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Abstract: The hybrid excitation starter generator (HESG) of range-extended electric vehicles
is at risk of permanent magnet (PM) demagnetization under overload conditions. Therefore,
this paper analyzes the operating process of PMs and the impact of armature reaction
fields on PM operating points and demagnetization under various operating conditions. The
variation patterns of average flux density operating points and minimum flux density values
in the HESG under different load conditions are derived. The demagnetization points of
each PM and their contributing factors are determined. Furthermore, the parameters of the
magnetic isolation air gap between the PMs are optimized while considering leakage flux and
demagnetization at the ends of the PMs. The simulation analysis and prototype test results
show that a reasonable design and optimization of the ends of PMs can effectively enhance
the demagnetization resistance of PMs and improve the output performance of HESG.

Key words: demagnetization performance, hybrid excitation starter generator, operating
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1. Introduction

Under generator mode conditions, the engine in the range extender (RE) of a range-extended
electric vehicle (REEV) drives the generator to produce electricity, supplying power to the
drive motor and the power battery. This effectively extends the driving range of the REEV,
enabling it to deliver both eco-friendly performance and long-distance capability [1-4]. The
integrated starter generator is one of the core components of the RE, requiring high efficiency,
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fast response, and exceptional reliability [5]. This paper proposes a new hybrid excitation starter
generator (HESG), which utilizes combined permanent magnets (PMs) and electromagnetic coils
to generate a magnetic field together. Compared to a permanent magnet starter generator (PMSG),
it offers adjustable main magnetic flux and superior voltage stabilization performance. Compared
to an electrically excited starter generator, it reduces excitation power, leading to lower excitation
losses and higher efficiency [6—8]. The demagnetization of PMs in HESG is a critical research
subject. Irreversible demagnetization reduces the output performance of the generator and seriously
affects its service life [9—-11].

Currently, many scholars have researched the demagnetization characteristics of PMs and ways
to improve their demagnetization resistance. Reference [12] used the conformal transformation
method to derive the analytical model of the magnetic field under load condition of a surface
mounted permanent magnet synchronous motor (PMSM), to analyze its influence on the internal
magnetic induction strength of the PMs, and to determine the operating points of the PMs.
However, the model did not reflect the change rule of the magnetic characteristic parameters of
the PMs. Reference [13] proposed an algorithm and software based on discrete model equations
to study the laws of PMs’ partial demagnetization and the influence of operating temperature
on the output characteristics for built-in U-type PMSM. However, an explicit model of the PMs’
demagnetization mechanism is not given. Reference [14] analyzed the irreversible demagnetization
of PMs of a built-in radial PMSM. It ensured the stability of the PMs in terms of demagnetization
by determining the optimal parameters. Still, the method is mainly based on the eddy-current loss
of the PMs, and the equivalent magnetic circuit method is used for modeling and analyzing. The
model accuracy needs to be improved. Reference [15] studied the built-in V-type PMSM multi-
objective optimization analysis method, the PMs demagnetization rate, and the maximum operating
temperature as the optimization and validation objectives of the electromagnetic optimization
of the motor. However, it did not give a detailed demagnetization rate calculation method or
a mechanism model. Reference [16] analyzed the influence of PMs’ parameters of a hybrid
PMSG composed of NdFeB and ferrite PMs on its electromagnetic performance. It optimized the
PMs’ parameters with irreversible demagnetization amounts of PMs and basic electromagnetic
parameters as the optimization objectives. However, the demagnetization amounts of PMs in the
paper took the demagnetization volume as the analytical index, and the accuracy of the study needs
to be improved. Reference [17] used the analytical method to calculate the operating points of PMs
and studied the operating points of PMs and the inflection points of the demagnetization curve
of PMs at the maximum operating condition, the demagnetizing current of the starter generator.
However, the model uses the specific permeability of the PMs at no-load conditions as the variable
for the calculation of the operating points of PMs, and the analytical model is relatively simple.
Reference [18] used the method of combining field and circuit to calculate the electromagnetic
parameters of the PM magnetic field in different PM magnetizing directions. It used this to establish
the calculation model of the operating points of PMs. However, the model is based on a simplified
magnetic circuit model, and the accuracy needs to be improved. Reference [19] used the finite
element method to analyze the influence of different d—q axis armature reaction currents and
operating temperatures on the demagnetization performance of PMs in a built-in V-type PMSG,
and put forward a method to improve the demagnetization resistance of PMSG. However, the
reference only analyses the demagnetization mechanism based on the PMs’ demagnetization curve
and the PMs’ density calculation method.
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Comprehensive analysis shows that most of the scholars on the study of PM demagnetization
performance mostly use the magnetic circuit method, the conformal transformation method and
other numerical methods to obtain the magnetic field analytical model, analyze the operating
magnetic density of PMs, and then study the influence of electromagnetic parameters, operating
temperature and other PM demagnetization performance, study the optimization of demagnetization
resistance through the electromagnetic design or study the influence of some demagnetization
conditions on the output performance of the whole machine. The numerical analysis model based
on the magnetic field distribution mainly reacts to the magnetic field distribution of the whole
machine, and it is difficult to directly react to the magnetic properties of PMs. Moreover, the current
research on the demagnetization of PMs is mostly aimed at a single form of PM pole structure, and
it is difficult to apply the research methodology and conclusions to the combined pole structure.
Therefore, this paper from the PMs operating points and demagnetization mechanism, based on
the graphical method to study the different conditions of the PM work process model, and the use
of the finite element method to analyze and verify the Combined Magnetic Poles rotor PM work
of the magnetic density change rule and demagnetization resistance performance.

