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High reliability is required for the permanent magnet brushless DC motor (PM-BLDCM) in an electrical pump of hypersonic
vehicle. The PM-BLDCM is a short-time duty motor with high-power-density. Since thermal equilibrium is not reached for the
PM-BLDCM, the temperature distribution is not uniform and there is a risk of local overheating. The winding is a main heat source
and its insulation is thermally sensitive, so reducing the winding temperature rise is the key to the improvement of the reliability. In
order to reduce the winding temperature rise, an electromagnetic-thermal integrated design optimization method is proposed. The
method is based on electromagnetic analysis and thermal transient analysis. The requirements and constraints of electromagnetic
and thermal design are considered in this method. The split ratio and the maximum flux density in stator lamination, which are
highly relevant to the windings temperature rise, are optimized analytically. The analytical results are verified by finite element
analysis (FEA) and experiments. The maximum error between the analytical and the FEA results is 4%. The errors between the
analytical and measured windings temperature rise are less than 8%. It can be proved that the method can obtain the optimal
design accurately to reduce the winding temperature rise.

1. Introduction
There are many kinds of permanent magnet brushless DC
motor (PM-BLDCM) in the engine of hypersonic vehicle
to achieve fast, flexible, and precise thrust control [1–5].
These PM-BLDCMs have different load profiles, which can
be classified by the standard of IEC 60034-1:2010 as ten kinds
of duty types: S1 to S10 [6]. The short-time duty (S2) PMBLDCM in hypersonic vehicle can be used in pumps, actuators, fans, and so on. Reliability and power-density are the
fundamental requirements for the hypersonic vehicle PMBLDCM [7–9]. Thermal equilibrium is not reached for shorttime duty PM-BLDCM, so there is a risk of local overheating
[10, 11]. Overheat can cause damage to those components
which are sensitive to the temperature, especially, the winding insulation. As the temperature increases, the winding
insulation lifetime is heavily reduced by the thermal-aging
degradation effect [12–14]. Reliability of the short-time duty
PM-BLDCM is directly affected by the winding temperature
rise. Therefore, reducing the winding temperature rise is the
key to the improvement of the PM-BLDCM’s reliability [15].

