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1. Introduction 

With the deepening of research on pure electric ve-

hicles (EV), hybrid electric vehicles (HEV), fuel cell vehi-

cles (FCEV) around the world, FCEV are considered to be 

very likely to replace ordinary fuel vehicles and become the 

main choice for future. It provides a solution that can meet 

the environmental regulations and can reduce carbon emis-

sions. The stack uses oxygen in the air and hydrogen in the 

fuel tank to generate electrical energy. Water vapour is the 

only by-product of the reaction. It has the advantages of high 

energy conversion rate, environmental friendliness, low op-

erating temperature, and is suitable for more frequent start-

ups and continuously travel longer distances than battery 

electric vehicles. In addition, hydrogen is a clean and effi-

cient energy source and one of the most abundant in the uni-

verse. It can be obtained by electrolysis of water and by-

products of various chemical production processes. In addi-

tion, it can be quickly filled and easily stored in FCEV fuel 

tanks. 

The fuel cell system is composed of a fuel cell 

stack, an air treatment system, a fuel treatment system and a 

thermal management system. The air compressor is one of 

the key components of the system. It is important for the 

entire system in terms of efficiency, noise, vibration and 

harshness. It is the only component with high rotation speed 

in FCEV, which consumes the maximum parasitic power of 

the system. It needs high power and high speed to increase 

the system air pressure. It is essential to develop a compact, 

lightweight and efficient air compressor. 

For fuel cell systems, there are usually centrifugal, 

screw and roots compressors. Compared with other types of 

compressors, centrifugal compressors have the advantages 

of compactness and high efficiency. The efficiency is con-

tinuously improved, the weight and size are reduced accord-

ingly, and there is no problem of friction and wear, and the 

life is long, especially suitable for vehicle use. At present, 

there have been studies on the application of centrifugal 

compressors in FCEV, and the aerodynamic performance 

and NVH performance of centrifugal compressors have 

been discussed. With the application of gas foil bearings in 

compressors, the rotation speed of the compressor has been 

greatly improved, and the efficiency can be improved in the 

range of low flow and high pressure ratio. In particular, the 

gas foil bearings do not require oil lubrication, thereby 

avoiding the failure of fuel cell proton exchange membrane 

caused by oil pollution. 

In fuel cell vehicle systems, the power density and 

efficiency requirements of air compressors are gradually in-

creasing, and centrifugal compressors with high operating 

speed and direct electric drive are increasingly replacing 

volumetric and gear driven compressors. Combining a per-

manent magnet motor with a radial inflow turbine, the air 

compressor of this motor direct drive structure is more effi-

cient. When using gas foil bearings, the whole machine 

structure is smaller, quieter, and requires less maintenance, 

and maximum efficiency can be achieved in a small space. 

Honeywell has developed a high-speed centrifugal 

air compressor with a speed of 110,000 rpm, a maximum 

mass flow rate of 100 g/s, pressure ratio of 3.2, and a weight 

of 8.2 kg [1]. MiTi has developed a12 kw, 120000 rpm cen-

trifugal air compressor with gas dynamic pressure foil bear-

ing, and carried out theoretical analysis and experimental re-

search on rotor system dynamics and gas foil bearings [2]. 

Hyundai developed a third-generation centrifugal air com-

pressor for on-board fuel cells based on gas foil bearings. 

Compared with the first-generation air compressor, its 

power has increased from 8 kW to 10 kW, and its overall 

weight is 71% of the first-generation, and the volume is only 

60% of the first generation [3]. Honda’s first-generation 

Lysholm air compressor was relatively noisy and required 

the installation of a silencer or soundproof cover, resulting 

in an increase in its volume and weight. In order to over-

come this shortcoming, Honda developed a two-stage cen-

trifugal compressor [4]. The third-generation centrifugal air 

compressor developed by the Liebherr uses gas dynamic 

pressure bearings and permanent magnet synchronous mo-

tor drive technology. The maximum mass flow rate is 90-

110 g/s, the maximum pressure ratio is 2-3, and the overall 

efficiency reaches 60%. In fuel cell vehicles, high-speed 

centrifugal compressors have gradually become a trend. 

