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Loss Analysis of Permanent Magnet Hybrid Brushless
Machines With and Without HTS Field Windings
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Abstract—This paper presents and implements the power loss
analysis of a new kind of permanent magnet hybrid brushless
(PMHB) machines with and without using high-temperature
superconductor (HTS) field windings. The circuit-field-torque
time-stepping finite element method together with experiential
equations is developed to perform power loss analysis of the
PMHB machine. Experimentation is carried out to verify the
proposed loss analysis.

Index Terms—Hybrid excitation, loss analysis, permanent
magnet machine, superconducting machine.

1. INTRODUCTION

ERMANENT magnet hybrid brushless (PMHB) ma-
P chines are a new class of brushless machines, which
can offer flexible flux control for various applications [1]-[3].
Due to the feature of tunable magnetic field, the power losses
of these PMHB machines are very different from conven-
tional brushless machines. However, over the years, their loss
analyses are absent in literature. On the other hand, the advent
of high-temperature superconductor (HTS) materials brings the
conventional electric machines into a new era [4], [5].

The purpose of this paper is to propose and implement the
loss analysis of the PMHB machine with and without using
HTS field windings. Two different DC field windings, based
on copper and the BSCCO-2223 HTS, will be adopted. The
key of is to incorporate the circuit-field-torque time-stepping fi-
nite element method (CFT-TS-FEM) together with experiential
equations to calculate various losses, including the conduction
losses, iron losses, stray losses and mechanical losses. Both sim-
ulation and experimentation will be carried out to verify the pro-
posed analysis.

II. PMHB MACHINE TOPOLOGY

Fig. 1 shows the structure of the proposed PMHB machine
in which there are an outer rotor and two-layer inner stator [1].
The outer rotor comprises 24 salient poles without any windings
or PMs, hence achieving high robustness. The outer-layer stator
has 36 salient poles and accommodates the armature windings,
whereas the inner-layer stator contains both of PMs and DC field
windings. The distinct features of this PMHB machine can be
summarized as follows:
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Fig. 1. Proposed PMHB machine topology.

* The proposed hierarchical structure, namely the outer
rotor, outer-layer stator and inner-layer stator, can fully
utilize the machine space.

» The outer-rotor topology can realize the concept of electro-
mechanical isolation, namely the outside mechanical part
and inside electrical part.

* By simply tuning the bidirectional DC field current, the
machine can achieve a wide range of airgap flux regulation
and hence a wide speed range.

* The machine can maintain reasonable operation when the
PMs are accidentally demagnetized or the DC field wind-
ings are under open-circuit faults. So, it inherently pos-
sesses the capability of fault-tolerant operation.

* When adopting HTS field windings, the machine can offer
high field current density and virtually zero field winding
conduction loss, thus improving the power density and ef-
ficiency.

There are two major factors to justify the practicability of
using HTS winding excitation, rather than copper field winding
excitation, for the proposed PMHB machine. First, the original
space for the copper field windings is large enough to accom-
modate the HTS field windings since the latter can offer much
higher current density and hence require much smaller number
of turns. Second, the effect of magnetic field excitation due to
HTS field windings is the same as that due to copper field wind-
ings.

III. LoSS ANALYSIS APPROACH

Since the proposed PMHB machine adopts two field excita-
tions to achieve the capability of online flux control, its power
loss characteristics exhibit some special features. Firstly, the
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machine conduction loss and iron loss are both related with the
magnetic field, and consequently with the DC field current. Sec-
ondly, for conventional copper field windings, although the field
windings inevitably cause additional copper loss, they can reg-
ulate the magnetic field distribution to optimize the machine ef-
ficiency. Thirdly, for the BSCCO-2223 HTS field windings, the
field winding loss is virtually zero, hence further improving the
machine efficiency and power density.

In most literature, the loss analysis of electric machines has
been focused on the iron loss analysis. In general, the iron loss
analysis can adopt the direct calculation method or indirect
experiential method [6], [7]. The direct calculation method
usually employs the FEM combined with complex eddy-current
and hysteresis models to calculate the eddy-current loss and
hysteresis loss. In contrast, the experiential method usually
adopts experiential equations to calculate the eddy-current
loss and hysteresis loss. For the proposed PMHB machine,
the direct calculation method is ill-suited since it makes the
whole CFT-TS-FEM model too complicated and time-con-
suming for analysis under online flux control. Thus, after the
CFT-TS-FEM is employed to calculate the magnetic field,
experiential equations are adopted to determine the associated
eddy-current loss and hysteresis loss.

