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ABSTRACT 

The 10MW high temperature gas-cooled test module reactor (HTR-10GT) with the core made of spherical 
fuel elements was designed and constructed by the Institute of Nuclear and New Energy Technology of Tsinghua 
University in China. In the HTR-10GT, turbo-compressor and generator rotors are connected by a flexible 
coupling. The rotors, restricted by actual instruments and working environment, must be supported without any 
contact and lubrication. Active magnetic bearing (AMB), known as its advantages over the conventional bearings., 
such as contact-free, no-lubricating and active damping vibration, is the best way to suspend and stabilize the 
position of rotors of HTR-10GT. Each rotor is suspended by two radial and one axial AMBs. The radial AMB’s 
radial gap is 0.15mm considering the gap of 0.4mm between the compressor stator and blades in order to protect 
the compressor. The control system controls the rotor position to meet the required gaps between rotor and stator 
through windings current. All the position information concerning radial and axial AMB is generated by sensors 
for measuring the displacement of the levitated body. Some typical sensors, i.e. eddy current displacement sensor, 
capacitive displacement sensor, can provide position information, but, quite often, unsatisfactory anti-jamming, 
which is a key issue for AMB systems near generator and other electric devices in HTR-10GT. Therefore, a kind of 
new type sensor is designed to measure the radial and axial displacements and the vibration of the rotors. This 
paper focuses on the design characteristics of the HTR-10GT AMBs displacement sensors and introduction of 
the related experiments to demonstrate its performance. 
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1.  INTRODUCTION 
The modular High Temperature gas-cooled Reactor (HTR) combined with direct gas-turbine cycle (closed 

Brayton cycle) can bring high inherent safety together with high efficiency (Barnert, 1995). Besides these, the 
direct gas-turbine can also remove any possibility of water ingress in the core, simplify the power unit design 
and reduce capital building and operational costs. So the HTRs are considered one of the most potential 
candidate for the new generation reactors in the 21st century, and several prototype plants are conceptually 
designed around the world (Ohashi, 2000; Lecomte, 2001; Koster, 2003), such as the PBMR (South Africa), the 
GT-MHR (Russia, USA, etc.) and the GTHTR300 (Japan).   

In the closed Brayton cycle for the HTRs, the gas compressors, turbine and generator are all installed in the 
primary loop, whose shafts are supported by some kind of special designed bearings. The design of the bearings 
is a very difficult problem 20 years ago because the helium flow in the reactor primary circuit must keep very 
clean, and the conventional oil-lubricated bearings may result oil leakage despite adopting complex oil-proof and 
gas seal means, and the bearing maintenance in the PCU is also very difficult. Fortunately, with the rapid 
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development of the Active Magnetic Bearing (AMB) in the recent years (Gray, 1990; Schweitzer, 1994), the 
contact-free and no-lubricating AMBs are considered as the most competent means to support the turbomachine 
shafts in all the designed gas-turbine HTRs, due to their numerous advantages over conventional bearing 
technology.  

In order to experimentally validate the possibility of creating high performance plants with direct closed 
gas-turbine cycle and the technology for future commercial applications, the Institute of Nuclear Energy 
Technology (INET) of Tsinghua University started the design of the power conversion unit (PCU) with direct 
gas-turbine cycle for the 10 MW high temperature gas-cooled test modular reactor (HTR-10) at the end of year 
2000 in China (Zhang and Yu, 2002). This so-called HTR-10GT project is supported by the State Science and 
Technology Committee as a national high technology research and development program. The preliminary 
design of the PCU system was finished by the mutual efforts of the INET and the OKBM (Russia) at the 
beginning of year 2003 (Shi, et al, 2003), just when the HTR-10 reached its full power level. At present, the 
optimal basic design is being performed by the INET. 

This paper focuses on the design characteristics of the HTR-10GT AMBs displacement sensors and 
introduction of the related experiments to demonstrate its performance. 

2.  SYSTEM STRUCTURE AND CHARACTERISTICS 

2.1. System Outline of HTR-10GT 
The AMB system is divided into elements inside the PCU and elements outside the PCU. The 

electromagnets and sensors are located in the PCU, while the necessary electronic circuit and other AMB control 
system equipments are located beyond the PCU, including controller facilities and power modules. Its structure 
along with the turbomachine rotor in the PCU is shown in Fig.1. 

The generator rotor and turbocompressor rotor are connected by a flexible coupling to form a single rotor 
system in vertical layout, which are suspended by four radial and two axial electromagnetic bearings. Besides, 
there are catcher bearings to ensure rotor touch down when AMBs fail to work during operation and protect rotor 
when dynamic loads exceeding AMB load-carrying capacity. The total length of the rotor is about 7m and the 
weight is 1500kg. The normal rotor operation speed is 15000rpm (250Hz) at the turbine power level of 5.86MW 
and efficiency is 86%. 

