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Abstract—This article proposes a novel dual-three-phase high-
power high-speed permanent magnet assisted synchronous reluc-
tance starter generator (PMaSynR SG) for aviation application,
which has the characteristics of high efficiency, high power den-
sity, high reliability, and excellent antishort-circuit ability. The
proposed PMaSynR SG can obtain higher efficiency and power
density by embedding permanent magnet in the rotor topology
compared with the synchronous reluctance generator, and has
better antishort-circuit ability compared with the permanent mag-
net synchronous starter-generator. Moreover, design of dual-three-
phase winding is adopted, which not only reduces the phase current,
but also improves the reliability. In this article, the topological
structure, characteristics and principle of PMaSynR SG are sys-
tematically studied at first. Second, a simplified dq-axis equivalent
magnetic circuit model is established, and the expressions of dq-axis
inductance and permanent magnet flux linkage are derived on
the basis of the basic parameter selection. Then, combined with
parameter sensitivity analysis, the influence law of rotor structural
parameters on antishort-circuit ability and electromagnetic per-
formance is revealed. Finally, a 40 kW 24 000 r/min PMaSynR SG
is designed and manufactured. The simulation and experimental
results show that the proposed PMaSynR SG has excellent electro-
magnetic performance with the power density of 3.1 kW/kg and
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the efficiency of 94%, while the short-circuit current is only 59%
of its rated value.

Index Terms—Antishort-circuit ability, dual-three-phase motor,
permanent magnet assisted synchronous reluctance motor, starter
generator.

I. INTRODUCTION

DUE to the high integration, high power density, and good
maintainability, the starter-generator system has been con-

sidered a key technology for the more-electric/all-electric air-
craft, which can operate as the motor to start the aero-engine and
operate as the generator to supply the electrical power for the
airborne equipment [1]–[3]. With the increasing electrification
of airborne equipment, the electrical power capacity of the
starter-generator system has increased sharply. Therefore, the
high-power high-speed starter-generator system has attracted
much attention for the modern aircraft power system in recent
years [4]–[6].

In the past, considerable efforts in this field have been made,
which can be mainly classified into three categories: three-stage
brushless synchronous generator (TBSG), switched reluctance
starter-generator (SRSG), and permanent magnet synchronous
starter-generator (PMSSG) [7]–[9]. The TBSG has the advan-
tages of high power, simple control structure, and high technical
maturity, which has been widely applied as the main electrical
power system of modern aircraft, such as A380 and COMAC
C919 [10], [11]. However, due to the complex structure of the
brushless excitation rotor, it is difficult to achieve the high-speed
operation and high power density. The SRSG has the simple
rotor structure without excitation winding or permanent mag-
net, which is suitable for the high-speed and high temperature
operation [12], [13]. It has been successfully applied for the
fighter F-35. However, the SRSG suffers from the issues of
low efficiency, high torque fluctuation, and low power density.
In contrast, the PMSSG has the excellent properties in power
density, efficiency, and electromagnetic performance, which
make it a potential candidate in the starter-generator applications
[14]–[16]. However, the PMSSG has not been applied to manned
aircraft power supply system due to the difficulty of permanent
magnet demagnetization and the risk of short circuit.
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The permanent magnet assisted synchronous reluctance
starter-generator (PMaSynR SG) is characterized by a high-
speed synchronous reluctance rotor topology by embedding
permanent magnet, which has the merits of high power density,
high efficiency [17]–[20]. Meanwhile, the antishort-circuit of
PMaSynR SG is improved by reducing the usage of permanent
magnet. Therefore, PMaSynR SG has attracted much attention
in recent years. In [21]–[23], a PMaSynR motor design method
is proposed to improve the output torque performance and
reduce torque ripple by changing the rotor topology. In [24], the
optimization design approach considering the magnetic saliency
and PM usage is proposed for the PMaSynR motor. In [25], the
analytical model of the PMaSynR motor is proposed to reveal the
relationship between the PM thickness and the demagnetization.
In [26], a five-phase PMaSynR motor is proposed to improve the
reliability by considering the effects of irreversible demagneti-
zation and mechanical deformation. In [27], a triple-redundant
three-phase PMaSynR motor is proposed to guarantee the unin-
terrupted operation performance in fault condition. In addition,
the fault tolerance performance of the proposed three-redundant
PMaSynR motor is evaluated in [28] and [29]. In [30] and
[31], the fault tolerant performance comparison for the dual
three-phase synchronous reluctance motor on half control mode
is proposed considering two different winding configurations.
To solve for the short-circuit current issue, considerable efforts
have been conducted for the aviation starter-generator system.
The traditional three-stage brushless synchronous generator can
completely eliminate the short-circuit current by cancelling the
excitation current [32], [33]. In [34]–[37], the permanent magnet
machine with fractional-slot single-layer winding structure is
proposed to reduce the short-circuit current by unit phase induc-
tance. In [38], the antishort-circuit optimization design of the
slot parameters is proposed for the permanent magnet machine in
aerospace application. However, the antishort-circuit design by
the unit phase inductance will result in the low power factor of the
starter-generator system. Note that due to the existence of per-
manent magnet, the PMaSynR machine still suffers from the risk
of the short-circuit fault. However, there is little literature con-
cerning about the relationship between output performance and
antishort-circuit design in the PMaSynR machine. Traditional
PMaSynR machine design mostly concerns about the salient
pole ratio, torque ripple. As for the aerospace starter generator,
antishort-circuit ability is essential. The design of the PMaSynR
SG with the tradeoff of the electromagnetic performance and
antishort-circuit ability is interesting to discuss.

On the premise of ensuring reliability and antishort circuit
performance, whether it is possible to employ the new electrical
machine type as the aviation starter generator to improve the
power density, the efficiency is worth studying. Motivated by
this, a novel dual-three-phase PMaSynR SG is proposed for
aviation, which has the excellent antishort-circuit ability, high
power density, high efficiency, and high reliability, which is
the first time to be proposed in aerospace application. The
main contributions of this article are three aspects. First, the
topology and characteristics of PMaSynR SG and the principle
of PMaSynR SG system are discussed. The basic PMaSynR SG
parameters selection is given, the simplified dq-axis magnetic

Fig. 1. Proposed PMaSynR SG scheme.

circuit model is established, and the dq-axis inductance and per-
manent magnetic flux linkage are derived. Second, the influence
of the rotor structural parameters on the antishort-circuit ability
and electromagnetic characteristics is revealed by sensitivity
analysis of magnetic barriers, magnetic bridges, and permanent
magnet. With the tradeoff of the high electromagnetic perfor-
mance and excellent antishort-circuit ability, the design range
of rotor parameters is given. Finally, a 40 kW 24 000 r/min
PMaSynR SG is designed and manufactured. Simulation and
experimental results show that the proposed PMaSynR SG has
excellent electromagnetic performance, with the power density
of 3.1 kW/kg and the efficiency of 94%, while the short-circuit
current is only 59% of its rated value and the feasibility of
the PMaSynR SG applied in aerospace starter generator power
system is verified.

II. PMASYNR SG TOPOLOGIES AND FEATURES

To satisfy the requirements of high speed, high power density,
high efficiency, and high reliability for modern aircraft, a novel
dual-three-phase PMaSynR SG is proposed in this article, as
shown in Fig. 1.