2. Topological structure of HESG

The new HESG proposed in this paper consists of a combined pole PM rotor axially juxtaposed
with a brushless electro-excitation rotor. The structure is shown in Fig. 1.

Excitation yoke Rear claw pole Front claw Pole Magnetic isolation bushing ICPMs

Stator

Electric excitation winding  Fixed iron sheet  Pole piece OCPMs Permanent magnet rotor core

Fig. 1. Structure diagram of HESG

The permanent magnet part of the HESG adopts a combined pole structure combining built-in
tangential permanent magnets (TPMs) and inner combined permanent magnets (ICPMs) as well
as buried outer combined permanent magnets (OCPMs), and the electric excitation part adopts
a cantilevered brushless claw pole structure. The main technical indexes and structural parameters
of the HESG are shown in Table 1.
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Table 1. Main technical indexes and structural parameters of the HESG

Parameter Value Parameter Value
Rated power (W) 1 000 | Axial length of stator (mm) 43
Rated speed (rpm) 4 000 | Thickness of claw pole flange (mm) 8.5
Rated voltage (V) 84 | Thickness of yoke inside claw pole (mm) 10
Outer diameter of stator (mm) | 140 | Axial length of permanent magnet rotor (mm) 20
Tnner diameter of stator (mm) | 106 zEni]T;::;tive axial length of electrically excited rotor 20
Length of main air gap (mm) | 0.4 |Length of excitation yoke additional air gap (mm) 0.4
Inner diameter of rotor (mm) 26 | Thickness of claw root (mm) 8
Length of TPMs (mm) 20 | Thickness of claw tip (mm) 3
Width of TPMs (mm) 5 Thickness of excitation yoke (mm) 8.5
Length of ICPMs (mm) 10 | Materials of PMs N38H_120°
Width of ICPMs (mm) 3.5 | Materials of stator core DW310-35
Length of OCPMs (mm) 10 | Materials of rotor core DW310-35
Width of OCPMs (mm) 3.5 | Materials of pole piece Cast iron

3. Analysis of demagnetization mechanism and operating process of PMs

This paper analyzes the effect of armature reaction on the demagnetization performance of
PMs by combining the demagnetization mechanism of PMs. The armature reaction magnetic field
forms a circuit through the main air gap and the rotor core, changing the rotor magnetic kinetic
potential waveform and producing the effects of magnetizing and weak magnetism. Armature
reaction magnetic field where the magnetic circuit is not saturated, the armature reaction to the
magnetic field of the magnetization and the weak magnetic effect are equal. Vice versa will make
the magnetic circuit saturated and produce a magnetization or demagnetization of the PM, so that
the PM’s operating points and output performance change, PM’s demagnetization curve, and the
variation of PM’s operating points are shown in Fig. 2.