The radial and axial magnetic bearings are located in the generator and turbocompressor parts shown in 
Fig.1. In order to reduce the range of products, magnetic bearings for generator rotor and turbocompressor rotor 
are designed as the unified size according to the generator rotor load in operation condition. The radial bearing 
radial gap is 0.15mm considering the gap of 0.4mm between the compressor stator and blades in order to protect 
the compressor. The main parameters of the magnetic bearings are listed in Table 1. 

 
Table 1. Main parameters of the magnetic bearings 

Parameter Value 
Radial electromagnetic bearing 

Lifting capacity, N 3000 
Interior / outer diameter of stator magnetic circuit, mm 150 / 300 
Effective axial length, mm 100 
Normal bias current, A 7.5  
Mass, kg 118 
Radial gap between bearing and rotor, mm 0.7 
Radial gap between catcher bearing and rotor, mm 0.15 

Axial electromagnetic bearing 
Lifting capacity, N 20000 
Interior / outer diameter of stator magnetic circuit, mm 170 / 364 
Normal bias current, A  15 
Mass, kg  180 
Radial gap between bearing and rotor, mm 1.0 
Radial gap between catcher bearing and rotor, mm 0.3 
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Fig. 1. Turbomachine rotor and AMB system layout. 

2.2. Working Principle of AMB System 
HTR-10GT active magnetic bearing (AMB) is a typical electromechanical product. It is composed of 

mechanical components combined with electronic elements such as power amplifiers, a controller, which may be 
in the form of a microprocessor, as well as displacement sensors which determine the precision of the whole 
product. The typical AMB system diagram is illustrated in Fig.2. 

Firstly, sensors measure the displacement of the rotor from its reference position and converted into signals of 
standard voltage (from -10 to 10 V, for example). Then compared with the setting value, the error signal enters 
the controller. After A/D conversion, the controller processes this digital signal according to a given regulating 
rule Position Signal Reference Value Control Logic (control arithmetic) and generates a signal of current setting. 
After D/A conversion, this current signal enters the power amplifier, whose function is to maintain the current 
value in the electric magnet winding at the current level set by the controller. Therefore, if the rotor leaves its 
center position, the control system will change the electromagnet current in order to change its attraction force and, 
respectively, draws the rotor back to its balance position. 

As a consequence, AMB has some specific properties, for instance, free of contact, absence of lubrication and 
high speed, lower maintenance costs and higher life time due to the lack of mechanical wear, an on-line diagnosis 
of the state of operation, active damping its vibrations and identifying still unknown rotor characteristics, etc. 
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Fig. 2. Typical AMB system working principle diagram 

2.3 HTR-10GT AMBs Displacement Sensors 
As said above, the displacement sensors are designed for converting measured physical value into 

proportional electric signals and transferring it into the control and monitoring system. Some typical sensors, i.e. 
eddy current displacement sensor, capacitive displacement sensor, can provide position information, but, quite 
often, unsatisfactory anti-jamming, which is a key issue for AMB systems near generator and other electric devices 
in HTR-10GT. Therefore, the induction type of radial and axial displacement sensors are designed to measure the 
radial and axial displacements and the vibration of the rotors. The voltage signal of this kind of sensor modulator 
can be transferred more than 200m without obvious attenuation. In addition, it is also convenient for assembly and 
control. 
2.3.1 Radial Displacement Sensors (RDS) Structure 

Rotor displacement in the radial AMB is monitored in the radial plane along two mutually perpendicular 
coordinate axes X and Y. Along each axis the monitoring is performed by two independent channels. Each channel 
includes radial displacement sensors located on the stator diametrically opposite each other and an electronic 
converter. 

The sensor consists of sensitive elements (SE) located on the stator and an acting element (AE) located on the 
rotor in front of the SE. The SE is an annular magnetic circuit with 24 poles, of which each 6 poles are grouped to 
detect the radial displacements in X and Y directions. In such design, a kind of 2/3 redundancy working mode for 
sensor signals can be easily realized. The AE is an extension made of the laminated ferromagnetic steel, which is 
fixed on turbomachine shaft. Windings around the stator perimeter are distributed in order to average and smooth 
the measure value. Sensor coils are located on SE magnetic circuit poles. 6 coils are provided for the semi-axis 
(+X; -X; +Y; -Y) are connected in series. The radial displacement sensor together with the amplifier ensures the 
signal slope of not less than 10 V/mm. 

The radial displacement sensor is screened from external fields by means of casing parts made of 
ferromagnetic steel. There is an air gap of not less than 20 mm between the sensor casings and the casing of power 
magnets. 
2.3.2 Axial Displacement Sensors (ADS) Structure 

Rotor displacement in the axial AMB is monitored along the coordinate axis Z directed along the rotor axis. 
The axial bearing is equipped with two sets of axial displacement sensor – the main and the backup ones. Each 
includes the sensors located on the TM stator and are structurally included in the AMB, and an electronic 
converter. 