Both the electromagnetic and thermal designs need to
be concerned for the PM-BLDCM. The electromagnetic and
thermal design parameters are coupled. The electromagneticthermal integrated design needs to be adopted to reduce
the winding temperature rise. There are different types
of electromagnetic-thermal integrated design methods proposed in the literatures. Nevertheless, these methods can
be divided into two main categories: numerical methods
and analytical methods [12, 15–21]. The two methods have
their own advantages and disadvantages. There are also some
approaches which combine the two methods [16, 17]. The
numerical methods, which are based on the finite element
analyses (FEA) and computational fluid dynamics (CFD), can
get the accurate results intuitively. However, the numerical
methods have high requirements in terms of model setup
and computational time [19, 20]. The analytical methods,
which are based on the electromagnetic and thermal parametric model, provide a fast and accurate solution for
the electromagnetic-thermal integrated design optimization
[20, 21]. In preceding publications, the electromagneticthermal integrated design optimization is based on the
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thermal steady state. However, the winding temperature is
directly affected by the thermal transients for the shorttime duty PM-BLDCM. Therefore, in this paper, an analytical electromagnetic-thermal integrated design optimization
method, which is based on the thermal transients, is studied
for the short-time duty PM-BLDCM.
Some main design parameters are highly relevant to the
electromagnetic and thermal performance, such as the stator
outer diameter 𝐷𝑜 , the stator inner diameter 𝐷𝑠 , and the
motor active axial length 𝑙ef [16–21]. The winding temperature
rise can be decreased by optimizing the parameters. In some
existing papers, there are too many variables involved and
the optimization is complex [15, 19–21]. According to motor
design theory, the main design parameters are determined by
the electric load and magnetic load, which can be converted
to the maximum flux density in the stator lamination 𝐵𝑚 , the
stator inner diameter 𝐷𝑠 , and copper loss 𝑃Cu [22]. When two
of 𝐵𝑚 , 𝐷𝑠 , and 𝑃Cu are determined, the dimensions of the
PM-BLDCM can be obtained. For low-speed PM-BLDCM,
the copper loss is the only main loss, and so 𝐷𝑠 and 𝑃Cu
are usually chosen to optimize [23–28]. For the high-powerdensity PM-BLDCM with high-speed, 𝐵𝑚 and 𝐷𝑠 are suitable
for the optimization. In order to make data comparable, 𝐷𝑠 is
usually expressed as split ratio, which is the ratio of the stator
inner diameter 𝐷𝑠 to the outer diameter 𝐷𝑜 . In this paper,
the electromagnetic and thermal parameters are converted to
the functions of the split ratio and 𝐵𝑚 . Only two variables are
involved, so the optimization can be highly simplified.
The split ratio is an important design parameter since it
has a significant influence on temperature rise, torque, loss,
efficiency, and cost [23–27]. There are many investigations on
the optimization of the split ratio in some existing papers.
Different split ratio optimization methods for electrically
excited motors, surface mounted PM motors, interior PM
motors, external rotor PM motors, and so forth are presented
in [23–25]. These methods are aimed at low-speed motor
and thermal limitation is achieved by limiting the copper
loss. In [26], Tang et al. indicate that the split ratio has a
significant influence on temperature rise of the short-time
duty PM-BLDCM. In [27], Reichert et al. indicate that the
local thermal situations should be considered, especially for
the stator winding, which is one of the main heat sources;
an analytical split ratio optimization method for low-speed
PM-BLDCM is developed with global and local thermal
limitations. In [23–27], the split ratio has been optimized
for these PM-BLDCMs whose losses are dominated by the
copper loss, whereas other losses can be neglected. Speed has
a significant influence on the optimal split ratios [28]. For the
high-power-density PM-BLDCM in this paper, the iron loss,
the rotor eddy current loss, the rotor air friction loss, and the
mechanical friction loss should be considered in the design
optimization.
In this paper, an electromagnetic-thermal integrated
design optimization method is proposed to reduce the winding temperature rise of the short-time duty PM-BLDCM.
The analytical design model and electromagnetic torque
equation are given in Section 2. The losses are calculated in
Section 3. The thermal transient analysis and the optimal
design determination method are presented in Section 4.
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Figure 1: Load profile of the PM-BLDCM.

Finally, the analytical optimization results are verified by FEA
and experiments.

2. Electromagnetic Torque Calculation
The PM-BLDCM intended to design is used in an electrical
pump of hypersonic vehicle. High reliability and high-powerdensity are required. The PM-BLDCM operates for a short
time in a flight. Some constraints for the PM-BLDCM are
given as follows:
(1) The motor is required to be able to operate 300 s
per cycle with full load. The load profile is shown in
Figure 1.
(2) The rotational speed and torque under full load
condition are 10000 r/min and 1.6 N⋅m, respectively.
(3) Outer diameter and length of the motor are limited.
(4) The operating altitude is 20 km.
(5) The motor is cooled by natural cooling.
(6) The maximum ambient temperature is 80∘ C.
The operation time of the PM-BLDCM is far less than
the time deenergized and at rest. There is enough time for it
to reestablish motor temperatures within 2∘ C of the coolant
temperature [6]. Therefore, the PM-BLDCM is a short-time
duty motor.
Air density at altitude of 20 km is 0.0889 kg/m3 , which is
1/14 that of 0 km. At high altitudes, due to the thin air, the
convection cooling capacity is reduced.
Some designs of the PM-BLDCM prototype, such as 120∘
electrical conduction, inner rotor, surface mounted magnets,
air-gap width, slots number, poles number, outer stator diameter, and axial length, have been designed previously before
optimization. Some requirements and design parameters are
shown in Table 1.
The configuration and main geometric parameters of the
PM-BLDCM are shown in Figure 2, where 𝑏𝑡 is the stator
tooth width; 𝑏𝑗 is the stator back iron width; ℎ𝑡 is the tooth-tip
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where F(𝜆, 𝐵𝑚 ) is a function of 𝜆 and 𝐵𝑚 , shown as

