¢ewm:

_ PHES
a = E (3)

The hybridization ratio g is defined as the ratio of the total excitation flux by the flux
weakening ¢xe_w to the permanent magnets flux linkage ¢pw:

p =tue, (4)

$pMm
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The hybridization ratio y is defined as the ratio of the total excitation flux by the flux
strengthening ¢,  to the total excitation flux by the flux weakening ¢ we_w:

_ ®HESs
y= PHE W ®)
These ratios could act as a way of analysing the operation and how the FW flux is operated
compared to the flux excited by PMs, as well as for determining the flux density distribution and
the machine performance for the different magnetic field current Ipc.

4. Magnetic field distribution

To show the effect of the change, no-load magnetic flux density distribution in the air-gap of
the machine as a result of the additional excitation flux ¢y exited by the FW, 3D FE- analyses
have been carried out at the three different stator DC coil current I loadings at 0 and
+5.0 ADC.

Figure 5(a) shows the magnetic field distribution in the 3D-FE-model of the
ECPMS-machine with a base rotor structure, which was also used in the prototype of the
machine. Figure 5(b) shows the vector field of magnetic flux density along the arc examined in
the middle of the air gap of the machine with a rotor in case 1, at three different DC coil current
loads.
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Fig. 5. No-load magnetic field distribution in 3D-FE-model of ECPMS-machine with rotor (case 1) (a);
vector field of magnetic flux density along the arc in the middle of the air gap at the three different DC
current loads (0 and £5.0 A) (b)
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Figure 6 shows one pair of poles for the three study cases:

Case 1 — magnets (dimensions: 10.0x3.0x40.0 mm) are inserted in radial magnetic flux bar-
riers only (Fig. 6(a)).

Case 2 (add PM) — magnets (dimensions: 10.0x3.0x40.0 mm) are inserted in radial magnetic
flux barriers and additional magnets (dimensions: 5.0x5.0x40.0 mm) are inserted in the main
flux barriers (Fig. 6(b)).

Case 3 (add IC) — magnets (dimensions: 10.0x3.0x40.0 mm) are inserted in radial magnetic
flux barriers and additional iron components (IC) (dimensions: 10.0x5.0x40.0 mm) are em-
bedded in the main flux barriers (Fig. 6(c)).

main flux barriers additional magnets additional iron components

magnet magnet magnet
@ (b) (©
Fig. 6. Three cases of placing magnets and iron components in the rotor: Case 1 (a); Case 2 (b);
Case 3 (c)

The results show that the length change of the field vector in the middle of the air gap under
the pole with main flux barriers is smallest while the additional excitation is increasing,
compared to the length change of the field vector shown under the adjacent pole. Hence, it can
be concluded that the proposed geometry of the rotor magnetic circuit effectively blocks an
additional excitation flux passing through the pole with magnetic barriers. At the same time, the
additional excitation flux passes through the adjacent pole successfully. Thanks to this, one can
assume that it is possible to adjust the hybrid excitation flux ¢ in an extensive range. In order
to verify this assumption, additional theoretical investigations were performed.

5. Flux linkage

A mathematical model of the machine has been developed under typical assumptions:
armature windings are symmetric; windings’ inductance and resistance, and permanent magnets’
flux are constant; linearity of the magnetic circuit, as well as magnetic flux density higher
harmonics, are neglected. Finally, the d- and g-axis voltages and the electromagnetic torque of
the machine can be written as:
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where: p is the number of the pair poles; W4, ¥, represent the d- and g-axis magnetic fluxes; Yom
is the flux generated by the PMs; lg, Iq are the d- and g-axis stator currents; R is the resistance of
the armature windings; Lq, Ly are the d- and g-axis inductances; Mpc stands for the mutual
inductance of the additional stator coil; Ipc is the current in the stator DC coil.

Equation (8) shows the possibility of forming a specified electromagnetic torque at different
values of the individual components of the stator current (lg, 15) and stator DC coil current Ipc.

Due to the additional degree of freedom in the form of resultant flux control by the DC coil
current, it is possible to generate a torque setpoint at different values of stator current components
ls and 1. If high torque is required at low speeds, the excitation flux can be increased, thus it is
possible to reduce the armature current. At high rotational speeds, due to the induced high
voltage, a current control strategy requires the weakening of the excitation flux. Reducing the
flux can also affect the reduction of magnetic losses of the machine.