The electromagnetic field equation of the proposed machine
is governed by:

Q. o ( 0A o[ 0A J_ 9Bry 0By 0A
ax<”ax>+ay< 3y >_ ( or oy )J”’ ot

ey
where 2 is the field solution region, A the magnetic vector po-
tential, .J the current density, v is the reluctivity, o the electrical
conductivity, and B, , B,, the remnant flux density compo-
nents of PMs along the z-axis and y-axis, respectively.

In the regions of the airgap, air bridges, stator iron core and
rotor iron core, there is no current density involved when the
eddy current is neglected. It should be noted that this neglect
is to ease the calculation of the magnetic field distribution. Af-
terwards, the eddy-current loss of the stator core and rotor core
is calculated by using the experiential method. Thus, the field
equation in these regions can be expressed as:

D (04, 0 (04) .
oz \ " oz y Uay N

In the region of PMs, the field equation can be written as:
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where o pj is the electrical conductivity of PMs. Since the PMs
are buried in the inner-layer stator, the eddy current is negligible,
namely opys = 0. Again, this neglect is to ease the calculation
of the magnetic field distribution. The corresponding eddy-cur-
rent loss is calculated afterwards.

In the region of armature windings in the outer-layer stator,
the field equation is given by:

0 0A 0 0A 7

B 2 —J=—— 4

oz (“ax>+ay< 8y> s W
where ¢ is the phase current, and S the conductor area of each
turn of phase winding.

In the region of copper field windings in the inner-layer stator,
the field equation can be written as:
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where i7 is the DC field current, and Sy the conductor area
of each turn of DC field winding. For the case of HTS field
windings, according to the Meissner effect, the magnetic field

in the region is virtually zero.
The circuit equations of the machine are governed by:

uw=Ri+ L. d— +e (6)
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where w is the applied voltage per phase, R the resistance per
phase, R. and L. the resistance and inductance of the end
winding per phase, e the induced EMF per phase, 7’ the total
current per phase in the solution area, [ the axial length of
the iron core, €2, the total cross-sectional area of conductors
per phase, N the number of conductors per phase, and N’ the
number of conductors per phase in the solution area.
The motion equation of the machine is given by:
dw

Im— =T. =T, — Iw

7 (10)

where .J,,, is the moment of inertia, w the rotor speed, T, the
electromagnetic torque, 77, the load torque, and A the damping
coefficient. By using the Maxwell stress tensor method, 7, can
be easily calculated by:

T, = ’ fﬁBngde (11)
Ho

where 11 is the permeability of free space, r the average of the
inner and outer radius of the airgap, B,. and By the normal and
tangential components of the airgap flux density.

Consequently, after discretizing (2)-(11), the whole
CFT-TS-FEM model can be deduced. Hence, the magnetic
field distribution and various electromagnetic performances of
the machine can be obtained.

The power losses of the proposed PMHB machine include
the conduction losses, iron losses, stray losses, and mechanical
losses. The iron losses are composed of the eddy-current loss
and the hysteresis loss.

For the case with copper field windings, the conduction losses
are the copper losses due to the stator windings and DC field
windings, which can be represented by the experiential equation
as:

Pcy = mRi® + Ryi} (12)
where m is the number of phases, and 2 the resistance of the
DC field winding. So, these copper losses can be easily calcu-
lated by using the CFT-TS-FEM.

For the case with HTS field windings, the conduction losses
are mainly due to the copper loss of stator windings, whereas the
conduction loss of HTS field windings is negligible. The reason
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is actually due to the benefit of HTS material. Nevertheless, the
HTS field windings inevitably contribute to iron losses.

The eddy-current loss of the iron core can be described by the
experiential equation as:

w2b2

6p1p2

Ppq = Gr.f*B2 (13)

where b is the thickness of the iron, p; the resistivity of the iron,
p2 the density of the iron, G, the weight of the iron, f the
supply frequency, and B, the flux density of the iron. Thus,
under a given speed, the eddy-current loss depends on B, which
can be readily deduced from the CFT-TS-FEM results.