In order to achieve the rated speed of the impeller 

and meet the requirements for compressed air, volume, and 

weight, the speed of the air compressor drive motor cannot 

be too low, so it is essential to develop high-speed motors, 

and high-current, high-frequency drive technology is also 

critical. Ultra-high-speed motors have the advantages of 

high efficiency, compactness, and light weight. They are wi-

dely used in high-speed systems. By increasing their speed, 

the system can be made smaller and lighter at the same 

power level, so high-speed motors are widely used in the 

field of vehicle engineering that requires a compact and light 

weight structure. In [5], a permanent magnet synchronous 

motor with a rated speed of 120,000 rpm and a rated power 

of 15 kW was studied to meet the requirements of stator core 

loss and rotor eddy current loss. At the same time, the rotor 

structural stability and critical speed were evaluated. In doc-

ument [6], a three-phase switched reluctance motor (SRM) 

is used to drive an air compressor in a fuel cell vehicle sys-

tem. The maximum speed of the compressor is 140,000 rpm, 

the corresponding air mass flow rate is 25 g/s, and the air 

pressure ratio is 2, which can be applied at 25 kW in the fuel 
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cell system, the main problems of using SRM in automotive 

applications are: the need for external position sensors for 

control, the need to reduce noise and vibration, and the effi-

ciency needs to be improved. BorgWarner has developed an 

air compressor for turbochargers [7]. It uses a 12 kW per-

manent magnet synchronous motor with a rated speed of 

120,000 rpm which provides additional boost at low engine 

speeds. At 86000 rpm, the system input power is 720 W, 

greatly increasing the speed of the compressor, while reduc-

ing the volume and weight, especially suitable for smaller 

engine compartments. In addition, there are high-speed mo-

tors with speeds up to 200,000 rpm in turbochargers and 

electric superchargers. The detailed performance of induc-

tion motors of 10 kW and 75000 rpm is described in [8]. 

Considering the speed and application environ-

ment of the air compressor, the performance of the bearing 

is very strict. Conventional rolling bearings need to work in 

extreme conditions, the power loss will be large, and exter-

nal lubrication and filtration are required. The system also 

puts forward higher requirements to prevent leakage and 

pollution of the fuel cell system. Surface self-acting dy-

namic pressure bearings solve the shortcomings of liquid lu-

bricated bearings, use gas for lubrication, have lower power 

loss, have a longer service life in commercial applications, 

and provide key technologies for the development of oil-

free air compressors. This article discusses the application 

of gas foil bearings in the preliminary design of air compres-

sors and provides data for such bearings. 

The air compressor is the core component of the 

fuel cell system. It is driven by a high-speed motor, the im-

peller is used to boost the filtered air and supply it to the fuel 

cell reactor, hydrogen reacts with oxygen in compressed air 

in an electrochemical reactor, and chemical energy is con-

verted into electrical energy to provide power to the drive 

motor. Due to the special requirements of fuel cell vehicles, 

the following requirements are imposed on the air compres-

sor: sufficient pressure and flow to optimize the efficiency 

of the fuel cell system; high-speed motor drive to ensure that 

the compressor can provide gas to the fuel cell system in 

advance source; no oil in compressed air to avoid fuel cell 

proton exchange membrane failure; low noise, low vibra-

tion, high reliability, stable start-stop performance, main-

tainability and long service life [9]. 

A technical scheme of gas foil bearing centrifugal 

air compressor with air as the medium was presented, and a 

preliminary discussion on the feasibility of its application in 

the fuel cell system of automobile was made. Because the 

research and development of centrifugal air compressor in-

volves many technical fields, such as high-speed permanent 

magnet synchronous motor and its drive control technology, 

impeller design, etc. In this paper, the compressor structure, 

rotor system dynamics and gas foil bearing are analysed and 

discussed. 

2. Structural design 

The air compressor is mainly composed of an im-

peller, rotor components, gas foil bearings, a stator, and a 

housing. Due to the use of gas foil bearings, it satisfies the 

high-speed, oil-free use environment, and has good load-

carrying capacity, impact resistance, and stability. 

In the scheme of this paper, the air compressor is 

driven by a high-speed permanent magnet motor, and the 

rotor is supported by gas foil bearings. The main design pa-

rameters are as follows: pressure ratio 1.2-2.3, mass flow 

0.02-0.08 kg/s, rated speed 80,000 rpm, maximum speed 

100,000 rpm, rated power 10 kW, with reasonable surge 

margin. The motor includes a rotor assembly and a stator 

assembly, which are located between two radial bearings, as 

shown in Fig. 1. This arrangement can improve dynamic 

performance, and the rotor is a solid permanent magnet with 

high rigidity. 