The stator winding adopts a dual-three-phase structure with
30° phase-shifted, which effectively reduces the phase current.
The rotor adopts a three-layer magnetic barrier structure with
embedding permanent magnet to obtain a high proportion of
reluctance torque and a low proportion of permanent magnet
torque, which achieves high power density and high efficiency.
Meanwhile, the mathematical model of the dual-three-phase
PMaSynR SG is adopted. The north direction of permanent
magnet is defined as the d1-axis (short to d-axis) positive di-
rection, and the q1-axis (short to q-axis), is located electrical
90° counterclockwise to the d1-axis while, d2-axis and q2-axis
are located electrical angle of 30° counterclockwise to d1-axis
and q1-axis, respectively.

Note that the output characteristics and antishort-circuit abil-
ity are affected by the design of the permanent magnet flux link-
age and the dq-axis inductance. However, the antishort-circuit
ability and output characteristics are mutually restricted and
contradictory. Therefore, how to design a PMaSynR SG with
both excellent output characteristics and antishort-circuit ability
is the research focus in this article, which is described in details
later.
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A. Mathematical Model of PMaSynR SG System

The proposed PMaSynR SG system is mainly consist of the
PMaSynR SG and the power converter. Based on the PMaSynR
SG system principle and the dual three-phase machine character-
istics, the mathematical model of the dual three-phase PMaSynR
SG is established. The dual d-q coordinates transformation is
adopted to convert A1B1C1-A2B2C2 into d1q1o1-d2q2o2. In
addition, internal resistance of the high-speed PMaSynR SG
is ignored in the analysis because it is far less than inductive
reactance.

Assuming that the magnetic circuit of PMaSynR SG is linear,
ignoring magnetic saturation and hysteresis loss, the steady-state
voltage (1), and inductance matrix Ldq0 (2) are as follows:

⎡
⎢⎢⎣
ud1
uq1
ud2
uq2

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣
0 −ω 0 0
ω 0 0 0
0 0 0 −ω
0 0 ω 0

⎤
⎥⎥⎦
⎛
⎜⎜⎝Ldq0

⎡
⎢⎢⎣
id1
iq1
id2
iq2

⎤
⎥⎥⎦+ ψpm

⎡
⎢⎢⎣
1
0
1
0

⎤
⎥⎥⎦
⎞
⎟⎟⎠
(1)

where ud1, uq1, ud2, uq2 are the dual dq-axis voltage, id1, iq1, id2,
iq2 are the dual dq-axis current, ψpm is the permanent magnet
flux linkage, and Ldq0 (2) shown at the bottom of this page,
is the inductance matrix. Due to the influence of the complex
rotor magnetic circuit saturation, the dq-axis inductance is not
only related to the rotor structure parameters, but also closely
related to the current. Therefore, the dual dq-axis inductance
can be expressed as Ld1 (id1, iq1, id2, iq2), Lq1 (id1, iq1, id2, iq2),
Ld2 (id1, iq1, id2, iq2), Lq2 (id1, iq1, id2, iq2), the dual dq-axis
main inductance can be expressed as Ldd (id1, iq1, id2, iq2),
Lqq (id1, iq1, id2, iq2), dual dq-axis main self-induction can be
expressed as Laad(id1, iq1, id2, iq2), Laaq (id1, iq1, id2, iq2), and
leakage inductance is laal (id1, iq1, id2, iq2). The abovementioned
expressions are abbreviated as Ld1, Lq1, Ld2, Lq2, Ldd, Lqq, Laad,
Laaq, laal. Among them, Ld1 = Ld2 = Ldd + laal, Lq1 = Lq2 =
Lqq + laal, Ldd = 1.5Laad, Lqq = 1.5Laaq

The flux linkage equation is

⎡
⎢⎢⎣
ψd1
ψq1
ψd2
ψq2

⎤
⎥⎥⎦ = Ldq0

⎡
⎢⎢⎣
id1
iq1
id2
iq2

⎤
⎥⎥⎦+ ψpm

⎡
⎢⎢⎣
1
0
1
0

⎤
⎥⎥⎦ (3)

where ψd1, ψd2, are d-axis flux linkage generated by first
and second set of three phase winding current and permanent
magnet, ψq1, ψq2 are q-axis flux linkage generated by first and
second set of three phase winding current.

The electromagnetic torque equation is

Te =
3

2
np [(iq1ψd1 − id1ψq1) + (iq2ψd2 − id2ψq2)]

Fig. 2. PMaSynR SG torque characteristics curve.

=
3

2
np [ψpm (iq1 + iq2) + (Ld1 − Lq1) (id1iq1 + id2iq2)]

(4)

where np is the pole pairs.
Generally, for proper of control, id = id1 = id2, iq = iq1 =

iq2, (4) can be written as

Te =
3

2
np [2ψpmiq + 2 (Ld1 − Lq1) idiq]

= 3np [ψpmiq + (Ld1 − Lq1) idiq] = Tre + Tpm (5)

where Tre is reluctance torque and Tpm is permanent magnet
torque.

Ratio of permanent magnet torque to electromagnetic torque
λ can be obtained as

λ = fracTpmTe =
ψpm

ψpm + (Ld1 − Lq1) id
. (6)

Torque characteristics of PMaSynR SG can be described as
Fig. 2, where β is the current angle with respect to the positive
direction of d-axis. The maximum electromagnetic torque of
the starting process and power generation can be obtained only
when the current is in the second quadrant and third quadrant,
respectively.

Meanwhile, in order to intuitively compare the difference of
d-q inductance and describe the salient pole performance, the
salient pole ratio ρ is introduced as (7). ρ is a crucial parameter
affecting the power factor cosϕ, where ϕ is the angle between
voltage us and current is, and us is vector synthesis of ud1, ud2,
uq1, and uq2

ρ =
Lq1
Ld1

. (7)

The output characteristic of the PMaSynR SG will be signif-
icantly improved if increasing the difference of dq-axis induc-
tance Ld1-Lq1 and permanent magnet flux linkage. However, if
short-circuit fault occurs during the power generation, SG will
generate short circuit current. The more the usage permanent
magnet is, the higher the short circuit current is, which may
damage the PMaSynR SG or even the PMaSynR SG system.

Ldq0 =

⎡
⎢⎢⎣
Ld1 (id1, iq1, id2, iq2) 0 Ldd (id1, iq1, id2, iq2) 0

0 Lq1 (id1, iq1, id2, iq2) 0 Lqq (id1, iq1, id2, iq2)
Ldd (id1, iq1, id2, iq2) 0 Ld2 (id1, iq1, id2, iq2) 0

0 Lqq (id1, iq1, id2, iq2) 0 Lq2 (id1, iq1, id2, iq2)

⎤
⎥⎥⎦ . (2)
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In practical engineering, to avoid the fault propagation, when
the short-circuit occurs in one set of three-phase winding, the
other set of three-phase winding will be turned OFF for safety
consideration. Here, we assume that the short-circuit fault hap-
pens in the second set of three-phase winding, while the first
set of three-phase winding is turned OFF. That is, the terminal
voltage of the second set of three phase ud2 and uq2 is 0, while
the current of the first set of three phase id1 and iq1 is 0, where
the d-q voltage and current are udq = [ud1 uq1 0 0]T, idq = [0 0
id2 iq2]T. Substitute them into (1)⎡
⎢⎢⎣
ud1
uq1
0
0

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣
0 −ω 0 0
ω 0 0 0
0 0 0 −ω
0 0 ω 0

⎤
⎥⎥⎦
⎛
⎜⎜⎝Ldq0

⎡
⎢⎢⎣

0
0
id2
iq2

⎤
⎥⎥⎦+ ψpm

⎡
⎢⎢⎣
1
0
1
0

⎤
⎥⎥⎦
⎞
⎟⎟⎠ .

