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ABSTRACT 

High Temperature Gas-cooled Reactor (HTR) is recognized as an advanced type of reactor incorporating 
many design enhancements such as inherent safety features, fuel cycle flexibility, highly fuel utilization, highly 
efficient electricity generation and process heat application. The research and development of HTR started at the 
middle of the 1970’s, and came to be a part of the Chinese High Technology Program in 1986. A plan to build a 
10MW High Temperature Gas-cooled Reactor (HTR-10) was approved by the State Science and Technology 
Commission in 1990, and in 1995 the construction was initiated at the Institute of Nuclear Energy Technology 
(INET), Tsinghua University. The full power 10 MW operation for 72 hours have reached in 2003, and have been 
checked and accepted by the State Science and Technology Commission. In order to advance the HTR-10 
performance, the project of the Helium Gas Turbine Generator for the HTR-10 was authorized by the State Science 
and Technology Commission, and stared in 2003. In this project, active magnetic bearings (AMBs) are chosen to 
support the generator rotor and the turbocompressor rotor in the power conversion unit because of their numerous 
advantages over the conventional bearings. In order to detect how the AMB system works in operation and make 
diagnosis whether the system behaves normally or not, the monitoring system based on the virtual instruments is 
designed to monitor the working conditions of the PCU, and to ensure its normal operation. This monitoring 
system consists of the industry personal computer (PC), the data acquisition system, the measurement transmitters 
and the LabVIEW system platform. It is located at the PCU control room, and communicates with the master 
control room by Controller Area Net (CAN). The development is divided into the following three steps: First, a 
data acquisition platform to collect and acquire all the necessary and useful data from the operation of the AMB 
system is developed. Second, the data acquired need to be analyzed in time domain, frequency domain and joint 
time-frequency domain to find the characteristics of the operation. Finally, based on all the former work, a 
diagnostic component will be designed in the future. This monitoring system is of the strong capacities in 
data-processing and various data presentation ways. It can online monitor and display the operation conditions of 
the AMB, including the radial and axial displacements and the vibration of the rotors , as well deal with the 
acquiring data in time domain, frequency domain and joint time-frequency domain through FFT and some 
advanced JFTA algorithms such as STFT (Short Time Fourier Transform) and WT (Wavelet Transform) etc. The 
system also has capability of storing the acquired data to process and redisplay them offline. 
Keywords: HTR; Power Conversion Unit (PCU); Active Magnetic Bearing (AMB); Online Monitoring System. 

1. INTRODUCTION 
High Temperature Gas-cooled Reactor (HTR) is recognized as an advanced type of reactor incorporating 

many design enhancements such as inherent safety features, fuel cycle flexibility, highly fuel utilization, highly 
efficient electricity generation and process heat application. The research and development of HTR started at the 
middle of the 1970’s, and came to be a part of the Chinese High Technology Program in 1986. A plan to build a 
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10MW High Temperature Gas-cooled Reactor (HTR-10) was approved by the State Science and Technology 
Commission in 1990, and in 1995 the construction was initiated at the Institute of Nuclear Energy Technology 
(INET), Tsinghua University [1]. The full power 10 MW operation for 72 hours have reached in 2003, and have 
been checked and accepted by the State Science & Technology Commission. In order to advance the HTR-10 
performance, the project of the Helium Gas Turbine Generator for the HTR-10 was authorized by the State Science 
and Technology Commission, and started in 2003. In this project the power conversion unit (PCU) in which a 
helium gas turbine, a generator and some thermodynamic devices are assembled will replace the system of the 
helium fan and evaporator. In order to accommodate the HTR condition and predigest the assistant system the 
active magnetic bearings (AMB) are used to support the turbo-machine rotor and the generator rotor [2]. 

An online monitoring system based on the virtual instruments is now being built to monitor the working 
conditions of the PCU, and to ensure its normal operation. In the following sections, first, the overall structure and 
system key parameters of the PCU will be reviewed. Second, the online monitoring system and each part of it will 
be described. Then some typical data about the operation of the AMB-P obtained through the monitoring system 
will be reviewed and analyzed to reveal the operation status of the AMB-P. 

2. STRUCTURAL AND CHARACTERISTICS OF AMB FOR HTR-10GT PCU 

2.1. System Outline of HTR-10GT PCU  
The power conversion unit (PCU) with direct gas-turbine cycle is designed for converting thermal energy 

generated in the reactor core into the electric energy [3]. The structure and system key parameters of the PCU and 
turbomachine are shown in the FIGURE 1 and TABLE 1,2 respectively. 