Due to the high speed, in order to reduce the size 

and improve its dynamic characteristics, the motor is located 

between two gas foil journal bearings, the impeller and gas 

foil thrust bearings are located at the front and rear of the 

rotor respectively. The large impeller is located at the front 

and compresses the air, the small impeller is located at the 

rear end and sucks the filtered air and introduces it into the 

interior to achieve the cooling of the bearings and the motor. 

 

Fig. 1 Schematic diagram of the combined rotor structure: 

1-Centrifugal impeller; 2-Left gas foil journal bear-

ing; 3-Rotor components; 4-Right gas foil journal 

bearing; 5-Gas foil thrust bearing I; 6-Gas foil thrust 

bearing II 

 

According to the requirements of the hydrogen fuel 

cell system, when the outlet pressure is 0.23 MPa, the cost 

of the fuel cell is lower and the efficiency is higher.  The 

design speed of the centrifugal compressor is 100,000 rpm, 

and the outlet pressure at the rated speed is 0.23 MPa.  Ac-

cording to the relevant research on the fuel cell, the actual 

air mass flow required by the fuel cell stack can be calcu-

lated by Eq. (1), and the calculated data can be substituted 

into: 
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where: λ is the stoichiometric ratio of the fuel cell stack, and 

the value is 2.2; Pε is the output power of the fuel cell stack. 

Currently, the power of the commonly used fuel cell passen-

ger car is 40 kW, and νc is the unit voltage of the fuel cell 

stack, the value is 0.63 V. 

The gas foil bearing is used as the support, consid-

ering the air consumption of the gas bearing and the leakage 

of the compressor, the design flow rate of the compressor is 

60 g/s, the design pressure ratio is 2.3, and the design pa-

rameters are shown in the Table 1. 

Gas foil journal bearing is mainly composed of 

shell, wave foil and flat foil. Under the action of aerody-

namic pressure, the elastic support structure composed of 

wave foil and flat foil spontaneously deforms. The bearing 

clearance is formed by the elastic deformation of the foil. 

Compared with the rigid bearing, the gas bearing produces 

a larger minimum film thickness and a lower maximum at-

mospheric film pressure in operation [10]. The reduction of 
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the maximum atmospheric film pressure can reduce the 

stress on the bearing surface and the maximum temperature 

so as to change the working conditions of the bearing and 

make the bearing work normally at high temperature, low 

temperature and high speed [11]. The sectional structure of 

the bearing is shown in Fig. 2. 

Table 1 

Air compressor design parameters 

Parameter Value 

Bearing style Gas foil bearing 

Inlet temperature 295 K 

Inlet pressure 101.32 kPa 

Air mass flow 60 g/s 

Maximum pressure ratio 2.3 

Maximum speed  100000 rpm 

Quality 14.5 kg 

Rated power 10 kW 

 

One end of the wave foil and flat foil is fixed on 

the bearing housing together, and the other end is in a free 

state. During the working process, the rotor rotates from the 

free end to the fixed end [12]. The surface of the flat foil is 

a working surface, and the surface of the rotor and the bear-

ing is chrome-plated, which can reduce the dry friction be-

tween the rotor and the flat foil during the start-stop process 

and prolong the service life. In the stationary state, the rotor 

and the flat foil are closely attached together, as the rotor 

speed increases, due to the gas viscosity and wedge effect, a 

gas film pressure is formed between the rotor and the flat 

foil to support the rotor [13]. 

The empirical formula for the bearing capacity of 

gas foil journal bearing is: 

 

),)((  BiBiBB DDLW  (2) 

 

where: 
BW  is bearing load capacity;  is bearing load fac-

tor; 
BL  is the axial length of the bearing; 

BiD  is bearing in-

ner  diameter; ω is working speed. 

 

Fig. 2 Gas foil journal bearing structure: 1- Fixed pin;  

2- Upper tile; 3- Lower tile; 4- Flat foil; 5- Wave foil 

Table 2  

Geometrical parameters of gas foil journal bearing 

Bearing BL , mm 
BiD , mm 

0BD , mm 

Left 26 28 36 

Right 32 28 36 

 

Gas foil thrust bearing uses the compression effect 

of the wedge-shaped gas film between the top foil and the 

thrust disk to generate axial bearing capacity [14]. In order 

to ensure the stability of the bearing, a stable and reliable 

wedge-shaped compressed gas film is required. The manu-

facturing precision of the support wave foil is high enough, 

and at the same time, the gas film thickness distribution 

shape of the inlet section is required to have a good com-

pression effect. 