(8)
Furthermore,⎡

⎢⎢⎣
ud1
uq1
0
0

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

−ω(Lqqiq2)
ω (Lddid2 + ψpm)

−ω (Lq2iq2)
ω (Ld2id2 + ψpm)

⎤
⎥⎥⎦

→

⎧⎪⎪⎨
⎪⎪⎩

ud1 = 0

uq1 =
ωlaalψpm

Ldd+laal

id2 = −ψpm

Ld2
= − ψpm

Ldd+laal

iq2 = 0

. (9)

In (9), id2, iq2 represents the short-circuit current of the
PMaSynR SG in single-three-phase short circuit fault condition,
laal is leakage inductance. Since iq2 = 0, the short circuit current
of the second set of three phase windings is − ψpm

Ldd+laal
. In addi-

tion, when the second set of three phase windings short-circuit
fault occurs, due to the existence of leakage inductance, the first
set of three-phase windings induces a little voltage uq1.

When dual-three-phase short circuit fault occurs, similarly,
the dual-three phase power tubes are turned OFF, the terminal
voltage of dual three phase windings is 0, where the voltage is
udq = [0 0 0 0]T. Substitute it into (1)⎧⎪⎪⎨

⎪⎪⎩
id1 = − ψpm

Ld1+Ldd
= − ψpm

2Ldd+laal

iq1 = 0

id2 = − ψpm

2Ldd+laal

iq2 = 0.

(10)

Equation (10) represents the short-circuit current of the
PMaSynR SG in dual three phase short circuit fault condition. In
this condition, the terminal voltages of dual three phase windings
are all zero. Each phase short-circuit current is− ψpm

2Ldd+laal
. Note

that the short-circuit current in dual-three-phase short-circuit
fault condition is less than that in single-three-phase short-circuit
fault condition.

Equations (11) and (12) represent the ratio of the short-circuit
current to the rated current in single- and dual-three-phase
short-circuit fault conditions, respectively, where ks1 and ks2 is
the ratio of single-three-phase and dual-three-phase short-circuit
current, respectively, to rated current

ks1 =
ψpm

(Ldd + laal) is
(11)

TABLE I
PMASYNR SG PERFORMANCE REQUIREMENTS

ks2 =
ψpm

(2Ldd + laal) is
. (12)

From (11) and (12), the variation trend of ks1 and ks2 is the
same. They are both determined by the permanent magnet flux
linkage and d-axis inductance, and ks1 > ks2.

For the description of the antishort-circuit ability, ks is defined
as the ratio of the short-circuit current to the rated current.
When ks>1, the short-circuit current is higher than the rated
current, which will cause the overheat issue for the PMaSynR
SG in short-circuit fault condition. When ks< 1, the short-circuit
current is lower than the rated current, which shows the excellent
antishort-circuit performance of the PMaSynR SG.

Generally, the safety of PMaSynR SG can be guaranteed if the
short-circuit current is less than the rated generation current. The
antishort-circuit ability can be improved if reducing the perma-
nent magnetic flux linkage or increasing the d-axis inductance.
However, as mentioned previously, the output characteristics of
PMaSynR SG can be improved if increasing the salient ratio
or the usage of permanent magnet, which conflicts with the
improvement of antishort-circuit ability. Therefore, the design
of the inductance and the permanent magnet flux linkage are the
core of PMaSynR SG design.

III. DESIGN OF PMASYNR SG WITH ANTISHORT-CIRCUIT

ABILITY

The design of the PMASYNR SG with antishort-circuit abil-
ity in this section is consist of three aspects. First, the basic
parameter selection of PMaSynR SG is given. Next, the rotor
topological structure is studied, the dq-axis equivalent magnetic
circuit model is established, and the expressions of d-q induc-
tance and permanent magnet flux linkage are derived. Finally,
the influence law of the rotor structure on output performance
and antishort-circuit ability is revealed by the rotor structure
parameter sensitivity analysis. It provides the basis and reference
for the design of PMaSynR SG.

A. PMaSynR SG Basic Parameters Section

The design requirements of the high-speed, high-power
PMaSynR SG in aviation are shown in Table I.

According to the requirements of Table I, air gap, pole pairs,
winding structure, slot number, and materials of stator and rotor
need be selected at first.

1) Air Gap Thickness: The electromagnetic torque of
PMaSynR SG is mainly depended by the reluctance torque. The
thickness of the air gap directly affects the dq-axis inductance
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TABLE II
PMASYNR SG BASIC PARAMETERS

and the reluctance torque. Generally, the air gap is set to 0.2–
2 mm. Taking the consideration of manufacturing technique and
good salient pole effect, the air gap is set as 0.5 mm.

2) Pole Pairs: Since PMaSynR SG rotates at 24 000 r/min
during power generation, the mechanical frequency is 400 Hz.
As for the high current power converter, the switch frequency is
generally employed as about 20 kHz. Therefore, the pole pairs
should not be more than three to guarantee control effect. Taking
the consideration of switch frequency, control effect, and good
salient pole effect, pole pairs is set as two, and the fundamental
frequency is 800 Hz.

3) Winding Structure: Due to the requirements of 270 VDC,
40 kW power generation output, the winding structure of N∗3
phase is a good choice. This structure can reduce the level of
phase current and avoid power tubes to be operated in parallel,
which may cause uneven current flow. Meanwhile, N sets of
three phase winding neutral points isolated from each other.
The PMaSynR SG is characterized of flexible control strategy,
which can be controlled as a N∗3 phase electrical machine or a
multiphase electrical machine. Taking the consideration of phase
current level, control effect, dual-three-phase winding structure
with the phase shift of 30° is adopted.

4) Slot Number: With the selection of pole pairs and dual
three phase winding structure determined, the number of slots
with the balance the electromagnetic force of each phase and
full-pitch winding structure should be a multiple of 12, i.e., 12,
24, 36... In addition, it should be as high as possible to reduce
the torque ripple. Since low outer diameter of stator and rotor
of high-speed machines, if the number of slots ≥ 36, the stator
teeth are too thin to manufacture. Therefore, the slot number is
set as 24.

5) Material of Stator, Rotor, and Permanent Magnet: Taking
the consideration of reducing stator core loss and improving
efficiency, the material of stator laminations is ultrathin silicon
steel lamination 20JNEH1200. For fulfilling the requirements
of high-speed rotor mechanical strength, the material of rotor
laminations is 35XH680T with the maximum yield stress over
600 MPa. For design requirements of high power density, the
material of permanent magnet is SmCo32 with high temperature
resistance and high remanence.

The selection results of PMaSynR SG parameters are shown
in Table II.

The topological structure of the rotor and the design of
permanent magnet not only affect the electromagnetic output

Fig. 3. Dq-axis magnetic circuit model and simplified equivalent model.

characteristics, but also affect antishort-circuit ability. However,
there are many parameters in rotor topological structure, and
the relationship between the output performance and antishort-
circuit ability of the PMaSynR SG needs further analysis.

