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A B S T R A C T

The air supply system of the proton exchange membrane fuel cell stack in fuel cell electric vehicles should
be included as one of the components of the balance of plant. However, the air supply system consists of a
centrifugal air compressor, driven by an ultra-high-speed motor. Therefore, there occurs a large amount of
thermal energy from losses and the temperature of the air supply system should be considered. Accordingly,
this study suggests the temperature estimation process for an air supply system based on a lumped parameter
thermal network (LPTN). First, performance modeling is introduced using not only the empirical approach
but also electromagnetic finite element analysis (FEA). Subsequently, thermal modeling based on the LPTN
is presented. For this procedure, optimization techniques, screening, and surrogate model-based optimization
are used. Finally, the results of LPTN construction are investigated. Furthermore, an additional experiment is
conducted, and the result of this study is verified.
1. Introduction

Global attempts have been made to reduce greenhouse gas (GHG)
emissions according to the Paris Agreement [1]. In addition, several
commercial vehicle manufacturers have announced plans to discon-
tinue the production of pure internal combustion engine (ICE) vehi-
cles [2]. Owing to this trend, governments worldwide are attempting
to promote electric vehicle (EV) adoption [3]. In addition, hydrogen-
based vehicles have received attention, and attempts are being made
to use hydrogen as a gas for combustion engines [4]. However, most
hydrogen-based vehicles are fuel cell electric vehicles (FCEVs), and the
market size of FCEVs is growing [5]. Similarly, the FCEV is treated as
a candidate for future eco-friendly mobility [6,7]. The fact that FCEVs
purify the air and emit only pure water presents several advantages.
Furthermore, compared with battery electric vehicles (BEVs), FCEVs
require less refueling time and have a greater driving range.

However, unlike the lithium-ion battery, the fuel cell (FC) needs
auxiliary parts. The FC stack operation requires a water and ther-
mal management system, fuel supply system, and air supply system.
The water management system controls the flow of water from the
hydrogen–oxygen reactions and humidity of the supplied oxygen to the
FC stack. The thermal management system adequately performs system
cooling. The fuel supply system manages the hydrogen supply, includ-
ing the pressure control and recirculation of the exhausted hydrogen. In
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addition, the air supply system manages the oxygen supply, including
the flow rate, pressure control, and dust filtering. These components
are called the Balance of plant (BOP), and their configuration is shown
in Fig. 1.

The air supply system affects the FC stack operation directly. Based
on the air supply system performance, the power density, efficiency,
and output voltage of the FC stack can differ [8–11]. The air supply
system intakes outside air during vehicle driving and compresses the
intake air using a centrifugal compressor. Typically, a centrifugal com-
pressor is driven by an ultra-high-speed (UHS) motor. Therefore, large
losses occur in the inverter, UHS motor, and bearings. This results in a
temperature rise in the air supply system, and the performance of the
UHS motor can be affected. Subsequently, UHS motor performance is
directly linked to the air compression performance, and temperature
estimation of the air supply system is essential. Therefore, we should
consider the temperature of the air compressor in the thermal manage-
ment of FCEV. In addition, a study on thermal management considering
the temperature of air supply systems shows the importance of air
supply systems’ temperature [12].

Recently, numerous studies on the air compressor of air supply
systems have been conducted. Wang et al. studied a double-scroll-type
air compressor [13]. Wang et al. Geng et al. and He et al. investigated
a twin-screw-type air compressor [14–16]. However, a large portion
vailable online 16 September 2023
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Nomenclature

Abbreviations

2D Two Dimensional
3D Three Dimensional
ANOVA Analysis of Variance
BEV Battery Electric Vehicle
BOP Balance of Plant
CFD Computational Fluid Dynamics
DOE Design of Experiment
EV Electric Vehicle
FC Fuel Cell
FCEV Fuel Cell Electric Vehicle
FEA Finite Element Analysis
GHG Greenhouse Gas
GPM Gaussian Process Modeling
ICE Internal Combustion Engine
LPTN Lumped Parameter Thermal Network
NRMSE Normalized Root Mean Squared Error
OA Orthogonal Array
RMSE Root Mean Squared Error
SPMSM Surface-mounted Permanent Magnet

Synchronous Motor
UHS Ultra-High-Speed

List of symbols

𝜂𝑒𝑚 Efficiency of electric motor
𝜂𝑖𝑛𝑣 Efficiency of inverter
𝜔 Electrical rotational angular speed
𝜔𝑚 Mechanical rotational angular speed
𝛹𝑎 Armature linkage flux
𝜌 Density of lumped components
𝜃1,2 Inner and outer temperatures in radial direction
𝜃3,4 Front and rear temperatures in axial direction
𝜃𝑚 Representative temperature of lumped compo-

nents
𝐶 Heat capacity of lumped components
𝑐 Specific heat of lumped components
𝑓 Objective function
𝑖𝑑,𝑞 𝑑–𝑞 axis currents
𝑖𝑜𝑑,𝑜𝑞 𝑑–𝑞 axis currents subtracting iron loss component
𝑘𝑎 Thermal conductivity of axial direction
𝑘𝑟 Thermal conductivity of radial direction
𝐿 Axial length of lumped components
𝐿𝑑,𝑞 𝑑–𝑞 axis inductances
𝑛𝑠 Number of sampling points
𝑝 Differential operator
𝑃𝑝 The number of pole pairs
𝑟1,2 Inner and outer radii of lumped components
𝑅𝑎,1,2 Thermal resistances of axial direction
𝑅𝑎,𝑚 Compensation thermal resistance of axial direc-

tion

of the other studies has focused on centrifugal air compressors. Some
studies have dealt with the aerodynamic performance optimization of
the compression part through various approaches, such as computa-
tional fluid dynamics (CFD) and data mining strategies [17,18]. In
addition, research on oil-free bearings for FCEV air compressors has
2