Gas foil thrust bearing mainly includes bottom 

plate, support wave foil, top foil and gasket, a round bottom 

plate is set below, and multiple fan-shaped top foil is fixed 

above the bottom plate, the supporting wave foil is assem-

bled between the bottom plate and the top foil, the thickness 

of the top foil in this design is 0.5mm-1mm, pre-tightening 

assembly between the supporting wave foil and the top foil, 

the deformation of the supporting wave foil is 0.01-

0.02 mm, as shown in Fig. 3. A wear-resistant coating is 

provided on the inner side wall of the top foil, and the coat-

ing is a molybdenum disulphide layer or a polytetrafluoro-

ethylene coating. 

 

Fig. 3 Schematic diagram of gas foil thrust bearing: 1-Bot-

tom plate; 2-Support wave foil ;3-Top foil; 4-Gasket; 

5-Thrust disk 

 

In the design, the method of increasing the thick-

ness of the top foil is used. It reduces the accuracy require-

ments of the support wave foil [15]. At the same time, it 

solves the problem of foil deformation in the entrance sec-

tion of the top layer, the thickness and shape of the gas film 

at the inlet section are basically unchanged, and the bearing 

capacity of the bearing is improved. Because the top foil and 

wave foil are pre-tightened, the bearing damping is in-

creased, and the running stability of the bearing is improved. 

The design of the bearing focuses on the parame-

ters such as the inner and outer diameters, the working speed 

and the nominal clearance, because their influence on the 

bearing capacity of is relatively large, and the bearing ca-

pacity usually decreases rapidly with the increase of the 

nominal clearance. According to the empirical formula, its 

bearing capacity will increase as the bearing size becomes 

larger, and as the working speed increases [16]. The nominal 

clearance value is a relatively vague concept for gas foil 

thrust bearing, but it has a very large impact on the perfor-

mance of the bearing. The preset nominal clearance value is 

5 µm, and then the nominal clearance value is gradually in-

creased, and finally the bearing load can be obtained the re-

lationship between bearing capacity and nominal clearance, 

Fig. 4, a shows the relationship between the bearing capac-

ity and the nominal clearance at a working speed of 

20,000 rpm, Fig. 4, b is the change of the bearing capacity 

of the gas foil thrust bearing with the speed when the nomi-

nal clearance is preset to 5 μm. 
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a) Relationship of bearing capacity-nominal clearance 

 

b) Relationship of bearing capacity-speed 

Fig. 4 Gas foil thrust bearing capacity 

3. Electromagnetic design of permanent magnet syn-

chronous motor 

The motor requires a wide speed range (0-

100,000 rpm), and considering the characteristics of sur-

face-mounted PMSM that are difficult to expand the speed 

with weak magnetic field, there must be many compromises 

in design, such as low electromagnetic utilization coeffi-

cient, power factor and efficiency. The purpose of this de-

sign is to propose a balanced compromise scheme to meet 

the following requirements: the rated efficiency is not less 

than 85%; the rated power is 10 kW in the range of 20,000 

to 100,000 rpm; the rated voltage is limited to 500 V (effec-

tive value); the eddy current loss of rotor is as low as possi-

ble. 

In order to ensure the mechanical strength, rotor 

dynamics, electromagnetic performance and other require-

ments of the rotor, the motor adopts solid rotor instead of 

lamination; the air gap magnetic density of the conventional 

motor is generally controlled at about 1T, but the rotating 

speed of the motor is as high as 100,000 rpm, and the air gap 

magnetic density should be as low as possible to control the 

stator iron consumption; in order to reduce the circumferen-

tial stress difference as much as possible, and improve the 

torque density, the pole coverage of the type magnetic steel 

is set as 1; the selection of the shape of the stator lamination 

is mainly to reduce the iron consumption while reducing the 

outer diameter as much as possible, and to leave enough 

space for the winding at the same time; in order to make full 

use of the voltage [17], the number of turns of the winding 

should be selected so that the voltage limit is reached near 

80000 rpm, and the demagnetization is required at 

10000 rpm; on the one hand, the axial length of the motor 

should consider the electricity magnetic properties, on the 

other hand, considering the rotor dynamic characteristics, 

the cross section of the motor is shown in Fig. 5. 