From Fig. 2(a), the operating point of the PM is M, under no load conditions. Under
load conditions, there is an armature reaction magnetic field, which produces magnetization or
weak magnetization on the magnetic field of the PM, and the operating point moves along the
demagnetization curve to the left and right. From Fig. 2(b), the operating point of PM moves
to the left along the demagnetization curve under the effect of weak magnetism, and when the
weak magnetic field disappears, the operating point returns to M, along the demagnetization
curve to the right. From Fig. 2(c), when the weak magnetic field is larger, the PM will follow
the demagnetization curve to reach a point p below the knee point k. When the weak magnetic
field disappears, the PM will not be able to return to the original operating point along the
demagnetization curve, but will follow the recurrent line lower than the demagnetization curve to
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Fig. 2. PMs demagnetization curve and variation of PMs operating points: demagnetization curve (a);
operating points variation under weak magnetic condition (b); operating points variation under demagnetiza-
tion condition (c)

reach the new operating point M},. The magnetization of the PM at M, is even smaller, the PM
produces permanent demagnetization, and its residual magnetization is reduced to B,’. When the
weak magnetic field increases again, the PM is demagnetized and reaches the new operating point
until completely demagnetized. Therefore, in order to ensure the regular operation of the PMs, the
effect of the armature reaction on the operating process of the PMs should be analyzed [20-22].

The operating process of the PMs under armature reaction can be analyzed graphically [23,24].
In order to simplify the analysis, the PM is equivalent to the magnetic momentum in series with
the internal magnetic permeability, and the outer magnetic circuit of the PM field is equivalent
to the magnetic permeability in series with the magnetic momentum using Thevenin’s theorem.
The effect of the leakage flux of the outer magnetic circuit is expressed in terms of the leakage
coefficient o, and the magnetic energy supplied by the PM is expressed in terms of the magnetic
potential F,, and the magnetic flux ®@,, [25,26]. The operating process of the PM obtained by the
graphical method under no load and load conditions is shown in Fig. 3.
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Fig. 3. Operating process of the PM under different operating conditions: operating process under no-load
condition (a); operating process under load condition (b)

From Fig. 3, ®,, = f (F,) is the recoil line of the PM, and its intersection with the coordinate
axis @, is the residual magnetic flux of the PMs, and F, is the coercive magnetic potential.
G, = f (®,,) is the change curve of the magnetic permeability and flux of the external magnetic
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circuit, which is written as the synthesized magnetic guideline. The graphical method to solve
the operating point of the PM is to find the intersection of the PM recoil line and the synthesized
magnetic guide line. From Fig. 3(a), G5 = f (®,,) is the variation curve of the main air gap
permeance versus the main magnetic flux. G, = f (®,,) is the variation curve of the leakage
permeance versus the main magnetic flux. Add two curves along the longitudinal axis to obtain the
synthesized permeance curve G,, = f (®,,), the intersection of this curve with the PM recovery
curve M), is the operating point under no load. ®,,o and F,, are the magnetic flux and magnetic
kinetic potential supplied outward by the PM at this point, respectively, and the intersection of the
vertical line through this point with the synthetic magnetic lead corresponds to the leakage flux
® o and the main air gap flux @ s59. From Fig. 3(b). There is an armature magnetic motive force
F, or equivalent magnetic motive force F, in the external magnetic circuit under load, F, = %
When the armature reacts to the magnetic field to increase the magnetism or weaken magnetism,
the magnetic momentum acting on the synthetic magnetic guide of the external magnetic circuit is
Fu + F, or Fy, — F/, so the synthetic magnetic guide needs to be translated from the origin to
the right or the left of |F 4 | At this time, the intersection of the synthetic magnetic guide with the
recoil line M), is the new operating point of the PM load condition, and the corresponding @,y
and F,, are the magnetic flux and magnetic momentum provided by the PM to the outside at this
time, and the intersection of the vertical line through this point with the synthetic magnetic guide
is corresponds to the leakage flux @ 5, the main air gap flux @5y = P,,n — Pon-

The electromagnetic parameters of the operating points of PMs are usually calculated using
the per-unit, the per-unit of each electromagnetic parameter is calculated as [27,28]:
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where: ¢, is the main magnetic flux supplied by the permanent magnetic field, b,,, is the longitudinal
coordinate of the operating point, B,, is the magnetic induction intensity of the PM, B, is the
remanent magnetization of the PM, f;, is the magnetic motive force provided by the PM, A, is the
horizontal coordinate of the operating point of the PM, f/, is the armature magnetic motive force, /.,
is the armature reaction magnetic field parameter, and A is the main magnetic circuit permeance.