𝑅𝑎 Armature winding resistance
𝑅𝐼 Equivalent resistance for iron loss
𝑅𝑟,1,2 Thermal resistances of radial direction
𝑅𝑟,𝑚 Compensation thermal resistance of radial direc-

tion
𝑇 Torque
𝑇𝑐 Cumulative temperature
𝑡𝑐 End time of transient condition
𝑇𝐸𝑋𝑃 Experimentally measured temperature
𝑇𝐿𝑃𝑇𝑁 Estimated temperature from LPTN
𝑇𝑠 Saturation temperature
𝑡𝑠 Temperature saturation time
𝑢 Generated heat of lumped components
𝑣𝑑,𝑞 𝑑–𝑞 axis voltages
𝑣𝑜𝑑,𝑜𝑞 𝑑–𝑞 axis induced voltages
𝑊𝐶 Copper loss
𝑊𝐸 Rotor eddy current loss
𝑊𝑖𝑛𝑣 Input power of inverter
𝑊𝐼 Iron loss
𝑊𝑚𝑜𝑡 Input power of electric motor

been conducted [19]. Inevitably, considerable research on UHS motors
has been conducted, not only for design but also for control [20–22].

However, the thermal aspects of FCEVs have not received consider-
able attention. Kim et al. conducted study on the thermal management
of FCEV [23]. However, the temperature of the air supply system was
omitted. Hu et al. suggested an enhancement of the cooling perfor-
mance of the air supply system [24]. However, temperature monitoring
could not be achieved. Im et al. studied the temperature estimation
of a UHS motor reflecting the precisely calculated motor losses [25].
However, other losses, such as the bearing loss and inverter loss, and
the overall compressor structure were not considered.

These days, studies on lumped parameter thermal network (LPTN)
have been intensively conducted [26–40]. In Table 1, the features of the
target of these studies are organized. Most of the study focused on LPTN
modeling for single motors. Only Zhang et al. and Jeffrey et al. tried to
model the LPTN of the integrated inverter and overall system [36,37].
On the other hand, the considered cooling method for the target motor
varied, including air cooling, water cooling, and oil cooling. However,
combined cooling methods such as air cooling with a water jacket were
not considered. Additionally, the target motor’s maximum power range
was wide enough. However, the maximum speed range was not very
broad; the highest operational speed was 16 krpm.

This study proposes a temperature estimation process considering
the overall air supply system and UHS motor characteristics. The aero-
dynamic and electrical performances are both modeled, and thermal
modeling is performed based on a LPTN. In addition, the maximum
speed of the target motor was 100 krpm, which can arouse large
amounts of losses and uncertainties of atmospheric conditions. More-
over, not only the water cooling channel in the housing but also
the air cooling channel in the air hole of the shaft was considered.
Furthermore, the proposed temperature estimation process is validated
experimentally. The contributions of this study can be summarized as
follows.

• Performance modeling methodology of the air supply system is
introduced.

• Application of the lumped parameter thermal modeling concept
to the overall compressor system is presented.

• Determination process of the uncertain coefficients of lumped
parameter thermal network is suggested.
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Fig. 1. Balance of plant for fuel cell stack.
Table 1
Target of recent studies on lumped parameter thermal network.

Author
(year)

Modeling
target

Cooling
method

Maximum
speed (krpm)

Maximum
power (kW)

Ref.

Li et al.
(2023)

Motor
only

Air
cooling

3.6 2.1 [26]

Le et al.
(2023)

Motor
only

Water
cooling

4 60 [27]

Cao et al.
(2023)

Motor
only

Water
cooling

6 100 [28]

Gronwald et al.
(2023)

Motor
only

Oil
cooling

6 100 [29]

Park et al.
(2023)

Motor
only

Oil
cooling

11 35 [30]

Sun et al.
(2023)

Motor
only

Air
cooling

1 3.1 [31]

Liu et al.
(2023)

Motor
only

Water
cooling

12 65 [32]

Wöckinger et al.
(2023)

Motor
only

Air
cooling

7.1 0.1 [33]

Chen et al.
(2022)

Motor
only

Water
cooling

0.5 2 [34]

Wang et al.
(2022)

Motor
only

Oil
cooling

8 130 [35]

Zhang et al.
(2022)

Overall
system

Water
cooling

16 160 [36]

Jeffrey et al.
(2022)

Motor,
Inverter

Air
cooling

8 160 [37]

Chattopadhyay et al.
(2022)

Motor
only

Water
cooling

7 11.5 [38]

Sequeira et al.
(2022)

Motor
only

Water
cooling

10.4 80 [39]

Zarghani et al.
(2022)

Motor
only

Air
cooling

0.9 2 [40]
• Temperature estimation result through the suggested process is
experimentally verified.