B. Analysis and Derivation of dq-Axis Inductance

Dq-axis inductance includes the main inductance and leak-
age inductance. Leakage inductance does not participate in the
energy conversion and is low, which is ignored temporarily
in the analysis. Only the main inductance is considered. Dq-
axis magnetic circuit model and simplified equivalent model
of one set of windings are established, respectively, as shown
in Fig. 3.

In Fig. 4, Nid and Niq are the magnetomotive force gener-
ated by the dq-axis current, Rsd and Rsq are the stator dq-axis
reluctance, Rgd and Rgq are the air-gap dq-axis reluctance,
Rrd and Rrq are the rotor dq-axis equivalent reluctance, Rdrp

and Rqrp are the rotor dq-axis rotor path reluctance, Rbridge

is the magnetic bridge reluctance, Rbarrier is magnetic barrier
reluctance, which is consist of permanent magnet reluctance
and residual air magnetic barrier reluctance. Since the relative
permeability of permanent magnet is close to that of air, the
relative permeability of Rbarrier is regarded as 1. Fpm is the total
magnetomotive force generated by the three layers of permanent
magnet ϕd and ϕq are the dq-axis magnetic flux.

From Fig. 3, dq-axis magnetomotive force Fd, Fq and Rrd,
Rrq can be obtained

Fd = Nid − Fpm = φd (Rsd + 2Rgd +Rrd) (13)

Fq = N iq = φq (Rsq + 2Rgq +Rrq) (14)

Rrd = Rdrp +Rbridge//Rbarrier (15)

Rrq = Rqrp. (16)

Then, the dq-axis main self-inductance Laad, Laaq, the dq-
axis main inductance Ldd, Lqq, and salient pole ratio ρ can be
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Fig. 4. Rotor structure model.

calculated

Laad =
N2φd
Fd

=
N2

2Rgd +Rsd +Rrd
(17)

Laaq =
N2φq
Fq

=
N2

2Rgq +Rsq +Rrq
(18)

Ldd = 1.5 Laad =
1.5N2

2Rgd +Rsd +Rrd
(19)

Lqq = 1.5 Laaq =
1.5N2

2Rgq +Rsq +Rrq
(20)

ρ =
Lq1
Ld1

=
Lqq + laal
Ldd + laal

=
2Rgd +Rrd +

2laal

3N2

2Rgq +Rrq +
2laal

3N2

(21)

where N is effective number of turns with the consideration of
the winding factor.

Since dq-axis air gap reluctance is common to air gap, it can be
considered that Rgd = Rgq. Therefore, it can be seen that salient
pole effect is mainly determined by the difference between Rrd

and Rrq.
In order to obtain the reluctance of each rotor position, the

rotor structure model is established, as shown in Fig. 4. In Fig. 4,
bo1, bo2, bo3 are the width of outer magnetic bridge, bi1, bi2,
bi3 are the width of inner magnetic bridge, bb1, bb2, bb3 are the
width of inclined air magnetic barrier, and the value is also equal
to the thickness of outer magnetic bridge, bp1, bp2, bp3 are the
width of horizontal air magnetic barrier, bpm1, bpm2, bpm3 are
the width of permanent magnet, hb1, hb2, hb3 are the thickness of
horizontal air magnetic barrier, and the value is also equal to the
thickness of permanent magnet and inner magnetic bridge, ha1,
ha2 are the thickness of rotor path, and the horizontal rotor path
is set to be equal to the inclined rotor path, ha3 is the thickness
between third layer of horizontal magnetic barrier and outer
rotor diameter, hd is the thickness between the first horizontal
magnetic barrier and the inner diameter of the rotor, and rr is
the radial thickness of the rotor.

The reluctance of each part can be calculated

R =
l

μ0μrA
=

l

μ0μrblef
(22)

where l is the length of the flux through part, μ0 is the vacuum
permeability, μr is the relative permeability, A is the area of the
flux through part, lef is the axial length of the SG, and b is the
radial length.

Note that the reluctance computation is an approximation in
this article. All reluctances of the rotor are considered as a unique
reluctance. Actually, they create a different magnetic potential in
the rotor. Rbridge, Rbarrier, Rdrp, Rqrp, Rrq, Rrd can be calculated
as

Rbridge = Rob +Rib

=
1

2μ0μslef

(
3∑
i=1

hbi
boi

)
+

1

μ0μslef

(
3∑
i=1

hpmi
bii

)

=
1

2μ0μslef

(
3∑
i=1

hbi
boi

)
+ 2

(
3∑
i=1

hpmi
bii

)
(23)

Rbarrier = Rbh //Rbi

=
1

2μ0lef

(
3∑
i=1

hpmi
bpi

)
//

1

2μ0lef

(
3∑
i=1

hbi
bbi

)

=
1

2μ0lef

((
3∑
i=1

hpmi
bpi

)
//

(
3∑
i=1

hbi
bbi

))
(24)

Rdrp =
1

μ0μnlef

(
3∑
i=1

hai
2(bpi + bbi + boi) + bii

)
(25)

Rrq = Rqrp =
1

μ0μnlef
(Rqrib1//Rqrib2//Rqrib3) (26)

where // is parallel symbol, which means multireluctances are
in parallel, Rob and Rib are outer and inner magnetic bridge
reluctance, respectively, μs and μn are the relative permeability
of magnetic bridge at magnetic saturation, and the relative
permeability of rotor path, respectively. Rqrpi is the rotor path
reluctance in different layer Rqrpi =

2(bpi+bbi+boi)+bii
hai

i = 1,
2. In spite of the shape of the third rotor path is slightly different
from that of the first two rotor paths, it has little influence on the
overall performance due to the relatively high permeability of
the rotor and low rotor path reluctance. Therefore, Rqrp3 can be
approximately calculated according to the expression of Rqrp1.
Rqrpi =

2(bpi+bbi+boi)+bii
hai

, i = 1, 2, 3
And Rgd and Rgq can be calculated as

Rgd = Rgq =
4δ

πμ0lefr
(28)

where r is the rotor radius and δ is the thickness of the air gap.
Then, Ldd and Lqq can be calculated

Ldd =
1.5N2

8δ
πμ0lefr

+Rrd
(29)

Rrd=
1

μ0lef

((
1

μn

3∑
i=1

hai
2(bpi+bbi+boi)+bii

)
+

1

2μs

((
3∑
i=1

hbi
boi

)
+2

(
3∑
i=1

hpmi
bii

)))
//

1

2

((
3∑
i=1

hpmi
bpi

)
//

(
3∑
i=1

hbi
bbi

))
(27)
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Fig. 5. Permanent magnet magnetic circuit model.

Lqq =
1.5N2μ0lef

8δ
πμ0r

+ 1
μn

(Rqrib1//Rqrib2//Rqrib3)
. (30)

C. Analysis and Derivation of Permanent Magnet Flux
Linkage

Due to the existence of magnetic bridge and residual air
magnetic barrier, flux leakage will pass through. In this article,
only the flux leakage in the layer is considered and flux leakage
between layers is ignored. Permanent magnet magnetic circuit
model is established, as shown in Fig. 5.