No-load condition armature magnetic motive force is zero. At this time, the demagnetization
curve of PMs and the equivalent magnetic circuit calculation formula are:

Qom(J:l_fm() (2)
0 s+ A=Ay
me

where: ¢, is the per-unit of the total magnetic flux provided by PMs, f,,0 is the per-unit of the
magnetic motive force provided by PMs, A is the per-unit of leakage permeance, and 4,, is the

per-unit of external magnetic circuit permeance, A, = G—‘r, A = G—n
0 0
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The no-load operating point (b,,,0, hm0) of PMs can be obtained by solving Eq. (2):
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The permanent magnetic field is changed by the armature reaction under load conditions, the
operating point (b, n hmn) of PMs is:
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where: ¢,y is the per-unit of the total magnetic flux of PMs and f,, is the per-unit of the
magnetic motive force provided by PMs.

The above ®,, — F),, coordinate can be used to quickly find out the electromagnetic parameters,
such as magnetic flux and magnetic potential, corresponding to the operating point according to
the position of the operating point. However, it is more difficult to reflect the properties of the PMs.
For this reason, the ®,,, — F},, coordinate is transformed into the magnetic flux density-magnetic
field strength (B,,, — Hy,) coordinate diagram of the PMs, the formula is:

@,
Am (5)
Fn

[

where: A,, is the cross-sectional area of the magnetic field of PMs, A,,, = a,, Ly, a,, is the length
of PMs, L,, is the axial length of PMs, [ is the average length of the magnetic circuit.

The operating process of the PMs under load conditions in the B,, — H,, coordinate is shown
in Fig. 4.

B b,o
B b =1
Py R A A '
P, A
N\ B NN B
P, E A E
H Hé H, Hon _—lH;H;h_ hf h =1h h _’|n;h;|‘_
(@) (b)

Fig. 4. Operating process of the PMs under load condition: work processes expressed in terms of parameters
(a); work processes expressed in terms of the per-unit of parameters (b)
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From Fig. 4(a), B, = f (H,,) is the demagnetization curve of the PM, P, = f (B,,) is the
change curve of the flux density and magnetic field strength of the external magnetic circuit, B,y
and H,,y are the flux density and magnetic field strength at the operating point of the PM, and
H, is the magnetic field strength generated by the armature reaction magnetic field. When the
armature reaction magnetic field plays the role of magnetization or weak magnetism, the curve
P,, = f (B,,) needs to be shifted to the right or the left from the origin %. Figure 4(b) shows the

operating process of the PMs expressed by the per-unit of each electromagnetic parameter under
the By, — H,, coordinate, and the analysis process is the same as that in Fig. 4(a). From Fig. 4,
when analyzing the operating point of the PMs, the flux density or magnetic field strength of the
operating point can be compared with that of the knee point [29, 30].

4. Analysis of PM demagnetization performance and optimization of
demagnetization resistance performance

4.1. Analysis of PM demagnetization performance

Based on the operating process of PMs, the finite element method is used to model and
simulate the HESG for verification. The finite element model is based on the mathematical model
of magnetic field analysis obtained from Maxwell’s equations [31].
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where the relationship between the field quantities is: D = ¢E, B=uH,J = oE.

The fluctuation equation of the electromagnetic field is obtained from the fluctuation equation
with the vector magnetic potential A as a function of the field variable and the fluctuation equation
with the scalar potential function ¢ as a function of the field variable as:
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The numerical finite element equation for transient operating conditions is as follows [32]:
Vxv(VXA)=Jox(vuoM,), ®)

where v and Jj are the magnetoresistance and excitation current density, respectively. po and M,
are the permeability and magnetisation of free space, respectively.
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The PMs in this paper are N38H_120°, the coercivity is 946.3 kA/m, the remanent magneti-
zation is 1.109 T, and the demagnetization inflection points flux density is 0.402 T. To simplify
the analysis, ignores the effect of temperature on the operating points of PMs and sets a constant
operating temperature. The average magnetically dense operating points of PMs under different
operating conditions of the HESG are calculated as in Table 2.

Table 2. Average magnetic density operating points of PMs under different operating conditions

Operating condition TPMs ICPMs OCPMs
No load condition 0.820 0.759 0.998
Half load condition 0.804 0.737 0.994
Rated load condition 0.782 0.708 0.987
50% overload condition 0.761 0.681 0.979

Table 2 shows that the magnetic density operating points of the OCPMs are 0.998, which is
bigger than the other two PMs. This is due to both TPMs and the ICPMs having a part of the
magnetic circuit through the OCPMs, which increases the magnetic density of the OCPMs. As
the load power increases, the effect of the HESG armature reaction on the PMs increases, and
the operating point decreases. Under rated load condition, the magnet density operating point of
TPMs is reduced to 0.782, and under 50% overload condition, it is reduced to 0.761. The ICPMs
magnetic density operating point decreases to 0.708 under the rated load condition, and decreases
to 0.681 under 50% overload.