The organization of this paper is as follows. First, the performance
modelings for the aerodynamic and electrical aspects are introduced.
Second, the application of the LPTN concept to air supply system
thermal modeling is presented. Third, the uncertain coefficients of the
LPTN for the air supply system are listed. Subsequently, the uncertain
coefficients determination process based on optimization techniques is
proposed. Finally, the LPTN construction result is confirmed, and the
experimental verification through an additional test is explained.
3

2. Performance modeling

This section focuses on the performance modeling of the air supply
system, which is the object of the thermal modeling in the next section.
As shown in Fig. 2, the air supply system consists of a compression part,
electric motor part, and controllers. Therefore, to predict the tempera-
ture of the air supply system, the losses of the electric motor should be
derived according to the compression performance. Accordingly, the
performance modeling in this section focused on the air compression
performance and loss of the electric motor of the air compressor.
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Fig. 2. Configuration of the air supply system.
Fig. 3. Test bench setup (a) actual photo and (b) schematic diagram.
2.1. Compression part

The air compression performance was modeled based on the empir-
ical methodology. For this modeling, an air supply experiment bench
was built, as described in Fig. 3. The prototype air compressor was
installed on the test bed, and the inlet and outlet of the air compressor
were piped into the intake and exhaust air, respectively. In addition, air
flow rate and air pressure sensors were installed at the inlet and outlet
of the air compressor. Additionally, a water pump with a chiller was
connected to the water-cooling channel of the air compressor with a
hose. Furthermore, the input current of the electric motor was captured
by an oscilloscope, and the input power of the controller was measured
using a power analyzer equipped outside of this picture.

With this experiment setup, the air flow rate and outlet air pressure
were measured according to the various inlet valve angles and electric
motor speeds. Based on the measured points and polynomial fitting,
the air flow rate and outlet pressure models were produced, as shown
in Fig. 4. Table 2 presents polynomial fitting evidence. For fitting
the order number of the equations, the value of the R-squared and
root-mean-squared error (RMSE) was used as the goodness of fit.
4

Table 2
Modeling evidence of the compression performance using polynomial fitting.

Fitting equation Goodness of fit Value

Air flow rate Outlet pressure

2nd order R-squared 0.9996 0.9987
RMSE 1.597 0.009233

3rd order R-squared 0.9999 0.9997
RMSE 0.9871 0.004833

4th order R-squared 0.9999 0.9997
RMSE 0.7626 0.004916

5th order R-squared 0.9999 −7.102
RMSE 0.7136 0.7967

6th order R-squared 0.9999 −27630000
RMSE 0.7572 1552

2.2. Electric motor part

Modeling for the electric motor was conducted in two steps. First,
the motor performance was predicted, and then the load torque esti-
mation based on the air compression performance was performed.
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Fig. 4. Compression performance modeling result (a) air flow rate and (b) outlet pressure.
Fig. 5. Cross-sectional view of the electric motor for air compressor.

Table 3
Specifications of the air compressor motor.

Items Value Unit Note

Pole/Slot number 2/6 – –
Maximum output power 10 kW @100000 rpm
Maximum torque 0.96 Nm –
Maximum speed 100000 rpm –
Nominal DC voltage 280 V –
Maximum current 48.2 Arms –
Maximum current density 8.5 Arms/mm2 –

For the motor performance calculation, an electromagnetic finite
element analysis (FEA)-based method was adopted. The type of target
motor is a surface-mounted permanent magnet synchronous motor
(SPMSM) with a retaining sleeve. Fig. 5 shows the cross-sectional area
of this target UHS motor. Moreover, the specification of the target
motor is organized in Table 3. The overall procedure is illustrated
in Fig. 6. In addition, to calculate the output torque and efficiency
considering the voltage limit, a 𝑑−𝑞 axis equivalent circuit was adopted.
Eqs. (1)–(4), which are given below, were used in the calculation [41].

[

𝑣𝑑
𝑣𝑞

]

= 𝑅𝑎

[

𝑖𝑜𝑑
𝑖𝑜𝑞

]

+
(

1 +
𝑅𝑎
𝑅𝐼

)[

𝑣𝑜𝑑
𝑣𝑜𝑞

]

+ 𝑝
[

𝐿𝑑 0
0 𝐿𝑞

][

𝑖𝑜𝑑
𝑖𝑜𝑞

]

[

𝑣𝑜𝑑
𝑣𝑜𝑞

]

=
[

0 −𝜔𝐿𝑞
𝜔𝐿𝑑 0

][

𝑖𝑑
𝑖𝑞

]

+
[

0
𝜔𝛹𝑎

]
(1)

𝑇 = 𝑃𝑝
{

𝛹𝑎𝑖𝑜𝑞 +
(

𝐿𝑑 − 𝐿𝑞
)

𝑖𝑜𝑑 𝑖𝑜𝑞
}

(2)

𝑊 = 𝑅
(

𝑖2 + 𝑖2
)

(3)
5

𝐶 𝑎 𝑑 𝑞
𝜂𝑒𝑚 =
𝜔𝑚𝑇

𝜔𝑚𝑇 +𝑊𝐶 +𝑊𝐼 +𝑊𝐸
(4)

Here, 𝑣𝑑 and 𝑣𝑞 are the 𝑑 and 𝑞 axis voltages, respectively; 𝑣𝑜𝑑
and 𝑣𝑜𝑞 are the induced voltages of the 𝑑 and 𝑞 axes, respectively; 𝑖𝑑
and 𝑖𝑞 are the armature currents of the 𝑑 and 𝑞 axes, respectively; 𝑖𝑜𝑑
and 𝑖𝑜𝑞 are the iron loss-subtracted value of the 𝑑 and 𝑞 axis current,
respectively; 𝑅𝑎 is the armature winding resistance; 𝑅𝐼 is the equivalent
iron loss resistance; 𝐿𝑑 and 𝐿𝑞 are the 𝑑 and 𝑞 axis inductances,
respectively; 𝛹𝑎 is the linkage flux; 𝜔 is the electrical rotational angular
speed; 𝑝 is the differential operator; 𝑇 is the torque; 𝑃𝑝 is the number
of pole pairs; 𝑊𝐶 , 𝑊𝐼 , and 𝑊𝐸 are the copper loss, iron loss, and
rotor eddy current loss, respectively; 𝜂𝑒𝑚 is the efficiency; and 𝜔𝑚 is
the mechanical rotational angular speed.