In order to account for the nonlinearity of the magnetic circuit, 3D-FE analysis was carried
out to investigate the effect of DC coil currents on inductance and armature flux linkage. Figure 7
shows 3D-FEA results of d- and g-axis components of no-load inductance characteristics versus
stator DC coil currents.
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Fig. 7. No-load inductance versus stator DC coil currents characteristics
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Figure 8 shows 3D-FEA results of d- and g-axis components of no-load armature flux linkage
characteristics versus stator DC coil currents.
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Fig. 8. No-load armature flux linkage versus stator DC coil currents characteristics

Figure 9 shows phase flux linkage waveforms achieved at the different DC current of the
stator DC coil. In this case, the current loading of the stator DC coil was set in the range from
—2.0 ADC to +2.0ADC, which corresponds to the maximal value of magnetomotive force
(MMF) equal to 600 Ampere-turns;
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Fig. 9. No-load phase armature flux linkage waveforms at the different currents of the stator DC coil

Figure 9 clearly shows a flux strengthening effect, which increases the value of armature flux
linkage from 49.4 mWh to 112.4 mWh, while the stator DC coil current was changed from 0 to
2 A. Under the same current load conditions, changing the polarity of the current Ipc, a strong
flux weakening effect can be observed, which results in a decrease in the value of armature flux
linkage from 49.4 mWhb to 18.0 mWb. Moreover, the achieved results show that under the stator
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DC coil loading at Ioc 5.0 A, it is possible to change the polarity of the machine poles (Fig. 10)
where the instantaneous (at 60 el. deg.) value of armature flux linkage has a negative value of
6.6 mWh.
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Fig. 10. No-load phase armature flux linkage waveforms at two currents of the stator DC coil Ipc =0 and
loc =-5A

In order to confirm the effectiveness of varying the hybrid excitation flux ¢ue, an experiment
was carried out on a machine prototype with a base rotor structure (case 1 experiment).

Figure 11 shows the measured line BEMF waveform at 1 000 rpm, at three different stator
coil DC currents. In this case, the current loading of the stator DC coil was set to —1.0 ADC, 0
and +1.0 ADC, with +1.0 ADC corresponding to the value of MMF equal to 300 Ampere-turns.
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Fig. 11. Line BEMF waveforms measured at 1 000 rpm for three different stator coil DC currents
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Additionally, the rms value of line BEMF at 1 000 rpm rotor speed characteristic versus stator
DC coil current was performed and shown in Fig. 12. Figure 13 shows cogging torque versus
excitation field current Ipc characteristics.
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Fig. 13. Cogging torque vs. DC control coil currents

The experimental results successfully confirmed 3D-FEA predictions. The results show that
the rms value of line BEMF in strengthening mode at Ioc = 5.0 ADC equals 87.1 V, and it is four
times greater than the voltage measured at Ipc = 0. It can be concluded that the proposed rotor
geometry for the ECPMS-machine is worth attention. In this case it is possible to adjust the
excitation flux of the machine in a very wide range. The results also show that the magnetic
circuit of the machine is not saturated, even when the machine is fully excited by the stator DC
coil.

Hence, there is potential to increase the power density by introducing additional sources of
the excitation flux (case 2) or changing the magnetic parameters by inserting additional
ferromagnetic pieces into the main magnetic barriers (case 3).

11
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The 3D-FE-analysis were performed for the other two cases. Figure 14 shows characteristics
of no-load induced phase voltage in the stator windings obtained for all study cases of
the additional DC coil current excitation. For these cases, the current loading of the stator DC
coil was limited and set in the range from —2.0 ADC to +2.0 ADC (this corresponds to the value
of MMF equal to 600 Ampere-turns).
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Fig. 14. Line BEMF characteristics versus stator DC coil current for all study cases

Based on the results, it can be concluded that the effect of additional magnets (case 2) and
iron components (case 3) on the flux excitation control is significant. Table 2 summarizes the
values of the back-emf versus stator coil current Ipc and hybridization rates «,  and y for all
study cases.

Table 2. Values of BEMF versus stator coil current and hybridization rates for all study cases

loc Casel Casel Case 2 Case 3
experiment
-2 A 9.4V 3.8V 575V 495V
-1A 123V 9.6 V 66.6 V 59 V
0 221V 22V 80.2V 68.1V
1A 36.5V 36.8V 925V 80.8 V
2A 51.2V 50.8 V 108.2 V 929V
a 2.3 2.3 1.3 1.4
p 2.4 5.7 1.4 14
¥ 5.4 13.2 1.9 1.9

The presented results show that applying the additional magnets inside the magnetic barriers
in the rotor structure increases the excitation flux by 360 percent; however, the total hybridization
rate y is reduced from 5.4 to 1.9. Adding the iron component by inserting it into the main

12
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magnetic barrier also increases the excitation flux by approx. 300 percent, and this time the total
hybridization rate yalso falls to a similar level.

6. Conclusions

The purpose of this paper was to present a new rotor geometry concept with additional
magnets and iron components in the rotor for the ECPMS-machine. The presented results show
that the proposed rotor design for the machine may have a very good application potential to use
the machine in variable speed drives. Based on the simulation results, it was observed that the
effect of additional magnets and iron components in the presented rotor structure of the ECPMS-
machine is significant. In general, it can be concluded that an appropriate selection of the width
of the magnet and iron components allows one to obtain the required hybridization rate for
the ECPMS-machine.

The further work will focus on studying magnet geometry to increase the power density of
the machine while considering the expected hybridization rate, and reducing the induced back-
emf pulsation, which is mainly unfavourable at low rotor speed regions.
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