Table 1: Main parameters of the prototype motor.
Items
Rated speed (r/min)
Outer stator diameter (mm)
Poles number
Rated torque (N⋅m)
Active axial length (mm)
Slots number

Values
10000
80
4
1.6
30
12

𝐹 (𝜆, 𝐵𝑚 ) = {[

𝐵2 2𝐵
𝜋
𝜋
(
+ 2) 2𝛿 + 𝛿 − 1] 𝜆2
2𝑝 2𝑝
𝐵𝑚 𝐵𝑚

𝐵
𝜋
− 2 [(
+ 1 − 𝜀) 𝛿 + 𝜀] 𝜆 + 1 − 𝜀2 } ,
2𝑝
𝐵𝑚

(4)

where 𝜀 is the ratio of 2ℎ𝑡 and 𝐷𝑜 :
𝜀=

2ℎ𝑡
.
𝐷𝑜

(5)

The cross-sectional area of a conductor is given as
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Figure 2: Configuration and geometric parameters of the PMBLDCM.

height; 𝐷𝑜 and 𝐷𝑠 are the outer diameter and inner diameter
of the stator core, respectively; 𝐴 𝑠 is the stator slot area.
The split ratio is given as
𝐷𝑠
.
𝐷𝑜

(1)

The stator tooth width 𝑏𝑡 and the stator back iron width
𝑏𝑗 can be expressed as
𝑏𝑡 =

𝜋𝐷𝑜 𝜆𝐵𝛿
,
𝑄𝐵𝑚

𝜋𝐷𝑜 𝜆𝐵𝛿
𝑏𝑗 =
,
4𝑝𝐵𝑚

(2)

𝑇em =

2𝐸ph 𝐼𝑎
𝜔𝑟

= 2𝐵𝛿 𝑙ef 𝐷𝑠 𝑊Φ 𝑘𝑁𝐼𝑎 ,

(3)

(9)

where 𝐼𝑎 is the winding current.

3. Loss Calculation
Losses are the heat source that causes increase of motor
temperature. Losses of the high-power-density PM-BLDCM
mainly include the copper loss, the iron loss, the rotor eddy
current loss, the mechanical friction loss, and the rotor air
friction loss [29].
3.1. Copper Loss. When the winding temperature of the PMBLDCM is ambient temperature 𝜏0 , the winding temperature
rise is 0, and the copper loss can be expressed as
𝑃Cu0 = 2𝐼𝑎2 𝑅𝑎 = 2𝐼𝑎2 𝜌Cu

where 𝐵𝛿 is the air-gap flux density, which is nearly a constant
for surface mounted PM motors [24]; Q is the stator slots
number; p is the poles number.
According to the geometric relationships and the expressions of 𝑏𝑡 and 𝑏𝑗 , the slot area can be obtained as
𝜋𝐷𝑜2
𝐴𝑠 =
𝐹 (𝜆, 𝐵𝑚 ) ,
4𝑄

(8)

where 𝑘𝑁 is the winding factor.
The electromagnetic torque is given as

Rotor iron
core

𝜆=

(7)

where 𝜔𝑟 is the angular velocity of the rotor; 𝑙ef is the active
motor axial length.
The phase back-EMF can be obtained as

Air gap

Spacer

(6)

where 𝑘𝑠 is the slot fill factor; 𝑊Φ is the number of turns each
phase.
The back-EMF of a single conductor is given as

Ds

PM
N

𝜋𝐴 𝑠 𝑘𝑠 𝑄
,
24𝑊Φ

2𝑊Φ (𝑙ef + 𝑙ed )
,
𝐴 cond

(10)

where 𝜌Cu is the resistivity of copper at ambient temperature
𝜏0 ; 𝑅𝑎 is the winding phase resistance; 𝑙ed is the average endwinding length, which is given as
𝑙ed =

𝜋2 𝐷𝑜 𝑦1
𝜋𝜆𝐵𝛿
(1 −
+ 𝜆 + 𝜀) ,
4𝑄
2𝑝𝐵𝑚

where 𝑦1 is winding pitch.

