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Abstract

Electron cyclotron resonance heating (ECRH) system is one of the most important Tokamak aux-
iliary heating methods. However, there are growing demands for ECRH system as the physical ex-
periments progress which meanwhile adds the difficulty of designing and building the control
system of its power source. In this paper, the method of designing a control system based on Single
Chip Microcomputer (SCM) and Field Programmable Gate Array (FPGA) is introduced according to
its main requirements. The experimental results show that the control system in this paper
achieves the conversion of different working modes, gets exact timing, and realizes the failure
protection in 10us thus can be used in the ECRH system.
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1. Introduction

The auxiliary heating systems are the most important and the most complex devices of Tokamak, which as a re-
sult are concerned by the related experts for years [1]. Since the first Tokamak experimental facility was built in
1954, the auxiliary heating system experienced from the short pulse period to long pulse period, and finally to
steady state period, meanwhile, different designs of designing the auxiliary heating HVDC (High Voltage Direct
Current) power supply were generated. Generally, there are 3 technical routes, the first is based on tetrode, the
second is based on thyristor and the last one is based on PSM (Pulse Step Modulation) switching power supply
technology [2]. The circuit configuration of PSM HVDC power supply for ECRH system is shown in Figure 1
[3].

The power source system is composed of the power distribution cabinet, the soft start switch cabinet, the mul-
tiwinding transformer, the PSM modules, the detection devices, the protection and control units etc. Multi identical
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Figure 1. Circuit configuration of =60 kV/50A PSM HVDC power supply.

83 PSM modules and 1 BUCK module make up a PSM power supply system. The stabilized high-voltage DC
output is obtained by connecting all the power modules in series. Different kinds of output voltage waveform
can be gotten by controlling the IGBT of each power module. The output voltage of the step module is 810VDC
and the output voltage of the BUCK module is Ds x 810V (Ds is the duty cycle of BUCK, 0 < Ds < 1). There-
fore, the maximum output voltage of the ECRH PSM power supply is 68.04 kV which exceeds the requirement
60 kV. Compared with the other auxiliary heating power sources, the control system of PSM HVDC power
source is even more complicated for the following 4 reasons [4]:

1) The number of controlled member is increased. In the PSM power supply, besides the power distribution
cabinet and the soft start switch cabinet, the controlled objects also include the 84 PSM modules which increase
the difficulty of designing the control system.

2) The control course is more complex. One single working process of the PSM power source consists of 7
phases:

Phase 1: close the power distribution cabinet;

Phase 2: close the soft start cabinet;

Phase 3: short out the soft start resistance;

Phase 4: turn on the desired PSM modules;

Phase 5: turn off the PSM modules when the working time is up;

Phase 6: open the soft start switch;

Phase 7: open the power distribution cabinet.

All the logical and sequential controls are realized by the control system:

3) The PSM power source has higher standards of control speed and accuracy.

a) The PSM modules can be turned on or turned off in sequence at a time interval of a minimum and accurate
lus;

b) The power source should be shut off in 10 us when any failure happens. Highly demanded power source
adds the difficulty to design and build its control system.

4) The PSM power source has different running modes to satisfy the experimental demands of ECRH system
which adds the difficulty of designing the control system.
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2. Analysis of the Requirements of PSM Power Supply Control System

The main tasks of the PSM control system include turning on or turning off the switch cabinets and PSM mod-
ules, measuring the output voltage and current, setting the operating parameters, monitoring the working condi-
tion and protecting the key devices etc. [5]. Specifically, the requirements of the PSM Power source used for
ECRH system can be divided into the following 4 aspects:

2.1. Controlling the Switching Cabinet and PSM Module

By controlling the switching cabinets (the power distribution cabinet and the soft start switch cabinet) and PSM
modules, we can control the working condition of the PSM power supply which allows us to turn on and turn off
the whole system in accordance with the desired 7 steps.

What’s more, a big challenge of the ECRH power source is making sure the overshoot of the output voltage
under 2% meanwhile its rising and falling time are no more than 100 us. According to the control strategy, when
the PSM modules are turned on one by one, the output voltage overshoot will decrease significantly, and to
make sure the output voltage can be established in 100 us under any condition, the control system should have
the ability to turn on and turn off the PSM modules in sequence at a time interval of a minimum and accurate 1
us.

2.2. Setting the Working Mode of the PSM Power Source

Theoretically, we can get any kind of the output voltage which is just the sum of the output voltages of the
working PSM modules. As for the ECRH system, there are mainly 2 working modes, pulse mode and modula-
tion mode, which are shown in Figure 2. The mission of the control system is allowing the operator set the 2
work modes easily and conveniently.

2.3. Monitoring the Working Condition of the Power Supply

One of the main tasks of the control system is monitoring and showing the condition of the key parts of the
power supply to make sure the whole ECRH system runs smoothly and safely. Mainly, there are 4 kinds of
monitoring objects:

1) The conditions of the power distribution cabinet and the soft start switch cabinet;

2) The running status of the PSM modules;

3) The output voltage and output current which should be measured and shown in real time;

4) The fault conditions of the ECRH system including the over-current fault, the over-voltage fault, crowbar
failure and the electron cyclotron failure.