In Fig. 5, the blue box is the equivalent model of permanent
magnet, and the red box is the leakage reluctance, Fpmi is the
magnetomotive generated by each layer of permanent magnet,
φm is the main flux, Rpmi is the permanent magnet reluctance,
and Rbri is the residual air magnetic barrier reluctance i = 1,
2, 3. In addition, the internal resistance of permanent magnet
and magnetic leakage reluctance together constitute magnetic
barrier reluctance and magnetic bridge reluctance. Since only the
flux leakage at the located layer is considered, and the magnetic
property of the permanent magnet is less affected by the external
magnetic field, the magnetic field intensity H at each layer can
be regarded as equal in the analysis process, then

φm =
Fpm1 + Fpm2 + Fpm3

Rgd +Rbarrier//Rbridge +Rdrp
. (31)

Permanent magnet flux linkage φpmi passing through the
magnetic barrier and magnetic bridge of each layer is

φpmi = φm + φσii = 1, 2, 3 (32)

where φσi is the magnetic flux leakage, including the outer
magnetic bridge leakageφσoi, the inner magnetic bridge leakage
φσii, and the residual magnetic barrier φpi

φσi = φσoi + φσii + φpi. (33)

The magnetic bridge is in saturation state, and the magnetic
bridge saturation magnetic density is Bs, then

φσoi = 2BSboilef (34)

φσii = BS biilef . (35)

The magnetic vector potential drop of the magnetic bridge is
equal to that of the residual air magnetic barrier. The residual air
magnetic barrier reluctance is Rr-barrier, which is consist of the
horizontal magnetic barrier reluctance of no permanent magnet

Rnbhi and the inclined magnetic barrier reluctance Rbi, then

φpi =
BSbiilefRib
Rr−barrier

=
BSbiilefRib
Rnbhi//Rbi

(36)

Rnbhi =
1

2μ0lef

hpmi
bpi − bpmi

. (37)

Then, φpmi (38) shown at the bottom of next page and ψpm
(39) shown at the bottom of next page can be obtained

Up to now, dq-axis inductance and permanent magnet flux
linkage are deduced. From this, the expression of electromag-
netic torque Te (40) shown at the bottom of next page, the ratio
of single-three-phase, dual-three-phase short-circuit current to
rated current ks1 (41) shown at the bottom of next page, ks2
(42) shown at the bottom of next page can be calculated. In
addition, the power factor |cosϕ| at power generation state is
also a consideration in the design, it can be expressed as

|cosϕ| =
∣∣∣∣PS
∣∣∣∣ (43)

where P is active power and S is the apparent power

P = Ωm Te (44)

us = ω
√

(uq1 + uq2)
2 + (ud1 + ud2)

2

= 2ω
√

(Ld1id + ψpm)2 + (Lq1iq)
2

(45)

where Ωm is mechanical speed ω = np Ωm

|cosϕ| = [ψpmiq + (Ld1 − Lq1) idiq]√
i2d + i2q

√
(Ld1id + ψpm)2 + (Lq1iq)

2

=
(ρ− 1) sinβcos β − ψpm

Ld1is
sinβ√(

cosβ +
ψpm

Ld1is

)2
+ ρ2sin2 β

. (46)

For the consideration of the reliability of aviation PMaSynR
SG, | ψpm

isLd1
|needs to be less than 1. And furtherly, the relationship

between rotor parameters and power factor can be obtained.
It can be seen that the relationship is complex and the high

coupling. In order to further intuitively analyze the influence of
different rotor parameters on output performance and antishort-
circuit ability, sensitivity analysis of rotor structure parameters
will be introduced as follows.

D. Rotor Structure Parameters Sensitivity Analysis on Output
Performance and Antishort-Circuit Ability

The influence of rotor structure parameters, such as the size
of the magnetic barrier, the magnetic bridge, and the perma-
nent magnet on the output performance, power factor, and
antishort-circuit ability is analyzed by analytical method and the
mechanical strength is calculated by finite element (FE) method
in this part. During the analysis, maximum torque per ampere
(MTPA) control strategy under nonweakening magnetic state is
adopted. According to Lagrange extremum theorem, auxiliary
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functions are introduced

H(id1, iq1, λdq) =√
i2d1 + i2q1 + λdq {Te − 3np [ψpmiq + (Ld1 − Lq1) idiq]}

(47)
where λdq is Lagrangian. Take the partial derivatives of (48), and
calculate the extremum of the electromagnetic torque. Then, id,
iq can be calculated

id =
−ψpm +

√
ψ2
pm + 8(Ld1 − Lq1)

2i2s

4 (Ld1 − Lq1)
(48)

iq = −
√
i2s − i2d . (49)

Substitute (48), (49) into (5), the relationship between Te and
is under MTPA can be obtained.

Short circuit current and rated current can be calculated and
the ratio of short circuit current to rated current ksc can be
obtained. Since the short circuit current of dual-three-phase and
that of single-three-phase changes in the same trend, only the
single-three-phase short-circuit current is analyzed. Meanwhile,
the difference of dq-axis inductance Ld1-Lq1, |cosϕ|, ρ are
crucial factors affecting the electromagnetic performance and
analyzed as well.

1) Comparison Between Analytical Model and FE Model:
First of all, the accuracy of analytical model of dq-axis induc-
tance and permanent magnet flux is discussed. Here, flux density
is a sensitive parameter to compute the network, which is mainly
depended on the relative permeability of magnetic bridge at
magnetic saturation μs and the relative permeability of rotor
path μn. In the process of computing the network, the rotor path
is designed in the unsaturated region, and the rotor outer and

Fig. 6. Calculation process of µs and µn.

inner magnetic bridge is designed in the saturated region due to
the narrow bridge thickness.

The calculation process of μs and μn can be described as
Fig. 6.

Assume μs
′, μn

′, then calculate Rbridge, Rbarrier, Rdrp, Rqrp,
Rrq, Rrd. According to the relationship between magnetomotive
force and reluctance in Fig. 5, the barrier magnetomotive force

φpmi =
Fpm1 + Fpm2 + Fpm3

Rgd +Rbarrier//Rbridge +Rdrib

+ 2BSboilef +BSbiilef +
BSbiilefRib
Rnbhi//Rbi

(38)

ψpm = Nφpm = N

(
Fpm1 + Fpm2 + Fpm3

Rgd +Rbarrier//Rbridge +Rdrib
+ 2BSboilef +BSbiilef +

BSbiilefRib
Rnbhi//Rbi

)
(39)

Te = 3pn (Ld1 − Lq1) i
2
ssin 2β + 3pnψpmissinβ = 3pn (Ldd − Lqq) i

2
ssin 2β + 3pnψpmissinβ

= 3pn

(
1.5N2

8δ
πμ0lefr

+Rrd
− 1.5N2μ0lef

8δ
πμ0r

+ 1
μn

(Rqrib1//Rqrib2//Rqrib3)

)
i2ssin 2β + 3pnN

(
Fpm1 + Fpm2 + Fpm3

Rgd +Rbarrier//Rbridge +Rdrib
+ 2BSboilef +BSbiilef +

BSbiilefRib
Rnbhi//Rbi

)
issinβ (40)

ks1 =
ψpm

(2Ldd + laal) is
=
N
(

Fpm1+Fpm2+Fpm3

Rgd+Rbarrier//Rbridge+Rdrib
+ 2BSboilef +BSbiilef +

BSbiilefRib

Rnbhi//Rbi

)
(

3N2

8δ
πμ0lef r+Rrd

+ laal

)
is

(41)

ks2 =
ψpm

(Ldd + laal) is
=
N(

Fpm1+Fpm2+Fpm3

Rgd+Rbarrier//Rbridge+Rdrib
+ 2BSboilef +BSbiilef +

BSbiilefRib

Rnbhi//Rbi(
1.5N2

8δ
πμ0lef r+Rrd

+ laal

)
is

. (42)
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Fig. 7. Comparison of analytical and FE calculation results.