       

      a) Rotor sectional view          b) Rotor physical map 

Fig. 5 Sketch of the rotor structure 

Table 3 

The main parameters of the motor 

Number of pole pairs 1 

Number of stator slots 36 

Phase 3 

Magnetic steel installation form surface mount type 

Geometric parameter 

Motor axial length 110 mm 

Stator outer diameter 95 mm 

Stator bore 53 mm 

Outer diameter of rotor core 38 mm 

Magnetic steel height 4 mm 

Sheath height 2 mm 

Polar coverage rate 1 

Tooth width 3 mm 

Yoke height 11.5 mm 

Groove opening height 1 mm 

Material parameters 

Stator m250-35a 

Rotor stainless steel 

Magnetic steel bms-22 

Sheath carbon fibre 

Winding parameters 

Winding layer number 2 

Number of parallel branches 2 

Turns 4 

Pitch distance 10 

Number of parallel coils per turn 28 

Line diameter 0.315 mm 

Other parameters 

Magnetization direction radial 

Based on the above design results, Maxwell is used 

for finite element modeling (using periodic boundary con-

ditions), the finite element model and grid are shown in 

Fig. 6. 

In permanent magnet motors, the main magnetiza-

tion methods are parallel magnetization, radial magnetiza-

tion, halbach magnetization, etc., and parallel magnetization 
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and radial magnetization are the most commonly used in 

permanent magnet magnetization [18]. However, the no-

load air gap magnetic field waveforms obtained by these 

two magnetization methods are different. Using the finite 

element software to establish a two-pole high-speed perma-

nent magnet motor model, the flux density distribution of 

the two magnetization methods can be obtained as shown in 

Fig. 7. 

 

Fig. 6 Finite element model of the motor 

 

a) Flux density (parallel magnetization) 

 

b) Flux density (radial magnetization) 

Fig. 7 Flux density distribution of two magnetization  

methods 

If parallel polarization is used, the flux density is 

basically sinusoidal (ignoring the effect of slotting), the fun-

damental component is 0.45 T, but there will be a problem 

of low fundamental component at this time, it is not suitable 

to make full use of magnetic steel. When radial magnetiza-

tion is used, the flux density distribution is similar to a 

square wave, so the amplitude of the fundamental wave can 

be further increased. In this design, the fundamental wave 

amplitude of the flux density is 0.53 T, which is signifi-

cantly better than the parallel magnetization method. 

The rotor of PMSM is composed of 4 parts, they 

are motor shaft, rotor core, permanent magnet and non-mag-

netic sleeve, and the losses in the rotor are mainly mechan-

ical losses and eddy current losses. Mechanical loss refers 

to air friction loss [19]. In general, the eddy current loss of 

the motor rotor is very small compared to the stator loss. 

However, when the eddy current loss occurs, the tempera-

ture of the permanent magnet will increase, and demagneti-

zation will occur. In particular, irreversible demagnetization 

will occur. 

 

a) No load 

 

b) Load 

Fig. 8 Finite element model of rotor loss 

 

In the high-speed rotation state, both the magnetic 

steel and the solid rotor will induce eddy currents, causing 

additional rotor losses, excessive rotor temperature may 

cause serious effects such as irreversible loss of magnetic 

steel and damage to the sheath [20]. This part of the loss 

must be taken into consideration in the simulation, taking 

into account the three factors of rotor loss: 1) the magneto-

motive force induced by the fundamental current of the sta-

tor side is not sinusoidal; 2) the current waveform of the sta-

tor side contains high-frequency harmonics; 3) the effect of 

stator slotting. The distribution of the magnetomotive force 

generated by the winding of this motor is quite high, and this 

part of the loss is small; considering the application of the 

filter, the harmonic component of the input current of most 

high-speed motors is low, or its harmonics are located at low 
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frequencies. The rotor loss caused by the term is negligible. 

In summary, this design only considers the loss caused by 

the third term in the no-load state and the load state. The 

rotor loss model is shown in Fig. 8. 

In order to make the finite element simulation as 

accurate as possible and reduce the calculation time, the per-

meability parameters of each material are taken as linear. At 

100,000rpm, the induced current density at no-load is shown 

in Fig. 8, a, the periodic distribution of eddy current and skin 

effect is clearly visible. Under 100,000 rpm no-load work-

ing conditions, the average cycle loss of the rotor is 2.3 W, 

this loss is only caused by the third item in the above analy-

sis. Instead of load state conditions, such as 10 kW, the av-

erage cycle loss of the rotor at 10,000 rpm is 2.7 W, this part 

of the loss is caused by the first and third items above. The 

induced current density at this time is shown in Fig. 8, b, 

this can prove the correctness of the previous analysis of the 

three factors. 