From the two-Dimensional (2D) FEA, 𝐿𝑑 , 𝐿𝑞 , and 𝛹𝑎 were calcu-
lated. In addition, based on the 2D FEA analysis results, the iron loss
was calculated through a post-processing process [42]. Moreover, for
the rotor eddy current loss calculation, a hybrid approach using a com-
bination of the three-Dimensional (3D) FEA and analytical formulation
was adopted [43].

In the case of load torque estimation, the previously calculated
motor performance and experimentally measured data were utilized.
First, according to the energy conservation law, the input power of the
electric motor 𝑊𝑚𝑜𝑡 can be calculated, as expressed in Eq. (5).

𝑊𝑚𝑜𝑡 = 𝜔𝑚𝑇 +𝑊𝐶 +𝑊𝐼 +𝑊𝐸 (5)

Next, the input power of the inverter 𝑊𝑖𝑛𝑣 was determined from the
measured power of the direct current (DC) power supply. Subsequently,
the output power of the inverter could be calculated if the efficiency can
be assumed. In this study, the efficiency of the inverter was assumed to
be 98% constant, to make the assumption that the electric motor was in
the worst condition [44–46]. Therefore, the input power of the motor
𝑊𝑚𝑜𝑡 can be calculated according to Eq. (6), where 𝜂𝑖𝑛𝑣 is the efficiency
of the inverter. This procedure is shown in Fig. 7.

𝑊𝑚𝑜𝑡 = 𝑊𝑖𝑛𝑣 × 𝜂𝑖𝑛𝑣 (6)

3. Thermal modeling

This section introduces the thermal modeling process based on the
LPTN and optimization techniques. First, the concept of the LPTN and
its application are presented. Subsequently, the screening methodology
for the uncertain coefficients of the constructed LPTN is explained.
Finally, the procedure for determining the uncertain coefficients is
introduced using the surrogate model-based optimization approach.



Energy 283 (2023) 129053

6

D.-M. Kim et al.

Fig. 6. Modeling process of electric motor performance.

Fig. 7. Load torque modeling procedure for the electric motor.

Fig. 8. Concept of lumped parameter thermal network (a) geometry assumption and (b) equivalent network.
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Fig. 9. Simplified structure of air supply system for lumped thermal modeling.

3.1. Lumped parameter thermal network

The concept of the LPTN, adopted in this study was suggested
by Mellor et al. [47]. As shown in Fig. 8(a), all components were
modeled as cylindrical structures. The thermal flow was modeled in
two directions, axial and radial, as shown in Fig. 8(b).

Here 𝜃1 and 𝜃2 are the inner and outer temperatures in the radial
direction, respectively; 𝜃3 and 𝜃4 are the front and rear temperatures
in the axial direction, respectively; 𝑟1 and 𝑟2 are the inner and outer
radii of the lumped component, respectively; 𝐿 is the axial length of
the lumped component; 𝜃𝑚 is the average temperature, which indicates
the representative temperature of the lumped component; 𝑅𝑎,1 and 𝑅𝑎,2
are the thermal resistances for the axial direction heat flows; 𝑅𝑟,1 and
𝑅𝑟,2 are the thermal resistances for the radial direction heat flows; 𝑅𝑎,𝑚
and 𝑅𝑟,𝑚 are the compensation thermal resistances for the axial and
radial direction heat flows; 𝑢 and 𝐶 represent the generated heat and
the heat capacity of the lumped component, respectively.

Eqs. (7)–(12) express the thermal resistances and capacity. Here, 𝑘𝑎
and 𝑘𝑟 are the thermal conductivities in the axial and radial directions,
respectively; 𝑐 is specific heat; and 𝜌 is the density.

𝑅𝑎,1 = 𝑅𝑎,2 =
𝐿

2𝜋𝑘𝑎
(

𝑟22 − 𝑟21
) (7)

𝑅𝑎,𝑚 = − 𝐿
6𝜋𝑘𝑎

(

𝑟22 − 𝑟21
) (8)

𝑅𝑟,1 =
1

4𝜋𝑘𝑟𝐿

⎡

⎢

⎢

⎢

⎣

1 −
2𝑟21 ln

(

𝑟2
𝑟1

)

(

𝑟22 − 𝑟21
)

⎤

⎥

⎥

⎥

⎦

(9)

𝑅𝑟,2 =
1

4𝜋𝑘𝑟𝐿

⎡

⎢

⎢

⎢

⎣

2𝑟22 ln
(

𝑟2
𝑟1

)

(

𝑟22 − 𝑟21
) − 1

⎤

⎥

⎥

⎥

⎦

(10)