(11)
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According to (3)–(10), the copper loss expression in (10)
can be rewritten as
𝑃Cu0 =

2
(𝑙ef + 𝑙ed )
𝐶1 𝑇em
2
𝜆 𝐹 (𝜆, 𝐵𝑚 )

(12)

with the constant 𝐶1 :
96𝜌
𝐶1 = 2 2 2 Cu 2 4 .
𝜋 𝐵𝛿 𝑙ef 𝑘𝑠 𝑘𝑁𝐷𝑜

(13)

3.2. Iron Loss. The iron loss in the stator lamination is given
as
𝑃Fe = 𝑃𝑡 (𝐺𝑗 + 𝐺𝑡 ) ,

(14)

where 𝑃𝑡 is the iron loss per unit mass (kg); 𝐺𝑗 is the mass of
the stator back iron; 𝐺𝑡 is the mass of the stator teeth.
𝑃𝑡 is separated into the hysteretic loss component 𝑃ℎ , the
classical eddy current loss component 𝑃𝑐 , and the excess eddy
current losses component 𝑃𝑒 , and 𝑃𝑡 can be expressed as [30]
𝛼
2
1.5
+ 𝑘𝑐 𝑓2 𝐵𝑚
+ 𝑘𝑒 𝑓1.5 𝐵𝑚
,
𝑃𝑡 = 𝑃ℎ + 𝑃𝑐 + 𝑃𝑒 = 𝑘ℎ 𝑓𝐵𝑚

(15)

where 𝑘ℎ and 𝛼 are the hysteretic loss constants; 𝑘𝑐 is the
classical eddy current loss constant; 𝑘𝑒 is the excess eddy
current losses constant; 𝑓 is the frequency.
Based on the analytical design model, the expressions of
𝐺𝑗 and 𝐺𝑡 can be obtained as
𝐺𝑗 =

𝜋𝜎Fe 𝑙ef 𝐷𝑜2 𝐵𝛿

𝜋2 𝐵𝛿 𝜆2
𝜋𝜆
(
−
),
2
4𝑝𝐵𝑚 16𝑝2 𝐵𝑚

𝐺𝑡 = 𝜋𝜎Fe 𝑙ef 𝐷𝑜2 𝐵𝛿 [

𝜋𝐵𝛿
𝜆
1
−(
+
) 𝜆2 ] ,
2
2𝐵𝑚
2𝐵𝑚 4𝑝𝐵𝑚

(16)

3.3. Rotor Eddy Current Loss. Eddy current loss in the
permanent magnets, the sleeve, and the rotor yoke is caused
by the space MMF harmonics and time MMF harmonics. The
eddy current loss mainly locates in the permanent magnets
and the sleeve, and the loss in the rotor yoke can be ignored
[31]. The rotor eddy current loss can be calculated by [32]
𝜔𝑟 2𝜋/𝜔𝑟 𝑅𝑜 𝛼𝑝 /2 2
𝜌𝐽𝑚 𝑟 𝑑𝑟 𝑑𝜃 𝑑𝑡,
∫ ∫
∫
2𝜋 0
𝑅𝑖 −𝛼𝑝 /2

(17)

where 𝑅𝑜 is outer diameter of sleeve or magnets; 𝑅𝑖 is inner
diameter of sleeve or magnets; 𝛼𝑝 is the pole arc for magnets,
and the value is 𝜋/p for sleeve; 𝜌 is electrical conductivity of
sleeve or magnets; 𝐽𝑚 is the current density in the sleeve or
magnets.
3.4. Mechanical Friction Loss. The mechanical friction loss is
caused by running of the bearing, and its expression can be
expressed as [33]
𝑃mech