and rotor path magnetomotive force can be calculated

Fl =
3∑
i=1

(Fpmi)

(
1− Rbridge

Rgd +Rbarrier//Rbridge +Rdrp

)
(50)

Frp =

∑3
i=1 (Fpmi)Rdrp

Rgd +Rbarrier//Rbridge +Rdrp
(51)

where Fl is the barrier magnetomotive force and Frp is rotor
path magnetomotive force. Furtherly, magnetic bridge saturation
magnetic density Bs and rotor path magnetic density Bn can be
calculated

BS =
Fli

Abridge Rbridge
(52)

Bn =
Frp

Arp Rrp
(53)

where Abridge is the area of the magnetic bridge and Arp is the
area of the rotor path.μs andμn can be obtained by rotor material
BH curve at Bs and Bn. If |μs-μs

′| > ε or |μn-μn
′| > ε, assume

μs
′, μn

′ again until |μs-μs
′| < ε, and |μn-μn

′| < ε. By now, μs
′

and μn
′ can be regarded as μs and μn. According to μs and

μn, the dq-axis inductance and permanent magnet flux can be
calculated.

In total, 20 groups of rotor structure parameters are selected
randomly, and dq-axis inductance and flux are calculated by
the method of analytical model and FE model, respectively, as
shown in Fig. 7, where Lda, Lqa, ψpma is analytical calculation
results of dq-axis inductance and flux and LdFE, LqFE, ψpmFE

are FE calculation results of that. The results of analytical
calculation are close to that of FE calculation, which means
analytical model proposed in this article is credible.

Therefore, the analysis results of the Ld-Lq, ρ, is (rated
current), ksc (ratio of single-three-phase short circuit current to
rated current), λ (ratio of permanent magnet torque to rated elec-
tromagnetic torque), and |cosϕ| (power factor) can be regarded
as credible.

2) Magnetic Barrier Size: Three-layer magnetic barrier rotor
structure is adopted. Each layer thickness change affects the
total electromagnetic performance. For better description of the
relationship and influence, total magnetic barrier thickness is an-
alyzed first, good electromagnetic performance is obtained and
further, the influence of each layer magnetic barrier thickness
on electromagnetic performance is discussed.

Fig. 8. Influence between electromagnetic performance and the minimum
current of each kins.

First, the insulation ratio kins is introduced, i.e., the ratio of
the total equivalent thickness of three-layer magnetic barriers
to the rotor radial thickness. According to the principle of con-
stant equivalence of magnetic barrier reluctance, the equivalent
thickness is carried out

heqi =
bpihpmi + bbihbi
bbi + bpmi

(54)

and

kins =

3∑
i=1

heqi
rr

. (55)

During the analysis, some initial conditions are set as: the sum
of the thickness of each layer rotor path and each layer magnetic
barrier is a constant value m, the thickness of the magnetic bridge
and the width of the permanent magnet is constant value, the
thickness of the permanent magnet is equal to the thickness of the
horizontal magnetic barrier. Only the thickness of the horizontal
magnetic barrier and the inclined magnetic barrier are changed.
With different magnetic barrier parameters, the minimum cur-
rent required by rated power generation electromagnetic torque
can be obtained by MTPA.

Fig. 8(a) and (b) shows the relationship between electromag-
netic performance and the minimum current of each kins.

From Fig. 8(a), when kins is in the range of 0.4–0.6, the differ-
ence of dq-axis inductance (Lqq-Ldd) is higher than the condition
of kins > 0.6 or kins < 0.4, which results in lower current needed
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Fig. 9. kins = 0.5, the relationship between the rated current and khpm1,
khpm2, khpm3, khb1, khb2, khb3.

for rated torque. High torque-current ratio and good performance
can be obtained in this range. However, when kins is <0.4 or
kins >0.6, the difference of dq-axis inductance decreases, rated
current increases fast, torque-current ratio decreases fast, and
the performance operates worse.

From Fig. 8(b), with the increase of kins, |cosϕ|, ρ, ksc, and
λ increase first and decrease. When kins is in the range of 0.45–
0.65, high salient pole ratio and power factor can be obtained
and the performance is not sensitive to the change of kins.

Therefore, when kins is in the range of 0.45–0.6, the PMaSynR
SG can obtain electromagnetic performance of high difference
of dq-axis inductance and high salient pole ratio and high power
factor and high torque-current ratio.

Fig. 9 shows at the condition of kins = 0.5, the relationship
between the rated current and the ratio of each layer thickness
of magnetic barrier to the three-layer total thickness, where,
khpm1, khpm2, khpm3, khb1, khb2, khb3 is the ratio of the magnetic
barrier thickness of each layer to the total three-layer equivalent
thickness (for example, khpm1 = hpm1/(heq1 + heq2 + heq3)).
Every column in Fig. 9 is one set of parameters of khpm1, khpm2,
khpm3, khb1, khb2, and khb3 corresponding to certain current.
When the ratio of each layer magnetic barrier thickness to the
total three-layer magnetic barrier thickness is all in the range
of 0.3–0.35, high torque-current ratio and good electromagnetic
performance can be obtained. And in this range, they are in-
sensitive to the change of the ratios. When the ratios are away
from the range of 0.3–0.35, the rated current increases, the
ratio of torque to current, and output performance decreases,
and they are significantly influenced by the change of the
ratios.

3) Magnetic Bridge Size: The influence of the outer and
inner magnetic bridge on both electromagnetic and mechanical
performances of PMaSynR SG are studied. According to last
part analysis of kins, kins = 0.5 is selected and the ratio of each
layer thickness to total three thickness khpm1, khpm2, and khpm3

is selected as 0.34, 0.33, and 0.33.

Fig. 10. Influence between outer bridge thickness and PMaSynR SG perfor-
mance.

First, the inner magnetic bridge thickness is kept constant,
only each layer outer magnetic bridge thickness changes. Dif-
ferent outer magnetic bridge thickness combinations can obtain
different rated current and different torque-current ratio. The
electromagnetic and mechanical performance at minimum rated
current value (maximum torque-current ratio) of each three-
layer outer magnetic bridge total thickness are selected to draw
Fig. 10.

Fig. 10(a) and (b) is the relationship between outer magnetic
bridge total thickness and electromagnetic performance. With
the increase of outer magnetic bridge thickness, the difference
of dq-axis inductance ρ, |cosϕ| ksc decreases, rated current
increases, and torque-current ratio decreases. When the outer
magnetic bridge total thickness is more than 7 mm, the electro-
magnetic performance decreases significantly.

Fig. 10(c) shows the relationship between outer magnetic
bridge total thickness and mechanical performance of maximum
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Fig. 11. Influence between each layer outer magnetic bridge thickness and
PMaSynR SG performance.

stress and deformation. When the outer magnetic bridge total
thickness is more than 4 mm, the maximum stress of the rotor
is less than 300 MPa (set 2 times safety margin) and decreases
slowly. The design range of outer magnetic bridge total thickness
is 4–7 mm.