Table 1 Main parameters of HTR-10 with direct gas-turbine cycle 
Parameter Value 

Reactor  
Reactor power, MW 10.00 
Temperature at core inlet/outlet, °C 330 / 751.8 
Pressure at the inlet/outlet, MPa 1.5899 / 1.5747 
Helium flowrate, kg/s 4.56 

Power conversion unit (PCU)  
Thermal circulation efficiency, % 22.765 
Generate electricity efficiency, % 20.694 
Total relative pressure loss, % 9.7467 
Total relative helium leaks, % 5.3 
PCU mass, t 51.9 
PCU height, mm 7940 
Water temperature at PCU inlet, °C 29.3 

Table 2 The design parameters of turbomachine of the HTR-10GT 

Parameter Value 

Structure layout Vertical single shaft 
Rotor speed, s-1 (rpm) 250 (15000) 
Turbine  

Power, MW 5.861 
Adiabatic efficiency, % 86.5 
Helium flowrate through turbine, kg/s 4.64 
Helium temperature at inlet/outlet, °C 750.0/497.8 
Helium pressure at inlet/outlet, MPa 1.5616/0.6931 
Turbine expansion ratio 2.2531 

Low-pressure compressor  
Power, MW 1.788 
Adiabatic efficiency, % 84.5 
Helium flow rate, kg/s 4.70 
Helium temperature at inlet/outlet, °C 35.2/108.3 
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Helium pressure at inlet/outlet, MPa 0.669/1.057 
Blade system compression ratio  1.580 

High-pressure compressor  
Power, MW 1.797 
Adiabatic efficiency, % 84.5 
Helium flowrate, kg/s 4.72 
Helium temperature at inlet/outlet, °C 35.5/108.7 
Helium pressure at inlet/outlet, MPa 1.0253/1.620 
Blade system compression ratio  1.580 

Generator  
Nominal power, MW 2.144 
Efficiency, % 96.5 
Voltage, V 2500 
Phase current, A 571 
Current frequency, Hz 250 

 
1 nozzle, 2 gas cooler, 3 shell, 4 plate, 5 chamber, 6 intercooler module, 7 precooler module, 8 expansion pieces, 9 
pipeline, 10 recuperator, 11 turbomachine, 12 PCU vessel, 13 header, 14 header, 15 nozzle, 16 pipeline, 17 lead-out 

Fig. 1. PCU structural diagram of the HTR-10GT. 
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2.2 Main Parameters of the Magnetic Bearings 
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. 

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 3. 

 
Table 3. 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 

3. THE MONITORING SYSTEM STRUCTURE 
In terms of function of the online monitoring system, it can be divided into several interlinked but independent 

components: measurement, system setting, data monitoring and analysis, as well as diagnostic. The structure of the 
system and the relationship among each part of it are shown in the FIGURE 2 

3.1 MEASURING PART 
The sensors are designed for converting these measured physical value into proportional electric signals in the 

form of voltage or current (possible ranges are: from 0 to 5 V, from 0 to 10 V, from minus 5 to 5 V, from minus 10 
to 10 V, 4 to 20 mA), and transferring it into the control and monitoring system, where it is further processed for the 
operator display and control subsystem.  

The number of sensors necessary for measuring parameters in the monitoring point is determined by their 
response degree and functions (measurement, control and emergency protection) fulfilled by the signals from these 
sensors. The number of sensors necessary for the generation of signals into the control and protection system shall 
be not less than 3 so as to generate signals as per "2 out of 3" logic. The number of sensors necessary for measuring 
parameters and carrying auxiliary information is assumed as one. The wires and communication cables for sensors 
connection shall be made of fire-retarding materials. 

3.2 System Setting Part 
The signal values in the digital form at the outlet of analogue input modules correspond to voltage values at 

the outlet of sensor normalising converters. Voltage values at the outlet of sensor normalising converters, in their 
turn, correspond to physical values of the parameters to be measured. These analogue input signals are transferred 
from the measurement part to the controller, which contains input analogue channels to receive such signals. The 
configuration and characters of the controller shall be determined by the system setting part. In this component, 
system settings including the number of the data channels, the input terminal configuration for the channels, the 
maximum and minimum values of the input signals that the measurement expects, as well as the sampling rate and 
the samples read in one time of each channel will be specified. An example of the block diagram of this component 
is shown in the FIGURE 3. 
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Fig. 2. The function structure of the online monitoring system.. 
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Fig. 3. The block diagram of the system settings component. 

3.3 Data Monitoring and Analysis Part 
This component acquires the various operation parameters of the PCU, and deal with them in time domain, as 

well as frequency domain and joint time-frequency domain. A big display screen displays the various operation 
parameter of the AMB for PCU. Its main features are as follows: 

 Dealing with the acquiring data in time domain, frequency domain and joint time-frequency domain 
through FFT and some advanced JFTA algorithms such as STFT (Short Time Fourier Transform) and 
WT (Wavelet Transform) etc. 
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 Storing the acquired data to process and redisplay them offline. 
 Sending the alarm signal to the master control room and assisting the controller of AMB while the 

operation parameters over the threshold value. 