30Vkv 2/3 3 5/3
𝑏
= 𝑓0 (
𝜔𝑟 ,
) 𝑑𝑚 𝜔𝑟 + 𝑓1 𝐻1𝑎 𝑑𝑚
𝜋

3.5. Rotor Air Friction Loss. The rotor air friction loss is
generated by the friction between rotor and air. According to
[34], the rotor air friction loss can be obtained as
𝑃air = 𝑘rc 𝐶𝑓 𝜋𝜌air 𝜔𝑟3 𝑟4 𝑙ef ,

(19)

where 𝑘rc is the rotor surface roughness coefficient, and its
value is 1 for smooth rotor surfaces; 𝜌air is air density; 𝐶𝑓 is
air friction coefficient, and it can be expressed as
𝐶𝑓 =

0.0152
𝑅𝑒𝛿 0.24

(20)

with the Couette Reynolds number being
𝑅𝑒𝛿 =

𝜌air 𝜔𝑟 𝑟𝛿
,
𝜇air

(21)

where 𝛿 is the air-gap width.
The rotor air friction loss is close related to the radius of
the rotor 𝑟, which can be expressed as a function of 𝜆: r =
(𝐷𝑜 ⋅ 𝜆)/2 − 𝛿.

4. Determination of the Optimal Design

where 𝜎Fe is the density of the stator lamination material.

𝑃eddy = 2𝑝

where 𝑓0 is the coefficient determined by the type and
lubrication of the bearing; Vkv is the kinematic viscosity of the
lubricating oil; 𝑑𝑚 is the average diameter of the bearing; 𝑓1 is
the coefficient determined by the type and load of bearing; 𝐻1
is the dynamic load of the bearing; a and 𝑏 are the coefficients
depending on the type and load of the bearing.

(18)

In various components of the PM-BLDCM, the winding
and permanent magnet are the main heat sources and their
reliabilities are sensitive to temperature. In order to increase
the reliability of the PM-BLDCM, high temperature materials
are adopted besides decreasing the motor temperature. The
grade of the enamel insulated wires intended to adopt is QY2/220 and its maximum operating temperature is 220∘ C. The
permanent magnet material intended to adopt is Sm2 Co17 ,
and its grade is XGS239/199/350. The maximum operating
temperature of the permanent magnet is 350∘ C. Temperature
tolerance ability of the magnets is higher than that of winding.
In addition, the life of winding decreases with temperature
rises. In order to improve the reliability of the PM-BLDCM,
the winding temperature needs to be decreased.
The air-gap thermal resistance is larger than other
thermal resistances in the stator. Furthermore, the airgap thermal resistance increases with air density decreases.
Therefore, the effect of the rotor temperature on the winding
temperature can be ignored at the high altitude. The winding
temperature rise is mainly determined by the copper and iron
losses. The winding temperature rise can be calculated by the
following equation:
Δ𝜏Cu.∞ =

𝑃Fe + 𝑃Cu
+ 𝑃Cu 𝑅CF ,
𝑘𝛼 𝐴

(22)

where 𝑘𝛼 is the heat transfer coefficient of the PM-BLDCM;
A is the cooling area of the PM-BLDCM; 𝑅CF is the thermal
resistance between the windings and stator iron core.
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(23)

where 𝑇2 is the output torque; 𝑃0 is the sum of the rotor eddy
current loss, the rotor air friction loss, and the mechanical
friction loss, and it is expressed as
𝑃0 = 𝑃eddy + 𝑃air + 𝑃mech .

(24)

According to (14)–(21), 𝑃0 can be converted as a function of
𝜆 and 𝐵𝑚 .
Combining (12) and (23), the copper loss at ambient
temperature 𝜏0 can be obtained as
𝑃Cu0 =

𝐶1 (𝑙ef + 𝑙ed ) 2 2𝑇2 (𝑃Fe + 𝑃0 )
].
[𝑇2 +
𝜔𝑟
𝜆2 𝐹 (𝜆, 𝐵𝑚 )

Δ𝜏Cu (∘ C)

90

80

70
60

0.2

0.3

0.4
Split rati
o

0.5

0.6

Figure 3: Variation of the winding temperature rise with split ratio
and 𝐵𝑚 .