𝑅𝑟,𝑚 = − 1
8𝜋𝑘𝑟

(

𝑟22 − 𝑟21
)

𝐿

⎡

⎢

⎢

⎢

⎣

𝑟22 + 𝑟21 −
4𝑟21𝑟

2
2 ln

(

𝑟2
𝑟1

)

(

𝑟22 − 𝑟21
)

⎤

⎥

⎥

⎥

⎦

(11)

𝐶 = 𝑐𝜌𝜋𝐿
(

𝑟22 − 𝑟21
)

(12)

To apply this cylindrical lumped thermal modeling strategy, the
structure of the air supply system was simplified, as illustrated in Fig. 9.
As shown in Fig. 9, water- and air-cooling channels were considered
and modeled as heat dissipation components. In addition, the losses
were reflected as the heat source components. Moreover, the contact
planes were treated using the contact thermal resistance coefficients.
7

Fig. 10. Definition of the objective functions for uncertain coefficient screening.

3.2. Uncertain coefficient screening

The LPTN was constructed with numerous resistances and coeffi-
cients. Most of these can be determined by the dimensions or material
properties. However, several values cannot be determined easily. Ta-
ble 4 lists the uncertain coefficients. This list includes air flow-related
values, such as the air-bearing loss, thermal convection, air flow rate
through the air-hole of the rotor shaft, and the air cooling channel
formed in the armature winding coils. In addition, the contact thermal
resistances, which depend on the manufacturing process, are included.
In addition, their boundaries were determined and are also presented
in Table 4.

The bearing loss-related coefficients were bounded based on the
spindle test results. The maximum value of the inverter switch loss was
calculated based on the equations of the conduction loss and switching
loss [48]. Based on the study by Staton et al., natural convection heat
coefficients were bounded and based on the study by Howey et al.,
Nerg et al., and Nachouane et al. [49–52]. In addition, the convective
heat coefficients were bounded to describe the thin air layer and quasi-
contact situation. Moreover, boundaries of contact thermal resistances
were determined based on the study by Simpson et al., and Camilleri
et al. [53,54]. The maximum value of the air-tube air flow rate was
determined based on the CFD analysis results. And coil air cooling
channel-related values came from physically possible ranges.

To conduct the uncertain coefficient determination described in
Section 3.3, the screening process based on the 𝑝-value was performed.
The 𝑝-value indicating the effectiveness of a particular response was
derived from the analysis of variance (ANOVA) results [55].

To conduct the ANOVA, objective functions were first defined as
shown in Fig. 10. To investigate both the transient and saturation char-
acteristics, the cumulative temperature 𝑇𝑐 and saturation temperature
𝑇𝑠 were defined by Eqs. (13) and (14), respectively. Here, 𝑡𝑐 and 𝑡𝑠 are
the minimum values satisfying Eqs. (15) and (16).

𝑇𝑐 = ∫

𝑡𝑐

0
𝑇 (𝑡) 𝑑𝑡 (13)

𝑇𝑠 = 𝑇 (𝑡𝑠) (14)

𝑑𝑇 (𝑡𝑐 )
𝑑𝑡

< 0.02 (15)

𝑑𝑇 (𝑡𝑠)
𝑑𝑡

< 0.001 (16)

Next, the three-level near-orthogonal array (near-OA) table was
adopted to conduct the design of experiment (DOE) for ANOVA. The
used near-OA table is presented in Table 5. Here, 0 and 2 indicate
the lower and upper boundary values, respectively, and 1 indicates the
nominal value of the boundaries [56]. Next, the ANOVA was performed
for the temperature responses from the LPTN. The p-values from this
ANOVA are shown in Figs. 11 and 12.
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Table 4
List of the uncertain coefficients for the lumped parameter thermal network.

Items Boundary

Lower Upper

X0 Thrust air-bearing total loss (W) 600 700
X1 Front thrust air-bearing loss proportion (%) 90 100
X2 Integrated inverter switch loss (W) 0 912
X3 Housing radial direction convective heat transfer coefficient (W/m2 ◦C) 10 20
X4 Housing axial direction convective heat transfer coefficient (W/m2 ◦C) 10 20
X5 End cover air convective heat transfer coefficient (W/m2 ◦C) 20 300
X6 Housing-Stator contact thermal resistance coefficient (W/m2 ◦C) 200 6000
X7 Sleeve-Core(#1) contact thermal resistance coefficient (W/m2 ◦C) 200 6000
X8 Sleeve-PM contact thermal resistance coefficient (W/m2 ◦C) 200 6000
X9 Sleeve-Core(#2) contact thermal resistance coefficient (W/m2 ◦C) 200 6000
X10 Sleeve-Core(#3) contact thermal resistance coefficient (W/m2 ◦C) 200 6000
X11 Air-tube cooling channel air flow rate (LPM) 0 150
X12 Coil air cooling channel area (mm2) 1.6 162.3
X13 Coil air cooling channel perimeter (m) 0.01 1.03
X14 Core(#4)-End cover(#1) contact thermal resistance coefficient (W/m2 ◦C) 200 6000
X15 Front thrust air-bearing convective heat transfer coefficient (W/m2 ◦C) 10 1000
X16 Rear thrust air-bearing convective heat transfer coefficient (W/m2 ◦C) 10 1000
X17 Thrust air-bearing outer convective heat transfer coefficient (W/m2 ◦C) 10 1000
X18 Core(#5)-End cover(#2) contact thermal resistance coefficient (W/m2 ◦C) 200 6000
Fig. 11. p-values from the analysis of variance for the saturation temperatures.
The objective of this screening was to determine the coefficients
that rarely affected the response. Therefore, the threshold for the 𝑝-
value was set to 0.3 instead of 0.05, which is the value typically used
to determine significance. Consequently, X5 and X9 were determined
as the average values of the boundary [57].