Fig. 11 shows at the outer magnetic bridge total thickness of
6 mm, the relationship between different combinations of each
layer outer magnetic bridge thickness and electromagnetic and
mechanical performance. Every column in Fig. 11 is one set of
parameters of bo1, bo2, bo3 corresponding to certain stress or
current. The enlarged figure in Fig. 11 is the rated current of
different combinations with the stress range of 280–285 MPa.
When each layer outer magnetic bridge thickness is similar
and bo1 > bo2 > bo3, good electromagnetic and mechanical
performance can be obtained.

The analysis of inner magnetic bridge thickness is similar
to that of the outer magnetic bridge thickness. A combination
of three-layer outer magnetic bridge thickness with the total
thickness of 6 mm is selected and only inner magnetic bridge
thickness changes. Different inner magnetic bridge thickness
combinations can obtain different rated current. The electro-
magnetic and mechanical performance at minimum rated cur-
rent value (maximum torque-current ratio) of each three-layer
inner magnetic bridge total thickness are selected to draw
Fig. 12.

Fig. 12(a) and (b) is the relationship between inner magnetic
bridge total thickness and electromagnetic performance. With
the increase of inner magnetic bridge thickness, the difference
of dq-axis inductance ρ, |cos ϕ| ksc decreases, rated current
increases, and torque-current ratio decreases. When the inner
magnetic bridge total thickness is more than 6 mm, the electro-
magnetic performance decreases significantly.

Fig. 12(c) shows the relationship between inner magnetic
bridge total thickness and mechanical performance of maxi-
mum stress and deformation. With the inner magnetic bridge
total thickness is more than 4.5 mm, the maximum stress
of the rotor is less than 300 MPa and decreases slowly.

Fig. 12. Influence between inner bridge thickness and PMaSynR SG perfor-
mance.

The design range of inner magnetic bridge total thickness is
4.5–6 mm.

Fig. 13 shows at the inner magnetic bridge total thickness of
5 mm, the relationship between different combinations of each
layer inner magnetic bridge thickness and electromagnetic and
mechanical performance. Every column in Fig. 13 is one set
of parameters of bi1, bi2, bi3 corresponding to certain stress or
certain current. The enlarged figure in Fig. 13 is the rated current
of different combinations with the stress range of 260–270 MPa.
When each layer inner magnetic bridge thickness is similar
and bi1 > bi2 > bi3, good electromagnetic and mechanical
performance can be obtained.

4) Permanent Magnet Size: For fulfilling the reliability re-
quirements of the aviation starter generator system, it is essen-
tial to ensure that the short circuit current will not cause the
PMaSynR SG overheat. The short circuit current is determined
by d-axis inductance and permanent magnet flux. The size range
of magnetic barrier and magnetic bridge with good electro-
magnetic performance is given above, which means the design
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Fig. 13. Influence between each layer inner magnetic bridge thickness and
PMaSynR SG performance.

range of dq-axis inductance is determined. The analysis of the
influence of permanent magnet flux on short-circuit current
and electromagnetic performance is discussed in this part. The
permanent magnet adopts cuboid structure and is embedded in
the horizontal magnetic barriers. The thickness is equal to that
of the horizontal magnetic barrier.

For convenience of the description of the relationship between
the volume of permanent magnet and the antishort-circuit ability
and electromagnetic performance, kpm is defined as the ratio
of the total permanent magnet volume to the total horizontal
magnetic barrier volume

kpm =
bpm1hpm1 + bpm2hpm2 + bpm3hpm3

bbp1hpm1 + bbp2hpm2 + bbp3hpm3
. (56)

A combination of magnetic barrier and magnetic bridge
parameters with good electromagnetic and mechanical perfor-
mance is selected and is kept constant, only the width of each
layer permanent magnet changes. The combination of perma-
nent magnet width with minimum rated current (maximum
torque-current ratio) at each kpm is selected to draw Fig. 14.

Fig. 14(a) and (b) shows the relationship between kpm and
electromagnetic performance. With the increase of the volume of
permanent magnet, electromagnetic performance is significantly
improved, followed by the increase of short-circuit current.
When kpm is 0.82, the short circuit current is equals to rated
current.

Fig. 15 shows at the condition of kpm = 0.75, the relationship
between the different width of each layer permanent magnet
and the rated current, where, kbpm1, kbpm2, kbpm3 is the ratio
of each layer permanent magnet volume to the located-layer
horizontal magnetic barrier volume. Every column in Fig. 15 is
one set of parameters of kbpm1, kbpm2, kbpm3 corresponding to
certain current. When kbpm1, kbpm2, and kbpm3 are in the range
of 0.65–0.85, the higher torque-current ratio and better electro-
magnetic performance can be obtained and they are insensitive
to the change of the ratios.

Fig. 14. Influence between kpm and PMaSynR SG performance.

Fig. 15. Influence between kbpm1, kbpm2, kbpm3 and PMaSynR SG perfor-
mance.

In this section, dq-axis inductance and permanent magnet flux
linkage are derived, and the influence on the electromagnetic
performance and antishort-circuit ability is discussed.

IV. SIMULATION CALCULATION

According to basic parameter selection and the influence
of rotor structure parameters on output performance and
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Fig. 16. PMaSynR SG model.

Fig. 17. Torque-speed at starting process.

antishort-circuit ability mentioned previously, a 24 000 r/min,
40 kW PMaSynR SG is designed shown in Fig. 16.

The PMaSynR SG is controlled by the power converter the
starting and power generation processes with the method of
MTPA.

A. Starting State

During starting process, PMaSynR SG starts with load of 20
N•m to 6000 r/min, and then runs to 9000 r/min with the load
of 12.56 kW constant power. The simulation results of starting
process are shown in Fig. 17.

B. Power Generation State

Fig. 18 shows the no load back EMF waveform at 24 000
r/min, and the amplitude is 91 V.

Fig. 19(a) and (b) shows 270 V dc voltage at 24 000 r/min
at no-load and rated power generation, respectively. The ripple
is 0.3 V at no-load power generation and 0.4 V at rated power
generation.

Fig. 20(a) and (b) shows the magnetic density distribution at
no-load and rated power generation. At no load power genera-
tion, the main magnetic circuit is unsaturated, while the magnetic
bridge is highly saturated. At rated power generation, the main
magnetic circuit of stator yoke and rotor is wide and unsaturated,
while the teeth are narrow and partially saturated, but it has little
influence on the overall electromagnetic performance.

Fig. 18. No load back EMF waveform at 24 000 r/min.

Fig. 19. 270 V dc voltage and ripple. (a) 270 V DC (ripple= 0.3 V) @ Noload.
(b) 270 V DC (ripple = 0.4 V) @ Rated power generation.

Fig. 20. Magnetic density distribution. (a) Flux Density @ No-load. (b) Flux
Density @ Rated power generation.

Fig. 21(a) and (b) shows the short-circuit current of single-
three-phase and dual-three-phase, isc1 rms and isc2 rms is 75 A
and 57 A, respectively. The rated current rms is 113.5 A. The
maximum short-circuit current is 66% of the rated value, which
will not cause the PMaSynR SG to overheat.

Through the analysis of starting process, no-load power gen-
eration, rated power generation, and short circuit fault, the
proposed PMaSynR SG has strong antishort-circuit ability and
excellent electromagnetic performance.