is an optimal combination of 𝜆 and 𝐵𝑚 to gain the minimum
temperature rise. The optimal combination can be obtained
by solving the equations group:

(25)

𝜕 (Δ𝜏Cu )
= 0,
𝜕𝜆

The copper loss increases with temperature rises. When the
winding temperature rise is Δ𝜏Cu , the copper loss is given as

𝜕 (Δ𝜏Cu )
= 0.
𝜕𝐵𝑚

𝑃Cu = 𝑃Cu0 (1 + 𝛾Cu ⋅ Δ𝜏Cu ) ,

(26)

where 𝛾Cu is resistivity temperature coefficient of copper.
Based on (22) and (26), the steady winding temperature
rise can be obtained as
Δ𝜏Cu.∞ =

𝑃Fe + (1 + 𝑘𝛼 ARCF ) 𝑃Cu0
.
𝑘𝛼 𝐴 − 𝛾Cu (1 + 𝑘𝛼 ARCF ) 𝑃Cu0

(27)

The winding transient temperature rise is given as
Δ𝜏Cu = Δ𝜏Cu.∞ ⋅ (1 − 𝑒−𝑡/Γ ) ,

(28)

where 𝑡 is time and Γ is thermal time constant. Since 𝑡
is within 0 s–300 s, the temperature difference between the
windings and stator iron core is negligible. It can be assumed
that all parts of the stator have the same temperature.
Therefore, Γ can be obtained as
Γ=

𝑐𝑝 𝑚
𝑘𝛼 𝐴

,

(29)

where 𝑐𝑝 is the average specific heat capacity of the stator; 𝑚
is the mass of the stator.
The ratio of different losses in total losses and thermal
time constant can be changed by adjusting 𝜆 and 𝐵𝑚 . In other
words, the heat source and the rate of temperature rise can be
changed by adjusting 𝜆 and 𝐵𝑚 . The variation of Δ𝜏Cu with
𝜆 and 𝐵𝑚 when t = 300 s is illustrated in Figure 3. It can be
seen that Δ𝜏Cu can be reduced by optimizing 𝜆 and 𝐵𝑚 . There

1.00
1.20
1.40
1.60
1.80
2.00
2.20

(T)

(𝑃Fe + 𝑃0 )
,
𝜔𝑟

100
96
92
88
84
80
76
72
68
64
60

Bm

𝑇em = 𝑇2 +

100
Winding temperature rise Δ𝜏Cu (∘ C)

The heat transfer coefficient of the PM-BLDCM is the
sum of the natural convection and radiation heat transfer
coefficients. The natural convection heat transfer coefficient
decreases with altitude rises. In order to improve the cooling
capacity of the PM-BLDCM at high altitude, the radiation
heat transfer coefficient needs to be raised by increasing the
emissivity of the motor surface.
The electromagnetic torque is the sum of the resistance
torque and the output torque. The electromagnetic torque can
be expressed as

(30)

Using (30), the optimal 𝜆 and 𝐵𝑚 of the PM-BLDCM in
this paper are calculated as 0.44 and 2.02 T. However, 2.02 T
of 𝐵𝑚 is hard to achieve for the stator lamination steel material
DW310-35. Figure 3 shows that 𝐵𝑚 should be close to 2.02 T
to reduce the temperature rise. Considering the magnetic
saturation point of the lamination steel of the prototype, 1.7 T
of 𝐵𝑚 is chosen and the corresponding optimal 𝜆 is 0.43.
On the other hand, it should be noted that the optimal 𝐵𝑚
decreases with speed rises, and the value of 𝐵𝑚 may be less
than the saturation point for some high-speed PM-BLDCM.
In this case, the actual value of optimal 𝐵𝑚 and 𝜆 should be
chosen.