3.3. Uncertain coefficient determination

This study determined the uncertain coefficient based on the sur-
rogate model from the Gaussian process modeling (GPM). The tem-
perature trace error between the experimentally measured result and
estimated result from the LPTN was set as the objective function 𝑓 . This
is expressed in Eq. (17), where, 𝑇𝐸𝑋𝑃 and 𝑇𝐿𝑃𝑇𝑁 are the temperatures
obtained from the experiment and LPTN, respectively.

𝑓 = ∫

𝑡𝑠

0

[

𝑇𝐸𝑋𝑃 (𝑡) − 𝑇𝐿𝑃𝑇𝑁 (𝑡)
]2 𝑑𝑡 (17)

Next, to acquire the 𝑇𝐸𝑋𝑃 , the temperature measurement test was
preceded. The thermocouples were equipped as shown in Fig. 14. To re-
duce the electromagnetic field interference, the thermocouples with the
8

twisted wire were used. To measure the temperature of the stator yokes,
six thermocouples were attached at the center yoke of each phase
at the front and rear. To fix the thermocouples tightly, we adopted
adhesive which has a comparatively high thermal conductivity. In ad-
dition, to minimize the effect of adhesive on temperature, we attached
thermocouples to the position which can cross the rear and front. And
the recorded temperatures from the temperature measurement test are
shown in Fig. 15. The average value of the recorded temperatures
was designated as 𝑇𝐸𝑋𝑃 , which indicates the reference temperature.
Even though we adopted the thermocouple with twisted wire, there
existed noise in some yoke positions, due to the stator yoke being in
the magnetic flux path (see Fig. 13).

The temperature test was conducted using the same test bench used
in the air compression test as shown in Fig. 4. The electric motor
was continuously operated at a rotational speed of 100 krpm, and the
inlet valve angle was set to achieve the maximum rated output power.
Moreover, the temperature and flow rate of the water-cooling channel
were maintained constantly using a water pump with a chiller.

In the next stage, the surrogate model of the objective function 𝑓
according to the screened uncertain coefficients was generated. The



Energy 283 (2023) 129053D.-M. Kim et al.

v
𝑌
s
s
√

√

√

√

√

Table 5
Three-level near orthogonal array table for uncertain coefficient screening.