To improve the utilization of the PM, it is desired that it can produce maximum magnetic
energy in the main magnetic field. At this time, the operating point is called the optimum operating
point. The magnetic energy provided by the PM is calculated as [33]:

1 1

E‘DDFD = E (BH) me, 9
where: @p is the magnetic flux supplied by PMs, Fp, is the magnetic motive force provided by
PMs, and (BH) is the magnetic energy product of PMs.

From the above formula, the larger the magnetic energy product of PMs, the smaller the
volume used. From the operating process of PMs, the operating points at the maximum magnetic
energy product of PMs should be at the midpoint of the curve, but the magnetic energy generated
by PMs can’t be completely converted into the effective magnetic energy of the main magnetic
field and there is leakage flux in the magnetic field, the optimum operating points of PMs is larger
than the midpoint of the curve. Also, other properties of the motor need to be considered in the
design of PMs. Therefore, the operating point is taken in the range of b,,0 = 0.6 ~ 0.85. In this
paper, the operating points of TPMs and ICPMs under no load conditions are 0.820 and 0.759,
respectively, which are within the optimal operating point design of PMs. The OCPMs are located
outside of the magnetic pole. The magnetic field strength is large, making it difficult to reduce its
operating magnetism, so the operating point of OCPMs is not considered.
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Then, the minimum magnetic density point of each PM under different operating conditions of
the generator is analyzed to analyze the effect of armature reaction on the demagnetization of the
PMs. Using finite element software to calculate the minimum magnetic density of the PMs under
different operating conditions of the HESG, as shown in Table 3.

Table 3. Minimum magnetic density of PMs under different operating conditions

Operating condition TPMs ICPMs OCPMs
No load condition 0.555 0.590 1.091
Half load condition 0.489 0.525 1.006
Rated load condition 0.410 0.443 0.898
50% overload condition 0.348 0.374 0.866

Table 3 shows that the minimum magnetic density of TPMs and the ICPMs under rated load
conditions are respectively 0.410 T and 0.443 T, the PMs are not demagnetized. However, when
the HESG is running overloaded by 50%, the minimum magnet density of these two types of PMs
is, respectively, 0.348 T and 0.374 T, which is smaller than the demagnetization inflection points,
the demagnetization at the points of minimum magnetization density occurs. When under 50%
overload condition, the flux density of TPMs and the ICPMs is shown in Fig. 5.
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Fig. 5. Magnetic flux density of two PMs at the minimum magnetic density point

From Fig. 5, the minimum magnetic density points of both PMs are distributed on both sides
of the magnetic isolation air gap. Since the large internal resistance of the air gap, the armature’s
reactive magnetic field is mainly distributed on both sides of the air gap, thus affecting the two
PMs. The two PMs only have a small portion of local demagnetization near the endpoints, the flux
density in most of the area is greater than the inflection points of the PMs.

The demagnetization rate k4. of PMs is the ratio of the remanent magnetization recovered by
the PMs after the weak magnetic field has receded to the remanent magnetization of the PMs, and
is calculated by the following formula [34,35]:

kac = (10)

where B, is the remanent magnetization of the PM after recovery.
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When the PMs are not demagnetized, the k4. is 1, and it is 0 when the PMs are completely
demagnetized. Finite element simulation and PM demagnetization rate calculation are carried out
for the 50% overload condition of the HESG. To improve the accuracy of the simulation results,
transient simulation is used to obtain the change curve of the PM demagnetization rate with time,
and the average value of the PM demagnetization rate over some time after it stabilizes is taken for
analysis. The variation curves of demagnetization rate with time at the minimum magnetic density
point of the two PMs are shown in Fig. 6.
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Fig. 6. Demagnetization rate with time at the minimum magnetic density point of the two PMs: demagnetization
rate of TPMs (a); demagnetization rate of [PMs (b)

From Fig. 6, after commencing generator operation, the demagnetization rate at the minimum
magnetization point of the two PMs decreases initially, then exhibits a periodic change, and
remains stable. The average demagnetization rates at the minimum magnetic density points of
TPMs and ICPMs are 0.973 and 0.971, respectively. The demagnetization amounts of the two PMs
are minimal. Set the HESG to 50% overload condition, formulate the demagnetization rate of the
PMs in the finite element software’s field solver, and include the calculation of the demagnetization
rate of the PMs in the simulation setup to obtain the demagnetization rates of the two PMs during
the stabilization of the HESG under 50% overload, as shown in Fig. 7.