5. FEA and Experimental Verifications
The analytical results are verified by FEA and experiments.
The verification purpose is to prove that the analytical optimal
design is accurate and the optimization method can minimize
the winding temperature rise.
In FEA verification, the air density at altitude 20 km and
the ambient temperature of 80∘ C were considered. Different
designs, which include the optimal design, are chosen to
simulate. As shown in Figure 4, several motor designs with
different combinations of 𝜆 and 𝐵𝑚 are chosen from the
contour. The motor designs of C1, C2, C3, and C4 are designed
by employing 0.43 of 𝜆 for the four specific 𝐵𝑚 1.1 T, 1.3 T,
1.5 T, and 1.7 T, respectively. The motor designs of R1, R2, R3,
R4, and R5 are designed by employing 1.7 T of 𝐵𝑚 for the five
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Bm (T)

C3

85
80

1.4

75

C2

70

1.2

65

C1
1.0

0.2

0.3

Temperature rise (∘ C)

95
1.6

60

0.4
0.5
Split ratio

Winding temperature rise Δ𝜏Cu (∘ C)

85

1.8

65

C1, Bm = 1.1 T
C2, Bm = 1.3 T
C3, Bm = 1.5 T

60
55

∘

Δ𝜏Cu.Anl ( C)
75.4
67.6
63.8
62.0
85.4
65.5
69.5
98.9

∘

Δ𝜏Cu.FEA ( C)
73.0
66.9
63.0
60.6
82.0
63.0
68.3
97.9

specific 𝜆 0.25, 0.35, 0.43, 0.55, and 0.65, respectively. Among
these designs, C4 (R3) is the optimal design in analytical
prediction. Since C4 and R3 are the same design, there are
eight designs for the FEA verification in total.
The analytical and FEA predicted winding temperature
rises of the different designs are shown in Table 2. The FEA
results are compared with analytical results in Figures 5 and
6. The maximum error, minimum error, and average error
between analytical results and FEA results are 4.0%, 1.0%, and
2.3%. The FEA results agree well with the analytical results.
The winding temperature rise of design C4 (R3) is proved to
be the smallest. The 3D thermal field of C4 (R3) design at t =
300 s is shown in Figure 7.
As shown in Figure 8(a), a PM-BLDCM prototype was
manufactured according to the design C4 (R3). The prototype
is driven by a pulse-width modulation (PWM) inverter.
The prototype and its controller are integrated to save the
space. Surface of the prototype is painted black to increase
the emissivity. Since there is no equipment to simulate the
environment at the altitude of 20 km, the prototype was
tested on the ground with normal temperature and normal
atmospheric pressure, which are 19∘ C and 100.8 kPa. The
experimental platform is shown in Figure 8(b). Total running
time of the prototype is 300 s. In the running status of the
prototype, the load torque and the speed were maintained

C4, Bm = 1.7 T

50
45
1.2

1.4
Bm (T)

1.6

1.8

Analytical
FEA

Figure 5: FEA verifications of the designs C1, C2, C3, and C4.

120
Winding temperature rise Δ𝜏Cu (∘ C)

𝐵𝑚 (T)
1.1
1.3
1.5
1.7
1.7
1.7
1.7
1.7

70

0.6

Table 2: Analytical and FEA results of different designs (Δ𝜏Cu.Anl
and Δ𝜏Cu.FEA are the analytical and FEA winding temperature rise).
𝜆
0.43
0.43
0.43
0.43
0.25
0.35
0.55
0.65

75

40
1.0

Figure 4: Analytical contour of the winding temperature rise and
the points used for FEA verifications.

Designs
C1
C2
C3
C4, R3
R1
R2
R4
R5

𝜆 = 0.43

80

Bm = 1.7 T

110
100

R5, 𝜆 = 0.65

90
80

R1, 𝜆 = 0.25

70
60

R3, 𝜆 = 0.43

50
40
0.1

R4, 𝜆 = 0.55

R2, 𝜆 = 0.35

0.2

0.3

0.4

0.5

0.6

0.7

Split ratio
Analytical
FEA

Figure 6: FEA verifications of designs R1, R2, R3, R4, and R5.

t = 300 s (∘ C)

188.78
184.32
179.85
175.39
170.93
166.47
162.01
157.55
153.09
148.63
144.16
139.70
135.24
130.78
126.32
121.86
117.40

Figure 7: 3D thermal field of the design C4 (R3) at t = 300 s.
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Dynamometer

Dynamometer
controller

Prototype
LCR tester

Controller
Power analyzer
(a)

(b)

Figure 8: Prototype and measuring instruments. (a) Prototype, controller, and dynamometer. (b) Dynamometer controller, power analyzer,
and LCR tester.