Consider the three operating points at speeds of 

20,000 80,000 and 100,000 rpm, respectively, with a rated 

power of 10 kW and a maximum effective voltage between 

phases of 500 V. The operating parameters at each operating 

point are shown in Table 4. 

Table 4  

Simulation operating parameters of each working point 

Operating point 1# 2# 3# 

Power, kW 10 10 10 

Speed, rpm 20000 80000 100000 

Current, A 54.4 14.1 15.5 

Current advance angle, ° 0 0 43.2 

Current density, a / mm2 12.5 3.2 3.6 

Voltage, V 119 432 500 

Copper Loss, W 419 28 34 

Iron Loss, W 137 1086 1428 

Rotor Loss, W 0.82 2.08 2.68 

Efficiency 94.7% 90.0% 87.2% 

Power factor 0.94 1.0 0.79 

Electromagnetic torque, 

nm 
4.8 1.24 1.0 

Torque ripple, nm 0.12 0.058 0.061 

Torque ripple ratio 2.5% 4.7% 6.1% 

4. Centrifugal compressor test 

According to the calculation results of the parame-

ters, the CNC machine tool was used to manufacture and 

assemble the components, and the aerodynamic perfor-

mance of the air compressor was tested and verified. The 

surface quality of the impeller, gas foil bearing, and rotor 

has a great   influence on the aerodynamic performance, 

which directly affects the accuracy of the test results.  The 

surface roughness and geometric tolerance of the key com-

ponents such as the impeller channel are strictly controlled 

during the design and processing. 

The centrifugal air compressor test bench needs to 

be able to easily test the working performance of the air 

compressor under different working conditions and record 

the corresponding test data for subsequent analysis. Accord-

ing to the test requirements and the characteristics of the 

centrifugal air compressor, the test bench pipeline is de-

signed as shown in Fig. 9. 

 

Fig. 9 Test bench of centrifugal air compressor 

The experimental bench realized the air circulation 

circuit and water circulation circuit of the air compressor 

and expander and installed corresponding sensors and meas-

uring instruments on each circuit to obtain the required test 

parameters. The flow was carried out through the pressure 

control valve at the outlet of the discharge pipe [21]. After 

the air in the atmospheric environment is processed by the 

muffler and filter, it enters the entrance of the test centrifu-

gal air compressor, and the test centrifugal air compressor 

compresses the air to work and discharges it. Temperature 

sensors and pressure sensors are installed on the inlet and 

outlet pipes to measure the physical parameter changes be-

fore and after the air passes through the air compressor. 

Temperature sensors and air compressors are installed on 

the inlet and outlet pipes of the cooling water pipeline. The 

input power and speed information are obtained through the 

motor controller. The test bench is built with aluminium al-

loy profiles, including the main bench and the air compres-

sor placement platform. 

Fig. 10, a shows the relationship between the effi-

ciency and mass flow at different speeds in the range of 

20,000 to 100,000 rpm. The optimal flow rate and maximum 

efficiency are a function of the speed, and the efficiency 

curve varies with the speed. Under certain operating speed 

conditions, there is a very close relationship between pres-

sure changes and flow changes. The left area of the charac-

teristic curve is the surge area. When the rotation speed is 

20,000 rpm, the maximum efficiency point is at the flow rate 

of 20 g/s. When the rotation speed is 100,000 rpm, the max-

imum efficiency point is at the flow rate of 50 g/s. Running 

at higher speeds will have higher efficiency, especially for 

larger flows, at a certain speed, if the flow exceeds the opti-

mal value, the efficiency will decrease with the increase of 

the flow, and this phenomenon will be more obvious when 

the speed is lower. For the given flow rate in the actual sit-

uation, the best performance of the air compressor can be 

achieved by adjusting the speed. 

Fig. 10, b shows the relationship between the pres-

sure ratio and the flow rate at different speeds (20,000 to 

100,000 rpm), the outlet pressure is a function of flow rate 

and speed. The required outlet pressure can be achieved by 

adjusting the flow rate or speed, the influence of the speed 

on the outlet pressure is much greater than that of the flow 

rate, therefore, adjusting the flow rate is preferred to achieve 

fine adjustment of the outlet pressure [22]. At a constant 

speed, as the flow rate decreases, the gradient of the pressure 

ratio-flow curve gradually changes from steep to gentle, and 

the operating point where the gradient changes from nega-

tive to positive is defined as the mild surge point. After a 

slight surge occurs, continue to reduce the flow rate, the 

pressure ratio is almost unchanged or even decreased until a 

deep surge occurs. 
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a) Efficiency-flow relationship 

 

b) Pressure ratio-flow relationship 

Fig. 10 Relationship between efficiency, pressure ratio and 

flow 

 

Fig. 11 Temperature of air compressor volute and stator 

When the centrifugal air compressor is working, 

the compressed gas and the motor are the main heat sources. 