3.4 Diagnostic Part 
Diagnostic component is the advanced part planned in the monitoring system design, which can evaluate the 

operation conditions of the AMB for PCU and indicate the existing or potential failures. This part is based on all 
the former parts of the monitoring system and depends on a great deal of experience of the AMB system’s 
operation. So this component has not been constructed yet, but it is certainly a goal of the monitoring system. 

4. EXPERIMENTS OF THE MEASURING AND MONITORING ROTOR SYSTEM FOR AMB OF THE 
PCU  

The HTR-10GT is designed 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 [4]. Active magnetic bearings(AMBs) are chosen to support the generator rotor and the 
turbocompressor rotor in the power conversion unit because of their numerous advantages over the 
conventional bearings. The preliminary rotor dynamic analysis shows that both the generator rotor and the 
turbocompressor rotor must pass the second bending critical speed (BCS) during the acceleration to the rated 
operating speed of 15000rpm [5]. Although the AMB technology has been successfully used and tested in turbine 
machinery of other heavy industrial fields [6], such as natural gas treatment with turboexpanders and storage (or 
production) with compressors, there is not an application instance in the primary loop of gas-turbine HTRs, 
especially for supporting a large vertical flexible rotor and passing two bending critical speeds in operation. 

4.1 Description of the TEST RIG SYSTEM 
In order to validate the principles and get useful data and experience of the actual AMB system design for the 

HTR-10GT, a small flexible rotor AMB test rig, called AMB-P, which is a prototype device of the AMB system for 
the HTR-10GT has been built. The measuring and monitoring rotor system is used in this test rig. which is higher 
than that of the actual turbomachine rotor. It is deliberate to increase some difficult considering the difference 
between small rotor in experiment and large rotor in the PCU. The first BCS is designed as 300Hz, The structure 
and main parameters of the setup are shown in Fig.4 and in Table 4 respectively. 

 

 
Fig. 4. The structure of the small setup 

 

Table 4. Main parameters of the small setup 

Rotor Mass 6.128kg 
Rotor Length 613mm 
Radial Moment of Inertia 0.148kg m2 
Polar Moment of Inertia 0.00379kg m2 
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Air Gap 0.4mm 
Coils 300n 
Pole Area  320mm2 
Inductance 45.2mH 

The system mathematic model is established by using a method named SDM (Subsection Discrete Method). 
After splitting the flexible rotor and reduce the order of the model with modal reduction method, a more 
comfortable model for control is got in space-state form. Fig.5 shows the first six eigen-shapes of the rotor system. 
From left to right, the four vertical lines respectively represent the lactations of top sensor, top bearing, bottom 
bearing and bottom sensor. From Fig.5, it illustrates that the designed system has good observability and 
controllability for passing through the fist two BCSs. 

Fig. 5. Eigen-shapes of the rotor system 

4.2 Description of the Measuring and Monitoring System 
Due to the distinct advantages of the VI (Virtual Instruments) technology and LabVIEW (National 

Instruments) platform, a graphic programming environment on VI as well as standard software on data acquisition 
and instruments control, are selected as a convenient tool and workbench to build the whole system. LabVIEW 7 
Express, the latest version, has been chosen as the system software platform. The PCI-6023E data acquisition 
board, a product also from National Instruments, has been selected as the system data acquisition hardware. 
According to the requirement and performance of the monitoring system, a personal computer with Windows 2000 
system has been chosen to be the foundation and the data processor of the system. Through this system, we can 
easily and clearly know the operation status including the orbit of the axis centre, the four radial displacement 
signals and their spectra during its passing the first bending speed. 

According to the monitoring system, there are nine channels, from ai0 to ai8 on the PCI－6023E data 
acquisition board, used in the digital data collection. In these channels, ai0 and ai1 are respectively specified to 
collect data of the radial-X and radial-Y displacement signals of the rotor’s axis center in the place where the 
AMB-1 locates; ai2 and ai3 are specified to collect data of the same signals in the place where the AMB-2 locates; 
ai4 is used to collect data of the axial displacement signal of the rotor; ai5 is used to collect data of the rotating 
speed signal of the rotor; and the rest three channels are specified to collect data of the setup vibration signals of the 
AMB-P in three directions. 

The input terminal configuration is set to the referenced single-ended mode. The voltage signals imported to 
the PCI－6023E data acquisition board are standardized in the range from -5v to 5v. The sampling rate of each 
channel is set to 10kHz, which is enough for the monitoring system, according to the first bending critical 
frequency of 300Hz. 