The sensor consists of sensitive elements located on the stator and represents two annular 24-pole magnetic 
circuits (similar to the RDS magnetic circuit) located one above another. ADS coils connected in series in groups 
of 6 pieces are located on the poles of both magnetic circuits. Two diametrically opposite groups of coils of the 
upper arrangement and coil groups of the lower arrangement located directly under them represent one set of ADS 
(the second set is developed in the radial plane by 90 °C relative to the first one). Three annular extensions are 
located on the rotor: the upper and the lower extensions are made of non-ferromagnetic conducting material, the 
middle one is made of laminated ferromagnetic steel.  

4045



 

 Copyright © 2005 by SMiRT18 
 

The extensions are located in the following way relative to annular magnetic circuits of SE. When there is no 
rotor axial displacement the upper non-magnetic extension overlaps the upper half of ends of poles of the annular 
magnetic circuit of upper ADS SE, and the lower extension overlaps the lower half of ends of poles of the annular 
magnetic circuit of lower ADS SE. As the rotor is displaced, e.g. downwards, the magnetic flux of coils of the 
upper magnetic circuit is closed via the extension made of ferromagnetic material, and the magnetic flux of the 
lower magnetic circuit – via the extension made of the non-magnetic material. As the rotor is displaced upwards - 
visa versa. Thus, rotor displacement affects inductance of ADS windings. 

ADS is screened from external fields by means of casing parts made of ferromagnetic steel. There is an air gap 
of not less than 20 mm or a magnetic screen with thickness of not less than 5 mm between the sensor casings and 
the casing of power magnets. 
2.3.3 Operation Principle of Radial and Axial Displacement Sensors 

The SE and AE of RDS form a magnetic circuit. Its magnetic resistance is mainly determined by magnetic 
resistance of its air gap between SE and AE. Therefore, inductance of sensor windings during rotor displacement 
will be inversely proportional to the value of the gap between SE and AE 

x
L

±δ
1~ , 

where  δ - gap between SE and AE at the rotor central position; 
x - rotor displacement value. 

The SE and AE of ADS form a magnetic circuit. Its magnetic resistance is mainly determined by the area 
when SE pole ends overlap ferromagnetic and non-ferromagnetic rotor extensions and by air gap between SE and 
AE. 

δ
zsL ±~ , 

where  δ - gap between SE and AE at the rotor central position; 
s – overlap length when AE is at the central position of SE 
z - rotor displacement value in axial axis. 

Sensor signal carrying the information about change of the gap along the radial and axial axis and is 
transformed using the method of amplitude modulation and demodulation. According to this method the 
electronic converter shall generate a DC signal which is proportional to the gap value between TM rotor and 
stator x, y and z. The electronic converter for monitoring rotor displacement includes the following devices:  

- OSCILLATOR is intended to generate a sine wave with a setting frequency and amplitude 
- POWER AMPLIFIER is intended to transform the OSCILLATOR signal to generate two high voltage 

sine excitation with the same amplitude and frequency but the inverse phase 
- SG is intended to generate direct current voltage which is proportional to rotor displacement together with 

the setting device; 
The semi-axis (+X and -X; +Y and –Y; +Z and -Z) connected in series are driven by the two high voltage 

sine excitation. Thus, the output voltage of each direction depends on the displacements value, x direction as an 
example, it can be presented in the following form 

U1(x) = U0 + Kx 
U2(x) = U0 – Кx , 

Where U1(x), U2(x) - Output amplitude modulation signal voltages of the two opposite direction sensor 
windings respectively, whose amplitude are proportional to the two winding inductance; 
U0 - Output voltage at x=0; 
K - Slope of the characteristic of signal transformation, which depends on the excitation voltage and 
the gap between SE and AE at the rotor central positionδ; 
x - rotor displacement. 

SG shall detect the U1(x) and U2(x) and divide the amplitude deference by the summer.  At the SG outlet 
the output voltage is proportional to the δ. At the rotor central position the sensor signal is equal to 0. 

3. EXPERIMENTAL RESULT 
The experiment were carried out elaborately. Data from the output is graphed in Fig. 3. As shown in the graph, 

the outputs of the sensing system are linear with respect to the radial and axial displacement x (y) and z and has 
good sensitivity of no less than 10mV/µm and resolution of at least 1µm. In addition, no measurable cross-axis 
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coupling was observed, i.e. motion along the y-axis did not influence the x-axis signal, and vice-versa. The gain of 
the sensing scheme as shown in Fig. 3 is approximately 25mv/μm and 10 mv/μm. 
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Fig. 3: Graph of sensor output versus rotor displacement. 

4. CONCLUSIONS 
HTR-10GT is the first pebble-bed high temperature gas-cooled test reactor together with direct gas turbine 

designed and built by the INET in China. The AMB is the key important system to support the turbomachine 
rotor in the PCU. All the position information concerning radial and axial AMB is generated by sensors for 
measuring the displacement of the levitated body. The design characteristics and related experiments of the 
induction type of radial and axial displacement sensors for HTR-10GT AMBs are introduced in this paper. The 
experimental results show that the outputs of the sensing system are linear with respect to the radial and axial 
displacement x (y) and z. It has good sensitivity of no less than 10mV/µm and resolution of at least 1µm. In 
addition, this kind of sensor is convenient for assembly and control. 
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