In order to improve heat dissipation, the cooling water chan-

nel and the air-cooling pipe are designed on the air compres-

sor shell during structural design. The cooling water channel 

is mainly to take away the heat of the stator and the shell, 

and the air-cooling channel is mainly for cooling the gas foil 

bearing and the volute [23]. By installing temperature sen-

sors on the volute and the stator, the law of the internal tem-

perature changing with the rotation speed is measured, and 

the experimental environment temperature is 25℃. As 

shown in Fig. 11, it can be seen that the temperature of the 

volute and the stator both increase with the increase of the 

speed, the temperature of the volute in the early stage is 

higher than the temperature of the stator, but the accelera-

tion of the stator temperature rise is large. The stator copper 

wire winding and eddy current loss are relatively large, but 

the temperature of both is not higher than 70℃, which is 

within a reasonable range. 

Compared with traditional internal combustion en-

gine vehicles, fuel cell vehicles have no obvious advantages 

in overall sound pressure level, and the sound quality is 

poor. Further analysis shows that the noise source of fuel 

cell vehicles mainly comes from the aerodynamic noise gen-

erated by the air compressor in the air auxiliary system. In 

actual operation, the outlet of the centrifugal compressor en-

ters the fuel cell stack through the pipeline through the hu-

midifier, and most of the aerodynamic noise is directly radi-

ated outward from the inlet. The fan impeller and the drive 

motor are the main components of the centrifugal fan, and 

most of the noise is generated by these two parts. 

The sound source information can be obtained 

from the calculation of the three-dimensional unsteady flow 

field. The FW-H method is used to calculate the aerody-

namic noise of the compressor, including the sound source 

caused by the change in surface velocity, that is, the mono-

pole sound source; the sound source caused by the surface 

pulsating pressure, that is, the dipole sound source; the 

sound source caused by the momentary strain applied to the 

fluid, that is, the quadrupole sound source. Among them, the 

dipole sound source plays a leading role in the aerodynamic 

noise of the centrifugal compressor. Therefore, in the Fluent 

simulation, the fixed dipole source of the volute wall surface 

and the dipole source of the blade wall motion are selected 

as the sound source to calculate the radiated sound field of 

the centrifugal compressor. According to GB/T2888-2008 

"Measuring Methods of Fan and Roots Blower Noise", the 

noise monitoring points are arranged, and the sound power 

level of the whole machine is: 
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where: WAL  is the sound power level of the whole machine, 

dB(A); S is the transmission area, m2; 0S  is the standard 

area, m2; AL is the average sound pressure level, dB(A); 1L ,

2L ,…, nL is the sound pressure level measured by different 

noise measurement points, dB(A); n is the number of noise 

measurement points. 

This test mainly analyzes the noise characteristics 

of the centrifugal fan under test. It is necessary to exclude 

the test background noise and other interference noise. The 

test site is selected as a semi-anechoic room to ensure the 
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accuracy of the test results. In this paper, the noise under 

different working conditions was tested, 14 microphones 

were arranged, and the microphone positions were in the 

center of 6 area units and 8 corners, respectively. The equip-

ment layout of noise test is shown in the Fig. 12, the noise 

test adopts the G.R.A.S.40PH1/2 microphone, and the test 

data collection and analysis adopts the LMS Test. Lab sys-

tem. 

The steady state test includes 20000-100000 rpm, 

interval 10000 rpm, a total of 9 steady state speeds, adjust 

the compressor outlet valve, make the compressor run stably 

at the specific operating point at this speed, the steady state 

working conditions collect the compressor stable operation 

Noise, flow, pressure and other performance parameter sig-

nals within 20 s. 

It can be clearly seen from Table 5 that as the speed 

increases, the sound power level gradually increases, but 

still does not exceed 70 dB (A), and subsequent noise reduc-

tion measures can be used to ensure that the noise added to 

the interior of the car no more than 40 dB (A), to ensure a 

better ride experience. In the follow-up research, the sources 

of noise can be further analyzed through theory and experi-

ments, such as fan noise: rotating noise, eddy current noise, 

intake noise, motor noise: excitation current noise, electro-

magnetic noise, rotational unbalance noise, and housing in-

herent noise, etc. The noise reduction is carried out from the 

aspects of optimization of the housing structure of the drive 

motor, installation of a muffler at the entrance, and optimi-

zation of vibration performance. 