Demag-Coef \\,
0.9962 —
. 09942 [— o
09903 A
09383 — %
\
09863
09843 E 7 \

09624 [ ', : A\
09804 | \'\ \
09784 [ Y " W\
09764 | Y \

! \
L | \
09724 - \\

I 09708 T A j \

09635 I \
09685 r 4 \

Fig. 7. Demagnetization rate of two PMs at the point of minimum magnetic density

From Fig. 7, most of the demagnetization rate is above 0.98, the demagnetization rate at the
operating point of the minimum magnetic density is about 0.97, but the area of this region is tiny,
which has less influence on the operating performance of PMs. The demagnetization points of
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PMs are mainly distributed on both sides of the connecting magnetic isolation air gap, the reason
is that the air gap has a larger magnetoresistance, and the magnetic field of the d-axis armature
reaction will form a circuit on both sides of it. Therefore, the reasonable design of the structure of
the connecting air gap can weaken the influence of the armature reaction on the demagnetisation
performance of the PMs.

4.2. Optimization of demagnetization resistance performance

1) Trapezoidal bottom angle of the connecting magnetic isolation air gap
When the height of the air gap is 3 mm, the influence law of the bottom angles of the air gap
on the minimum magnet density of the ICPMs is shown in Fig. 8.
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Fig. 8. Influence law of air gap bottom angles on the minimum magnet density of the ICPMs: variation of
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From Fig. 8(a), when the left bottom angle of the air gap is constant, the minimum magnet
density of the ICPMs increases slowly with the right bottom angle. When the left bottom angle
increases from 0° to 60°, the minimum magnet density of the ICPMs increases from 0.3 T to 0.52 T,
which gradually exceeds the demagnetization inflection points of PMs, as shown in Fig. 8(b).
When the left bottom angle is more than 30°, the minimum magnetic density of the ICPMs is more
than 0.4 T. At this time, the ICPMs do not demagnetize when the HESG is under 50% overload
condition. From Fig. 8(c), the minimum magnet density of the ICPMs has a smaller growth trend
when the right bottom angle increases, and the minimum magnet density of the ICPMs almost
increases linearly with the increase of the left bottom angle. The ICPMs can be guaranteed not to
demagnetize under this condition when the left bottom angle is varied in the range of 30° to 60°.

When the height of the air gap is 3 mm, the influence of the bottom angles of the air gap on
the minimum magnet density of the TPMs is shown in Fig. 9.

From Fig. 9(a), the minimum magnet density of the TPMs shows a tendency of increasing,
decreasing, and then increasing with the increase of the right bottom angle, reaching a maximum
value around 20° and a minimum value around 25°. From Fig. 9(b), the minimum magnet density
of TPMs increases slowly with the increase of the left bottom angle. From Fig. 9(c), the variation
of the right bottom angle has a greater effect on the minimum magnet density of PMs. When
the right bottom angle is around 20°, the maximum of the minimum magnet density of TPMs is
0.35 T, which is still smaller than the demagnetization inflection points of PMs. When the HESG
is under 50% overload condition, the height can’t prevent the TPMs not demagnetizing. So, the air



Vol. 74 (2025) Analysis and optimization of the demagnetization performance 685

I
s
S

E == ATr gap [eft bottom angle 0° E 0.4 —=— Air gap right bottom angle 0° e
2 :: 2:: ggp :gg Egggm 229:2 gg 2 —4— Air gap right bottom angle 30 2
1%} %] —e— Air gap right bottom angle 60° 0
c 0.35 e c 0.35 <
(7] [J] - % :
© V(.\ o -ﬁ.—.—-—-—-*-—-—l*-~7'i -
B = . ]
c 0.30 / 20.30 c 0.
=) > e ./'" 2
< - W < e oo — £
Eo2s e Eo.25 % '
g0 L R G e £
E g £ g 020 g (\
= £ L L L = ap i N O
£92% 10 20 30 40 50 60 £02055 75 30 40 50 60 S boff om ang%e( Y o{@“
= Air gap right bottom angle(°) = A|r gap Ieft bottom angle(®) 0
(@ (b) ©