No. X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14 X15 X16 X17 X18

1 0 2 0 2 1 0 0 1 2 1 0 0 2 2 0 1 0 2

2 2 0 1 2 1 2 1 0 2 1 0 2 2 2 0 2 1 1

3 0 2 2 2 2 0 0 1 1 0 0 1 0 0 2 1 1 1

4 2 2 0 1 0 2 1 1 2 0 2 2 2 0 0 0 0 1

5 1 1 1 1 1 0 0 2 0 1 2 1 0 0 2 2 0 0

6 1 1 0 0 2 0 2 0 0 2 0 0 2 0 1 1 0 1

7 1 0 0 0 0 1 1 1 1 1 0 0 0 1 2 1 1 0

8 0 0 1 0 1 1 2 1 2 0 1 1 0 2 1 0 0 0

9 2 1 2 1 0 2 2 1 2 1 0 0 0 0 1 2 2 0

10 1 2 1 0 2 2 1 1 1 0 1 0 1 2 2 2 0 2

11 0 2 1 0 0 2 2 2 2 2 2 1 2 2 2 1 2 0

12 1 2 2 1 1 1 1 0 2 2 2 1 1 0 1 1 1 2

13 2 2 0 0 0 1 0 0 0 0 2 2 0 2 1 2 1 1

14 2 0 0 1 2 1 2 2 0 0 0 1 2 2 2 2 1 2

15 0 2 0 1 1 1 1 2 0 2 1 0 0 1 0 1 2 1

16 1 0 1 2 0 0 1 2 0 0 0 2 1 1 1 1 2 1

17 0 1 2 0 0 0 1 0 1 2 0 1 1 2 0 2 0 2

18 2 0 2 2 2 1 1 2 2 2 2 0 0 2 1 0 1 2

19 0 2 2 0 0 0 2 2 0 1 1 2 2 0 2 0 1 2

20 0 0 2 2 1 2 2 2 1 0 2 0 2 1 1 2 0 1

21 1 2 0 2 2 2 2 0 1 1 2 1 0 1 1 0 2 2

22 1 1 2 2 0 1 0 0 2 0 1 0 2 1 2 2 2 2

23 2 0 2 0 1 0 1 0 1 0 1 1 2 0 0 1 2 0

24 2 1 1 2 0 1 2 2 1 2 1 2 0 0 0 1 0 2

25 0 1 0 0 1 2 0 2 2 0 0 2 1 0 1 0 2 2

26 1 2 2 1 2 1 0 2 1 2 0 2 2 2 0 0 2 0

27 0 0 0 1 2 0 2 0 2 2 1 2 0 1 2 2 0 1

28 2 0 2 1 2 2 0 0 0 1 1 2 1 2 1 1 0 0

29 2 2 1 2 1 1 2 0 0 2 0 0 1 1 2 0 0 0

30 2 1 1 1 0 0 0 1 1 2 1 1 2 1 1 0 1 1

31 0 0 1 1 0 1 0 0 1 1 2 0 1 0 2 0 2 1

32 2 0 2 0 1 2 0 1 0 2 2 2 0 1 2 1 2 2

33 0 1 1 1 2 2 1 0 0 0 0 0 0 1 0 0 1 2

34 2 2 1 0 2 0 0 2 2 1 1 0 1 1 0 2 1 0

35 1 1 2 0 2 1 2 1 2 1 2 1 1 1 0 0 0 1

36 2 1 0 2 1 2 1 2 1 1 1 1 1 2 2 0 2 1

37 1 0 0 2 0 2 0 1 0 2 1 1 1 0 0 2 1 0

38 1 1 0 1 1 0 2 1 1 0 2 2 1 2 0 1 1 0

39 0 1 2 2 2 1 1 1 0 1 2 2 2 0 1 2 2 0
𝑋

S

V

0

GPM was adopted for this process [58]. First, the DOE was conducted.
Using the optimal Latin hypercube sampling, the initial sampling points
were generated [59]. Next, considering the indicator of surrogate mod-
eling quality, additional sampling was conducted [60]. In this study,
the normalized RMSE (NRMSE) expressed in Eq. (18) was adopted for
surrogate modeling quality criteria [61]. Here, 𝑛𝑠 is the number of
sampling points, 𝐱 and 𝐘(𝐱) are the vectors of the design variables
and responses, respectively, 𝑥𝑖 and 𝑌 (𝑥𝑖) are the values of the design
ariables and responses at the 𝑖th sampling point, respectively, and
̂ (−𝑖)(𝑥𝑖) is the forecast response of the 𝑖th sampling point from the GPM
urrogate model, except for the 𝑖th sampling point. The DOE results are
hown in Fig. 16.

1
𝑛𝑠

𝑛𝑠
∑

𝑖=1

(

𝑌
(

𝑥𝑖
)

− 𝑌 (−𝑖)
(

𝑥𝑖
)

max {𝐘 (𝐱)} − min {𝐘 (𝐱)}

)2

⋅ 100% (18)
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2

In addition, the formulation of the uncertain coefficient determina-
tion problem could be organized as follows.

Objective function : minimize 𝑓 (𝐱)

Design variables: 𝑋0, 𝑋1, 𝑋2, 𝑋3, 𝑋4, 𝑋6, 𝑋7

8, 𝑋10, 𝑋11, 𝑋12, 𝑋13, 𝑋14, 𝑋15, 𝑋16, 𝑋17, 𝑋18

ubjected to

ariable bounds : 600 ≤ 𝑋0 ≤ 700, 90 ≤ 𝑋1 ≤ 100,

≤ 𝑋2 ≤ 912, 10 ≤ 𝑋3, 𝑋4 ≤ 20,

00 ≤ 𝑋6, 𝑋7, 𝑋8, 𝑋10, 𝑋14, 𝑋18 ≤ 600,
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Fig. 12. p-values from the analysis of variance for the cumulative temperatures.
Fig. 13. Definition of the objective function for uncertain coefficient determination.
Fig. 14. Equipped thermocouples for temperature measurement on the (a) front and
(b) rear.
10
Fig. 15. Recorded temperatures from the front and rear thermocouples.
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Fig. 16. Design of experiment result for objective function surrogate modeling based on optimal Latin hypercube sampling.
Fig. 17. Temperature estimation result from LPTN with determined uncertain
coefficients.

0 ≤ 𝑋11 ≤ 150, 1.6 ≤ 𝑋12 ≤ 162.3,

0.01 ≤ 𝑋13 ≤ 1.03, 10 ≤ 𝑋15, 𝑋16, 𝑋17 ≤ 1000

4. Results

4.1. LPTN construction result

According to the formulated problem in Section 3.3, the uncertain
coefficients of the LPTN were determined. Next, a temperature estima-
tion was performed to reflect the determined uncertain coefficients. The
results are shown in Fig. 17, compared with the measured temperature
profile.

The difference between the saturation temperature from the experi-
ment and the saturation temperature from the LPTN was 3.23 ◦C. This
was the average value, and the difference fluctuated from 1.66 ◦C to
5.37 ◦C. This was due to the temperature data ripple from the recorder
of the thermocouple. In addition, for the transient region, the minimum
difference between the profiles from the experiment and LPTN profile
was 0.0 ◦C, maximum difference was 7.15 ◦C, and average difference
was 2.43 ◦C.
11
Moreover, in Table 6, the determined uncertain coefficients are
listed. The plausibility of this determination can be confirmed by
investigating several determined values.

Because air compressors are responsible for compressing air, the
internal pressure is intrinsically higher than the external pressure. The
target air compressor used in this study was a one-stage centrifugal
compressor with a one-sided impeller. Therefore, the compression part
receives an outward (frontward) force. Consequently, most of the fric-
tion loss of the thrust bearing was concentrated toward the front.
Accordingly, the determined value of 95.9 for 𝑋1, which is the value
of the front thrust air-bearing loss proportion, seems reasonable.