 

    a) Microphone arrangement                         b) Air compressor test layout                        c) Semi-anechoic room test site 
 

Fig. 12 Noise test layout and test site 

Table 5 

Sound power level noise test results 

No. 
Speed Opening Power Current Voltage Flow 

Pressure 

ratio 

Background 

noise 

Sound power 

level noise 

rpm % kW A V g/s Out/In dB, A dB, A 

1 20000 50 0.25 0.5 500 22.2 1.03 ﹤20 44.5 

2 30000 50 0.6 1.2 500 32.7 1.05 ﹤20 50.1 

3 40000 50 1.05 2.1 500 44.3 1.11 ﹤20 53.2 

4 50000 50 1.9 3.8 500 56.2 1.13 ﹤20 57.9 

5 60000 50 3.1 6.2 500 66.9 1.21 ﹤20 61.1 

6 70000 50 4.7 9.4 500 801 1.24 ﹤20 63.5 

7 80000 50 6.85 13.7 500 93.7 1.31 ﹤20 56.1 

8 90000 50 9.4 18.8 500 103.2 1.34 ﹤20 63.6 

9 100000 50 12.1 24.2 500 114.1 1.45 ﹤20 66.3 

 

5. Conclusion 

In this paper, a centrifugal air compressor driven 

by an gas foil bearing support and driven by a permanent 

magnet synchronous motor has been developed to achieve 

stable operation. In the study of key technologies such as the 

mechanical structure of air compressors, bearings, and mo-

tors, the following conclusions were obtained. 

The air compressor uses a high-speed permanent 

magnet synchronous motor as the driving device, which re-

alizes the organic fusion of the gas foil bearing and the per-

manent magnet motor. Through the prototype test, the mass 

flow rate of the air compressor at a speed of 100,000 rpm is 

65 g/s, the pressure ratio is 2.3, the motor efficiency is 75%, 

which can meet the requirements of 60 kW fuel cell vehi-

cles. The compressor has a wide and flat characteristic. The 

characteristics of centrifugal compressors equipped with gas 

foil bearings were studied to verify the feasibility of their 

application in FCEV. The compressor plays an important 

role in the fuel cell system. The compression of air makes 

FCEV have higher efficiency and power density. The gas 

foil bearing brings a more obvious advantage to the com-

pressor, and the speed of the compressor greatly exceeds the 

rolling bearing. The higher design speed can ensure that the 

compressor has higher efficiency under the conditions of 
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low flow and high pressure. The structure design and per-

formance of the high-speed motor used in the compressor 

were studied and the electrical performance indexes of the 

developed motor meet the requirements of stator core loss 

and rotor eddy current loss. According to the functional re-

quirements, the motor structure is determined as stator slot, 

rotor table. For the stick-type permanent magnet motor, An-

soft is used for modelling and simulation analysis of the mo-

tor. Comparing the electrical performance changes of differ-

ent magnetization methods, radial magnetization is obvi-

ously superior to parallel magnetization. An experimental 

study has been conducted on the noise characteristics of the 

air compressor. The results show that the system has good 

noise performance, which can ensure that the interior riding 

space has a better experience during the driving of the vehi-

cle. 
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W. Li, G. Feng 

DESIGN AND EXPERIMENTAL STUDY OF 

CENTRIFUGAL COMPRESSOR IN FUEL CELL 

VEHICLE 

S u m m a r y 

A high-speed centrifugal air compressor structure 

supported by aerodynamic pressure bearings and driven by 

a permanent magnet synchronous motor was proposed. The 

integration of air lubrication and permanent magnet syn-

chronous motor is realized, which meets the fuel cell sys-

tem's requirements for oil-free and efficient. Based on the 

analysis of the principle of aerodynamic pressure bearing 

and high-speed motor, the parameters of each component 

were designed, and the prototype of the air compressor was 

developed. When working at 10×104 rpm, it can provide 

compressed air with a maximum pressure ratio of 2.3, and 

the overall efficiency is close to 80%, which achieves high-

speed and stable operation, has higher efficiency and wider 

and flat working characteristics. Finally, the feasibility of 

the design was verified by bench test. 

Keywords: centrifugal air compressor, gas bearing, perma-

nent magnet synchronous motor, fuel cell systems. 
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