100 s

8000

40 s

1.5

Items
Analytical (∘ C)
FEA (∘ C)
Measured (∘ C)

1.0

6000
4000

R0

R2

R1

R3

2000
0

Table 3: The analytical, FEA, and measured winding temperature
rise of MP1, MP2, and MP3.

0

100

MP1

200

0.5

0
300
400
500
MP2
MP3
Time (s)

Speed
Torque

Figure 9: Process of the resistance measurement.

as 1.6 N⋅m and 10000 rpm, respectively. The load torque is
adjusted by the dynamometer (Magtrol). The speed was
controlled by adjusting the voltage of the DC power source
while the same PWM duty ratio was kept as 100%.
The winding temperature rise was measured by the
resistance method [6]. The resistance values were measured
by the LCR tester (HIOKI 3522-50). In order to measure the
line resistance of the winding, the prototype was stopped for
about 40 s after a 100 s running state. As shown in Figure 9,
there are three resistance values 𝑅1 , 𝑅2 , and 𝑅3 measured
during the 40 s nonrunning state. The three measuring points
are MP1, MP2, and MP3. Before the prototype runs, a line
resistance value 𝑅0 was measured when Δ𝜏Cu = 0.
Using these measured resistances, the winding temperature rises are calculated by the following equation:
Δ𝜏Cu.𝑖 =

𝑅𝑖 − 𝑅0
,
𝛾Cu 𝑅0

MP1
21.4
20.4
22.7

MP2
42.0
40.1
40.8

MP3
61.9
59.0
57.4

70

(31)

where 𝑅𝑖 represent 𝑅1 , 𝑅2 , and 𝑅3 ; Δ𝜏Cu.𝑖 represent Δ𝜏Cu.1 ,
Δ𝜏Cu.2 , and Δ𝜏Cu.3 , which are the winding temperature rise
at MP1, MP2, and MP3, respectively.

Winding temperature rise Δ𝜏Cu (∘ C)

Speed (r/min)

10000

2.0

Torque (N·m)

12000

60
MP3

50
40
MP2
30

MP1

20
10
0

0

50

100

150
200
Time (s)

250

300

Analytical
FEA
Measured

Figure 10: Experimental verification of the winding temperature
rise.

The measured winding temperature rises, together with
analytical and FEA winding temperature rise, are given in
Table 3 and Figure 10. The errors between measured and
analytical winding temperature rises at points MP1, MP2, and
MP3 are 5.8%, 3.0%, and 7.8%, respectively. The analytical
result agrees well with the experimental result. The errors
between measured and FEA results at points MP1, MP2, and
MP3 are 10.5%, 1.6%, and 2.7%, respectively. The accuracy
of the FEA simulation is also verified by experiments.
Combining the FEA verification in Table 2, it can be proved

8
that the optimal design is obtained accurately to minimize the
winding temperature rise.

6. Conclusion
In order to improve the reliability of the short-time PMBLDCM in hypersonic vehicle, an electromagnetic-thermal
integrated design optimization method is proposed. This
method can satisfy both the requirements and constraints
of thermal and electromagnetic design aspects. The method
is based on electromagnetic analysis and thermal transient
analysis. The electromagnetic and thermal design parameters
are represented as functions of split ratio and 𝐵𝑚 . The optimal
design is determined after the optimal split ratio and 𝐵𝑚 are
obtained. Since there are only two variables involved in the
optimization, the analytical calculation of the optimization
is highly simplified. The optimal design and the winding
temperature rise are verified by the FEA and experiments. It
can be proved that the optimal design is obtained accurately
and the minimum winding temperature rise is achieved. The
optimization method provides a fast and accurate solution for
the electromagnetic-thermal integrated design of the shorttime duty PM-BLDCM.
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