The data monitoring and analysis part contains two sub-parts, one does the online monitoring function, and the 
other performs the offline data replay and analysis task. The online sub-part includes three components: the first 
component displays the orbits of the rotor’s axis centre graphically in the places where the two AMBs locate and 
the rotating speed of the rotor at real time. This component also has the function of storing all the data of the nine 
channels on the computer harddisks. The front panel of this component is shown in the FIGURE 3. The second 
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component is capable of displaying the radial and axial displacement signals in time domain and analyzing them in 
frequency domain through the online FFT algorithm. The third component can display the setup vibration signals 
both in time domain and in frequency domain. 

The offline sub-part includes two components: one is to replay the stored signal data and the playback rate, 
start time and period of time all can be set and changed by the user; the other is to analyze these stored data in 
frequency and joint time-frequency domain. The later component accomplishes the analysis offline and its 
analytical method is not like the simple FFT algorithm used in the former online sub-part. Through the FFT 
algorithm, we can only get the average spectral characteristics of the signal, but cannot make certain the start time 
and duration of any spectral component which this signal contains. In short, the FFT algorithm has no 
time-location function [7]. Therefore in order to avoid the disadvantages of this direct frequency analysis, some 
JTFA (Joint Time-Frequency Analysis) methods, such as STFT (Short Time Fourier Transform), WVD 
(Wigner-Ville Distribution) and WT (Wavelet Transform) [8] are applied for advanced analysis on the stored data 
in this component. At present, this offline analysis component is still being constructed step by step for its 
complexity and difficulty. The main screen of this system is shown in Fig.6. 

 

Fig. 6. Main screen of the measuring and monitoring rotor system 

4.3 EXPERIMENTAL ANALYSIS 
The PID method has been utilized to design the controller of the AMB-P [9] for its mightiness and facility. In 

the experiment of the AMB-P’s passing the first BCS, the primarily constructed monitoring system is used to 
supervise the status of the AMB-P during its whole operation, especially during the time of passing the first BCS.  

The AMB-P reaches its first bending mode when its rotating speed is about 305Hz. During this time, the orbits 
of the axis centre in the places where the two AMBs locate are evidently irregular and emanative as shown in 
FIGURE 7. However the orbits are both inside the green circle. This means that the maximum vibration amplitudes 
of the axis centre locations are less than 0.12mm which the green circle indicates. 

In order to eliminate the noise, a Chebyshev band pass filter has been applied to filter the four radial 
displacement signals to compose the orbits of the axis centre. The spectra of the four filtered radial displacement 
signals at this time are illustrated in FIGURE 8.  

When the rotating speed reaches about 320Hz, the orbits of the axis centre become regular and convergent as 
displayed in FIGURE 9. This indicates that the AMB-P has passed its first BCS steadily. The corresponding 
spectra at the speed of 320Hz are illustrated in FIGURE 10. 

Through the online monitoring system, we can see that the control performance of the AMB-P is very 
satisfactory. Both the time domain and the frequency domain information of the rotor as well as the whole setup 
can be observed simultaneously in the experiment, and the dynamic data can also be stored on the computer 
harddisks for later offline analysis. 

On the small test rig, the passing through BCS experiment was carried out elaborately. The LQG controller 
along with the phase compensators around the first two bending critical frequencies of 300Hz and 700Hz has 
perfect control performance. The rotor passed through the first BCS safely and smoothly and the amplitude was 
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decreased obviously at the first BCS. Even so, the test rig can rotate at the first BCS for a long time without any 
abnormal phenomenon. Fig.8 shows the top (x1) and bottom (x2) axis loci and their frequency domain properties 
in passing through the first BCS. After passing through the first BCS, the amplitude of the axis loci decreases 
gradually because of the automatically centering effect. This phenomenon agrees well with the rotor dynamic 
analysis. Now, the rotating speed approaches 500Hz and the next step is focus on passing through the second BCS 
of 700Hz. 

 
 

Fig. 7. The orbit of the axis centre when the rotating speed is 305Hz 
 

 
 

Fig. 8. The spectra of the four filtered radial displacement signals at 305Hz 
 

 
 

Fig. 9. The orbit of the axis centre when the rotating speed is 320Hz 
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Fig. 10. The spectra of the four filtered radial displacement signals at 320Hz 
 

5. CONCLUSION 
In this paper, we have discussed the under-constructed online monitoring system of the AMBs for 

PCU and its application on the experiment of the AMB-P’s passing the first BCS. Through the online 
monitoring system, we can easily and clearly know the operation status, including the orbit of the 
AMB’s axis centre, which is the most important indication of the operation. The monitoring system not 
only helps us know the status of the AMB-P’s operation at real time but also improves the controller 
design and the reliability of the operation. 

Due to the space limit, the setup vibration signals and their spectra are not shown in this paper. The 
control current signals will be taken into consideration to help us know the effect of the control more 
distinctly with the construction and consummation of the monitoring system. After the accomplishment 
of the basic function components, the diagnostic component will be studied seriously and constructed in 
further work. 
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