Fig. 9. Influence law of bottom angles of air gap on minimum magnet density of the TPMs: variation of right
bottom angle at different left bottom angle (a); variation of left bottom angle at different right bottom angle (b);
left and right bottom angles change simultaneously (c)

gap height is changed to study the effect of the size of the right bottom angle on the operating
points of the TPMs magnetic density, the minimum magnet density variation surface of TPMs is
shown in Fig. 10 when the left bottom angle of the air gap is from 30° to 60° and the heights of
the air gap are 1.5 mm, 2 mm and 2.5 mm, respectively.
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Fig. 10. Variation law of the minimum magnet density of TPMs with different air gap heights: height is
2.5 mm (a); height is 2 mm (b); height is 1.5 mm (c)

From Fig. 10(a), when the height is 2.5 mm, the minimum magnet density of TPMs shows
a fluctuating trend with the increase of the right bottom angle, and reaches a maximum value
when the right bottom angle is 35°, 50° and 70°. The maximum of the minimum magnet density
of TPMs is 0.35 T, which is still smaller than the demagnetization inflection points. When the
height is 2 mm, the minimum magnet density of TPMs shows an increasing and then decreasing
trend with the increase of right bottom angle, and reaches a maximum value 0.47 T when the right
bottom angle is in the range of 55° to 65°, the PMs do not demagnetize. When the height is 1.5 mm,
the minimum magnet density of TPMs shows a tendency of increasing and then decreasing with
the increase of the right bottom angle, and reaches the maximum value in the range of 35° to 50°,
with the maximum value of 0.47 T. The PMs are not demagnetized.

2) Trapezoidal height of the connecting magnetic isolation air gap

When the left bottom angles are respectively 50°, 60°, and the air gap heights are respectively
1.5 mm, 2 mm, and 2.5 mm, the variation curves of the minimum magnet density of TPMs with
the right bottom angle are shown in Fig. 11.
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Fig. 11. Variation law of minimum magnetic density of TPMs with different air gap left bottom angles and
heights: left bottom angle is 50° (a); left bottom angle is 60° (b)

From Fig. 11, as the height of the air gap increases, the minimum magnet density of TPMs
increases. The minimum magnet density of TPMs respectively reaches the maximum value at
different right bottom angles for different heights. When the height is less than 2 mm and the right
bottom angle is 60°, it reaches the maximum value 0.47 T, which can ensure that the PMs are not
demagnetized. Different left bottom angles affect the distribution interval of the minimum magnet
density maximum of TPMs, which is from 55° to 60° when the left bottom angle is 50°, and from
50° to 65° when the left side bottom angle is 60°. As the analysis of the magnetic leakage, the larger
the left bottom angle and height of the air gap, the smaller the leakage coefficient, and the larger
the main magnetic flux can be obtained from the magnetic field of PMs. After a comprehensive
analysis, a right bottom angle of 60° and a height of 2 mm are suitable for the TPMs.

Then, the effect of air gap height on the ICPMs was analyzed. The variation surface of the
minimum magnet density of the ICPMs is shown in Fig. 12 when the heights are 1.5 mm, 2 mm,
and 2.5 mm, respectively.
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Fig. 12. Variation law of the minimum magnetic density of the ICPMs with different air gap heights: height
is 2.5 mm (a); height is 2 mm (b); height is 1.5 mm (c)

From Fig. 12, when the height of the air gap is different, the minimum magnetic density of the
ICPMs decreases with the increase of the left bottom angle, and increases with the decrease of the
height. The right bottom angle has less effect on the minimum magnet density of the ICPMs. The
variation curves of different air gap heights on the minimum magnet density of the ICPMs are
shown in Fig. 13 when taking the right bottom angles of 50° and 60°.
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Fig. 13. Variation law of minimum magnetic density of the ICPMs with different air gap right bottom angles
and heights: right bottom angle is 50° (a); right bottom angle is 60° (b)

From Fig. 13, when the height is 2 mm and the left bottom angle is less than 60°, the minimum
magnet density of the ICPMs is more than 0.4 T. As the analysis of the magnetic leakage, with the
left bottom angle decreases, the leakage flux increases. After comprehensive consideration, the
selection is the left bottom angle of 50°. At this time, the minimum magnetic density of the TPMs
and the ICPMs is 0.47 T and 0.45 T. This air gap ensures that under 50% overload conditions, the
two types of PMs will not demagnetize. When the height of the air gap is 2 mm, the change in
surface rule of the operating point of TPMs and the ICPMs is shown in Fig. 14 when the left and
right bottom angles are changed at the same time.
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Fig. 14. Influence of the different left and right bottom angles on the operating point of two PMs: operating
point of TPMs (a); operating point of the ICPMs (b)