In addition, the well-contacted region conducts thermal energy
well. Therefore, the contact thermal resistance coefficients of the well-
contacted region were larger than those of the other regions. The
sleeve of the rotor was assembled using shrink fitting with a larger
amount of interference than that of the other parts. This resulted in a
comparatively better contact with the sleeve than with the other parts.
Hence, the fact that the determined values of 𝑋7, 𝑋8, and 𝑋10 were
larger than those of the other contact thermal resistance coefficients
seems appropriate.

4.2. Experimental verification

To confirm the reliability of the developed LPTN, additional temper-
ature measurement was performed. The results of this additional test
are shown in Fig. 18. Fig. 18(a) shows the temperature profile of the
near-rotor air, and Fig. 18(b) shows the temperature profile of the end
coil.

Note that the near-rotor air temperature is directly affected by the
rotor temperature, which includes the permanent magnet temperature.
The temperature of the permanent magnet affects the overall perfor-
mance of the electric motor in an air supply system. Therefore, the
near-rotor air temperature was selected as one of the experimental
verification candidate. The thermocouple for this measurement was
fixed to the housing inside of the air supply system, and the terminals
of the thermocouple were placed as close as possible to the near-rotor
air. The LPTN temperature of the air gap between the motor stator
and the rotor were compared. The average difference between the
saturation temperature from the experiment and LPTN was 4.14 ◦C, and
the average difference between the transient area temperature from the
experiment and LPTN was 7.88 ◦C.
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Table 6
List of the uncertain coefficients and their determined values.

Items Determined value

X0 Thrust air-bearing total loss (W) 684.5
X1 Front thrust air-bearing loss proportion (%) 95.9
X2 IGBT loss (W) 500.1
X3 Housing radial direction convective heat transfer coefficient (W/m2 ◦C) 19.1
X4 Housing axial direction convective heat transfer coefficient (W/m2 ◦C) 15.6
X6 Housing-Stator contact thermal resistance coefficient (W/m2 ◦C) 799.9
X7 Sleeve-Core(#1) contact thermal resistance coefficient (W/m2 ◦C) 3102.8
X8 Sleeve-PM contact thermal resistance coefficient (W/m2 ◦C) 2719.5
X10 Sleeve-Core(#3) contact thermal resistance coefficient (W/m2 ◦C) 4362.3
X11 Air-tube cooling channel air flow rate (LPM) 65.2
X12 Coil air cooling channel area (mm2) 67.2
X13 Coil air cooling channel perimeter (m) 0.92
X14 Core(#4)-End cover(#1) contact thermal resistance coefficient (W/m2 ◦C) 1811.8
X15 Front thrust air-bearing convective heat transfer coefficient (W/m2 ◦C) 624.6
X16 Rear thrust air-bearing convective heat transfer coefficient (W/m2 ◦C) 505
X17 Thrust air-bearing outer convective heat transfer coefficient (W/m2 ◦C) 230.7
X18 Core(#5)-End cover(#2) contact thermal resistance coefficient (W/m2 ◦C) 2261.8
Fig. 18. Additional temperature measurement result (a) near-rotor air temperature profile (b) end coil temperature profile.
The other candidate for the experimental verification was the tem-
perature of the end coil. To prevent burnout of the coils, the end coil
temperature is typically monitored as the derating criteria. A total of
six thermocouples were attached as the green adhesive substances at
the smaller radius position of the thermocouple for measuring the yoke
temperature, as shown in Fig. 14 of Section 3. The average values of
the recorded temperature and LPTN temperature of the end coil were
compared. The average difference between the saturation temperature
from the experiment and LPTN was 2.10 ◦C, and the average difference
between the transient area temperature from the experiment and LPTN
was 10.19 ◦C.

The larger temperature error for the transient area came from the
lumped parameterization. Especially, the more the modeling target
complex, the more the temperature error of the transient period would
occur. The lumped parameter could not describe the partial concentra-
tion of thermal energy. Therefore, if there is a large amount of thermal
energy concentration in the modeling target, the temperature differ-
ence could occur during the transient region. This can be resolved by
modeling the lumped parameter finer. Finer modeling could consider
thermal concentration in more detail. However, the complex LPTN has
no merit because of the larger computing time.

5. Conclusion

This study proposed a temperature estimation process for the air
supply system of the PEM FC stack in FCEVs. First, the performance
modeling of the air supply system was conducted. An empirical ap-
proach was adopted for the compression performance modeling. Elec-
tromagnetic FEA was used to model the performance of the electric
motor of the air compressor driver. Subsequently, thermal modeling
12
of the air supply system was performed. To apply the LPTN concept,
the geometry of the air supply system was simplified. Subsequently,
the LPTN of the air supply system was built. The uncertain coefficients
such as the air flow rate through the rotor air-hole, contact thermal
resistance coefficients, and coefficients related to convective thermal
transfer were listed. Next, using the p-values from the ANOVA, the
uncertain coefficient screening was conducted. Finally, without the
excepted uncertain coefficients, a surrogate model-based coefficient
determination was conducted. Finally, the LPTN construction result was
investigated. Moreover, an additional experiment was conducted, and
the validity of this suggestion was confirmed. According to the result,
we can conclude that the suggested process can construct the LPTN
from little amount of temperature data.

As the method proposed in this study is based on an analytical
approach, the computing cost of this temperature estimation is very
low. Therefore, the results of this study can be applied not only in
the design process of the air supply system but also in the thermal or
energy management of the air supply system. In addition, this study
could be expanded to the overall fuel cell electric vehicle. If then, a
new study could be achieved, that deals with the overall thermal and
energy management of the vehicle system.
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