V. Experiment

The dual-three-phase 40 kW/24 000 r/min PMaSynR SG
prototype is manufactured (as shown in Fig. 22) with the weight
of 13 kg and with the heat-dissipating method of oil spraying.
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Fig. 21. Short-circuit current waveform. (a) Dual-Three-Phase Short-Circuit.
(b) Single-Three-Phase Short-Circuit.

Fig. 22. PMaSynR SG prototype. (a) PMaSynR SG prototype. (b) Stator and
winding. (c) Rotor.

Experiments of starting, power generation and short circuit fault
are carried out.

The starting and power generation experiment platforms are
constructed, as shown in Fig. 23. Fig. 23(a) shows that the
starting experiment platform is composed of PMaSynR SG, SG
power converter, and dynamometer. Fig. 23(b) shows that the
power generation experimental platform is composed of prime
motor, PMaSynR SG, SG power converter, and load equipment.

A. Starting State Experiment: Fig. 24 shows the PMaSynR
SG load capacity test results during starting process. From the
results, PMaSynR SG can meet the requirements of 0–6000
r/min at constant torque (20 N•m) operation and 6000–9000
r/min constant power operation.

Fig. 23. Starting and power generation experiment platforms. (a) Starting
process platform. (b) Power generation platform.

Fig. 24. PMaSynR SG load capacity test during starting process.

B. Power Generation State Experiment

Fig. 25 shows the experimental results of PMaSynR SG
performance at different load and speed. Fig. 25(a) shows the
no-load line voltage back EMF at 24 000 r/min, and the am-
plitude of experimental result is 2.1% lower than that of the
simulation result. Fig. 25(b) shows that the output dc voltage
is 270 V ± 1.5 V at no-load power generation. Fig. 25(c1) and
(c2) shows the phase current of PMaSynR SG and the output dc
voltage (270 V ± 2.8 V) at 12 000 r/min/20 kW resistance load,
and the phase current rms of experimental result is 5.5% higher
than that of the simulation result. Fig. 25(d1) and (d2) shows the
phase current of PMaSynR SG and the output dc voltage (270 V
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Fig. 25. Experimental results of PMaSynR SG performance at no-load, different rated power generation. (a) No-load Back EMF. (b) 270 VDC@No-load(ripple
= 1.5 V).

TABLE III
EFFICIENCY AT DIFFERENT SPEED

± 3.2 V) at 18 000 r/min/30 ;kW resistance load, and the phase
current rms of experimental result is 5.3% higher than that of the
simulation result. Fig. 25(e1) and (e2) shows the phase current
of PMaSynR SG and the output dc voltage (270 V ± 3.8 V) at
24 000 r/min/40 kW resistance load, and the phase current rms
of experimental result is 4.8% higher than that of the simulation
result.

The experimental results abovementioned show that within
the allowable error range, the design of the 40 kW/24 000
r/min PMaSynR SG is accurate, and the output performance
can meet the requirements. In spite that the voltage ripple of the
experiment is higher than that of the simulation, it is mainly
affected by the parasitic parameters of the power converter,
and it is out of the research content in this article. The voltage
ripple shown in this article aims to illustrate that the proposed
PMaSynR SG has the capability of voltage regulation at power
generation.

The efficiency of PMaSynR SG at different power generation
conditions is tested and shown in Table III.

From Table III, the experimental efficiency is slightly lower
than the simulation results, mainly because the core loss caused
by the high-order harmonics of the power tube switching is
ignored in the simulation, and the experimental core and copper
loss is higher than simulation value. However, there is little
difference between simulation value and experiment value,
which proves that the efficiency calculation is reliable. There-
fore, the simulation efficiency is 96.5% at 40 kW/24 000 r/min
power generation, and through comprehensive analysis, the ac-
tual efficiency can reach 94%.

Fig. 26. Experimental results of short-circuit current. (a) Single-three-phase
short circuit fault. (b) Dual-three-phase short circuit fault.

C. Short-Circuit Fault Experiment

Fig. 26 shows the experimental results of the short-circuit
current of PMaSynR SG. Fig. 26(a) and (b) shows the single-
three-phase and dual-three-phase short-circuit current, and the
rms value is 70 A and 53 A, respectively. The ratio of single-
three-phase short-circuit current to rated current is 59%. Because
the end leakage inductance is ignored in the simulation, the ac-
tual dq-axis inductance is higher, resulting in lower short-circuit
current. Meanwhile, the experiment rated current is higher than
the simulation value, resulting in lower ks. Due to the little
difference of value between experiment and simulation, it can
be considered that the design is accurate, and PMaSynR SG has
strong antishort-circuit ability.

From the abovementioned experiments, the proposed
PMaSynR SG has excellent electromagnetic performance of
high efficiency, high power density, and strong antishort-circuit
ability.

VI. CONCLUSION

In this article, a novel aviation dual-three-phase PMaSynR
SG is proposed. The design method of PMaSynR SG with high
electromagnetic performance and excellent antishort-circuit
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ability is proposed, and the main PMaSynR SG parameters
selection is given. The influence of rotor structure parameters
on electromagnetic performance and antishort-circuit ability
is clarified by establishing the simplified dq-axis equivalent
magnetic circuit model and the parameter sensitivity analysis.
The following conclusions can be drawn.

1) The dq-axis inductance difference, the salient pole ratio ρ,
the power factor |cosϕ| and the short-circuit/rated current
ratio ksc increases first and then decreases as the insulation
ratio of magnetic barrier kins increases. For kins in the
range of 0.45–0.6 and the ratio of each magnetic barrier
thickness to total magnetic barrier thickness in the range
of 0.3–0.35, the high dq-axis inductance difference, the
high salient pole ratio ρ, the high power factor |cos ϕ|,
and the high torque-current ratio can be obtained for the
PMaSynR SG.

2) As the total thickness of outer and inner magnetic
bridge increase, the electromagnetic performance of the
PMaSynR SG becomes worse but the mechanical perfor-
mance gets better. Furthermore, both the electromagnetic
and the mechanical performance can be guaranteed for
the outer magnetic bridge total thickness in the range of
4–7 mm, the thickness of each layer of outer magnetic
bridge relatively close with bo1 > bo2 > bo3, the inner
magnetic bridge total thickness in the range of 4–6 mm,
and the thickness of each layer of inner magnetic bridge
relatively close with bi1 > bi2 > bi3.

3) With the increase of the permanent magnet, the elec-
tromagnetic performance of the PMaSynR SG becomes
better, while the short-circuit current increases as well.
When the ratio of total volume of the permanent magnet
to the total horizontal magnetic barrier volume is less than
0.82, the short-circuit current of the PMaSynR SG can be
less than its rated current. In addition, the electromagnetic
performance of the PMaSynR SG can get better when the
ratio of each layer volume of permanent magnet to the
volume of horizontal magnetic barrier kpm1, kpm2, kpm3

is close to kpm.
Finally, a 40 kW/24 000 r/min PMaSynR SG prototype is

manufactured with the characteristics of high efficiency (94%),
high power density (3.1 kW/kg), and strong antishort-circuit
ability (the short-circuit current is only 59% of the rated value).

The novelty of this article is to be the first time to propose
a high-speed high-power dual-three-phase PMaSynR SG in
aerospace application with the antishort-circuit capacity, and
the feasibility of the PMaSynR SG applied in aerospace starter
generator power system is verified by theory and experiment. It
provides a guideline and a novel research direction for engineers
to follow in aviation high-power high-speed starter-generator
system field.
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