From Fig. 14, with the increasing left and right bottom angles, the magnetic density operating
point of the TPMs and the ICPMs increases. When the left and right bottom angles are 50° and
60°, the magnetic density operating points of TPMs and the ICPMs are respectively 0.745 T and
0.658 T, which are within the optimum range of the operating point. When the height is 2 mm and
the left and right bottom angles are respectively 50° and 60°, the leakage flux is 2.383 x 107> Wb,
the flux leakage coefficient of the permanent magnetic field is 1.212, which is only increased by
0.001 compared with the original design value, the permanent magnetic field has smaller flux
leakage coefficient with this design parameter.
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5. Prototyping and testing

A HESG prototype with a rated power of 1 kW and a rated voltage of 84 V was fabricated based
on the best parameters optimised for the PMs demagnetization resistance, as shown in Fig. 15.

© d

Fig. 15. Pictures of HESG prototype: permanent magnet rotor (a); electric excitation rotor (b); parallel
combined rotor (c); overall prototype (d)

To verify the output performance of the HESG, a test platform is built and prototype tests are
carried out, as shown in Fig. 16.

Fig. 16. HESG prototype test platform

Oscilloscope|
o

u Test platform

Sets HESG speed to 4 000 rpm and tests the no load induced electromotive force curve as
shown in Fig. 17(a). Still sets this speed, fixes the exciting current 0.8 A, changes the load, and
tests output voltage, the external characteristic curve of the HESG is shown in Fig. 17(b). Still sets
this speed, changes load current, and realizes rated voltage output by adjusting exciting current,
the field current regulation characteristic curve is shown in Fig. 17(c).
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Fig. 17. Test waveform of the HESG: no-load induced electromotive force curve (a); external characteristic
curve (b); field current regulation characteristic (c)

From Fig. 17(a), the HESG no-load induced electromotive force waveform and finite element
analysis results are the same, the test waveform only has small distortion. There are fewer harmonics
in the main magnetic field of HESG, and the prototype has a high output quality. From Fig. 17(b),
when the HESG is operated at a fixed speed and exciting current condition, the output voltage
decreases as the load current increases. Since the test uses a purely resistive load to simulate the
starter generator load, the external characteristic curve of the HESG is obtained as almost a straight
line. The output voltage of the test is slightly smaller than the finite element result, and the gap
increases with the increase in load current, but the error of the two methods is small. When the
rated load current is 11.9 A, the output voltage is 84.33 V, which meets the design requirement.
From Fig. 17(c), the test and finite element results are basically, but when the load current is very
large or small, there is a small error in the results of the two methods. When the load current
increases from 3.57 A to 14.28 A, the curve is almost linear. The slope of the curve increases
when the load current increases or decreases; at this time, increasing or decreasing load current
requires a larger forward or reverse exciting current. When the load current is 16.07 A, the exciting
current is 3.51 A, and the output power is 1 350 W, the HESG can realize a larger range of load
current regulation and bear large loads.

6. Conclusions

Based on the operating point and demagnetization mechanism of PMs, this paper analyzes
the operating process of PMs under different operating conditions of HESG and the influence of
armature reaction magnetic field on the operating point and demagnetization of PMs, researches the
operating point of average magnetic density and the rule of change of the smallest magnetic density
value of the PMs under different loading conditions of the HESG, determines the position of
demagnetization point of each PM and its influencing factors, and analyzes the influence law of the
connecting magnetic isolation air gap parameter on the smallest magnetic density of two PM under
consideration of the leakage and demagnetization of the end part of the PM. Moreover, analyse the
influence law of the air gap parameters of TPMs and ICPMs on the minimum magnetic density of
the two PMs, and preferably select the air gap parameters, and determine that the bottom angles of
the left and right side of the air gap are 50° and 60°, respectively, and the height is 2 mm. At this
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time, the minimum magnetic density of TPMs and ICPMs under a 50% overload condition of the
generator is 0.47 T. The minimum magnetic density is 0.47 T and 0.45 T, which effectively ensures
that the PMs are not demagnetised. Finally, a prototype test was carried out, and the results show that
the HESG has a good no-load induced electromotive force curve and a wide range of magnetisation
regulation, and it can also bear a large load under load conditions with good output performance.
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