The hysteresis loss is caused by varying magnetization of fer-
romagnetic material, which can be described by the experiential
equation as:

PHy = lemeB,, +k2GmeBZ (14)
where k1 and ko are the coefficients of the material, and G ,,
the weight of the material. Hence, under a given speed, the hys-
teresis loss varies with B,, which can also be easily deduced
from the CFT-TS-FEM results.

The stray losses are additional losses caused by the load cur-
rent due to changes in metallic materials. Such losses are usually
quite small and can be represented by the experiential equation
as:

Ps¢ = ks f*i® (15)
where k3 is the coefficient of stray losses. So, it can be easily
calculated by using the CFT-TS-FEM.

The mechanical losses are due to friction and windage, which
are independent of those electrical variables. In general, ac-
cording to the experiential equation, it can be expressed as:

2
Purre = ka (60w> (16)

2T
where k4 is the coefficient of mechanical losses. It can be easily
calculated by using the CFT-TS-FEM.
Therefore, according to the experiential equations given by
(12)—(16), the power losses of the proposed PMHB machine can
be readily calculated.

IV. VERIFICATION RESULTS

To verify the proposed loss analysis, both simulation and ex-
perimentation are carried out. For simulation, the characteristics
and power losses of the PMHB machine with and without using
HTS field windings are analysed by using the CFT-TS-FEM to-
gether with experiential equations.

For experimentation, the PMHB machine using copper field
windings is prototyped as shown in Fig. 2 for direct measure-
ment. Then, by ignoring the copper loss due to copper field
windings, the prototype can emulate the performance of the ma-
chine using HTS field windings since their magnetic field exci-
tations are the same.

The machine prototype is mechanically coupled with a DC
dynamometer which can real-time provide four-quadrant me-
chanical load for experimentation. So, for a given setting of load
torque and speed, the output power of the machine can readily
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Fig. 4. Airgap flux density distributions with and without HTS.

be determined, while the input power of the machine can be di-
rectly measured by using a power analyzer. Hence, the power
loss and efficiency of the PMHB motor can be deduced.

Firstly, the magnetic field distributions of the proposed
PMHB machine with different DC field currents are shown in
Fig. 3. It can be observed that the magnetic field can be effec-
tively controlled. Fig. 4 shows the corresponding airgap flux
density waveforms, which confirms that a wide range of airgap
flux regulation can be obtained. Also, with the use of HTS field
windings, the airgap flux density can be further increased up to
the saturation level of the iron core.

Secondly, the simulated no-load EMF waveforms during gen-
erating are shown in Fig. 5. It can be found that the PMHB ma-
chine can maintain the constant voltage output over a wide speed
range because of its flux control capability. Also, with the use
of HTS field windings, the EMF can be significantly increased.
Nevertheless, when magnetic saturation of iron core occurs, the
EMF cannot be further increased by using higher field current
density.

Thirdly, the power characteristics, namely the input power
and power loss, of the machine during motoring when using the
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Fig. 5. No-load EMF waveforms with and without HTS.
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Fig. 7. Power characteristics using HTS field windings.

copper and HTS field windings with the same current density
of 23 A/ mm? are shown in Figs. 6 and 7, respectively. It can
be seen that the simulated results well agree with the measured
ones, hence verifying the accuracy of the proposed loss anal-
ysis. Also, it can be observed that the use of HT'S field windings
to supersede copper field windings can reduce the input power
from 85.9-510.0 W to 60.3-484.4 W, and also reduce the power
loss from 33.5-195.8 W to 7.9-170.2 W. Moreover, as shown in
Fig. 8, the corresponding efficiency is improved from 57-70%
to 63-87%.

It should be noted that the measured power loss and efficiency
of the PMHB machine using HTS field windings as shown in
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Fig. 8. Efficiency characteristics using copper and HTS field windings.

Figs. 7 and 8 are emulated by ignoring the copper loss due to the
copper field windings of the prototype. This emulation can avoid
the hardware construction of HTS field windings while enable
the comparison of their power losses. It is acceptable since the
HTS field windings involve insignificant conduction loss.

V. CONCLUSION

In this paper, the loss analysis has been proposed and imple-
mented for PMHB machines with and without using HTS field
windings. The key is to employ the CFT-TS-FEM together with
the experiential equations. Without taking into account the re-
quired power to cool the HTS field windings, it can be observed
that the use of HTS field windings can significantly reduce the
power loss and improve the efficiency of the PMHB machine.
If taking into account the cooling power, the improvement will
be reduced accordingly.
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