2.4. Protecting the Electron Cyclotron as Well as the Power Source Itself

The electron cyclotron, which serve as the load of the PSM HVPS, are the key parts of the ECRH system. If an-
yone of them is damaged, a great economic loss will be produced and the whole experimental progress will be
delayed. Thus, another important mission of the control system is protecting the load of the power supply. In
other words, the control system could realize different kinds of protection at a really high speed (20 us according
to the requirement). To make sure the safety of the electron cyclotrons and the operators, the control system has

Pulsed Mode Modulation Mode

Figure 2. Two operating modes of the ECRH HVPS.
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multi-protection functions such as over-current protection, over-voltage protection, crowbar latch-up protection
and so on.

3. The Compositions of the Control System of PSM Power Source Used For ECRH
System

According to the basic requirements of PSM power source, we design the control system which is shown in
Figure 3 [6] [7].

The human-machine interaction interface is compiled by the DELPHI language based on windows XP,
through which the operator can set the operation mode and parameters using the computers inside or outside the
control room. And the data are set to the core calculation part of the control system: the logic controller based on
SCM and the pulse controller based on FPGA though the RS232 serial communication line. The logic controller
is used for processing the information of the power source and the load, and the pulse controller is mainly used
for turning on and turning off the PSM modules in sequence at a time interval of a minimum and accurate 1 us
to make sure the overshoot of the output voltage under 2% meanwhile its rising and falling time are no more
than 100 us.
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Figure 3. Structure of the PSM power source control system.
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Generally, there are 3 advantages to divide the core calculation part into 2 parts:

e By separating the logic control part (mainly used for memorizing the information of the power source condi-
tions and logical interlock control) from the pulse control part (mainly used for turning on and turning off the
PSM maodules), the system function design is simplified. From the hardware perspective, each part has one
single function, which helps to maintain the core calculation part. From the software perspective, each part
of the software has a clear logical structure which helps to improve and upgrade the software in the future
[8].

e Each of the 2 parts can protect the power source and the load in an emergency. Thus, the two chips-structure
contributes to improve the reliability of the control system when encountering failures.

e The logic controller based on SCM implements the combinational logic control and the pulse controller im-
plements the sequential logic control [9]. By dividing the logic control into 2 parts, we can take advantages
of SCM and FPGA. The stability of SCM is increased [10]; meanwhile, the timing precision of FPGA is im-
proved significantly thus the minimum and accurate 1us time interval for turning on and turning off the PSM
modules is accomplished.

3.1. Human Machine Interaction (HMI) Interface

The human-machine interaction interface is compiled by the DELPHI language based on windows XP, its main

capabilities include:

e The display of the power source working condition. The interface can display the conditions of the key parts
of the power supply which include: 1: The conditions of the power distribution cabinet and the soft start
switch cabinet; 2: The running status of the PSM modules; 3: The fault conditions of the ECRH system.

e Choosing the work mode and setting the operation parameters. The software interfaces of different operation
modes are shown in Figure 4, there are 3 modes can be chosen, the manual test mode which is used for de-
bugging the power supply system, the pulse mode and modulation mode are used for the specific experi-
ments.

o Failure warning. The interface can display different kinds of failure signals and allows the operator to reset
the whole power supply system.

e Emergency stop. The operator can shut down the power supply by clicking the “STOP” button in an emer-
gency to protect the power source and the electron cyclotrons.

3.2. The Logic Controller

The logic controller is used for processing the information of the power source and the load. Its main functions
are controlling the switching cabinet, storing the fault signals and shut off the power source in case of emergen-
cy. Its program flow chart is shown in Figure 5.

3.3. The Pulse Controller

In order to realize the precise timing control of the PSM modules, we use FPGA as the core controller to make
up pulse generator which controls the switch-on and switch-off of PSM module [11]. The minimum timing in-
terval is 1 uS, and the interval setting value can change from 1 uS to 1 S. We will adopt EP1C6Q240C8N of
company ALTERA with 100 MHz crystal oscillator, so the maximum delay time of digital synchronous output
is 10 nS, and it can meet the requirement of 1us minimum timing.

The basic structure of FPGA controller is shown as Figure 6. It mainly contains 100D1/100DO/4Al/4A0.

Digital input is used to receive status signals and fault signals. Digital output is used to control switch-on and
switch-off of PSM modules according to the predetermined parameters inputted through the HMI interface. It
can also turn off all the PSM modules quickly when the any failure occurs. Analog input can collect output vol-
tage and output current. The chip ADS7865 with 10 bit is adopted to realize analog-digital converter.

3.4. The Interface Conversion Circuit

In order to realize the isolation of high voltage and to improve anti-EMI capability of the control system, the fi-
ber optic is adopted. So designing an interface chassis for the electrical and optical signals converting is neces-
sary, and the impedance match between the interface board and the FPGA board must be considered.
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operation; (c) Modulation operation.
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The digital input signals are 0VDC and 5VDC for the FPGA. Digital input port of FPGA is defined as high
impedance, so the input current is very low and less than 10 mA.
The digital output signals are also 0VDC and 5VDC for the FPGA, and every channel can supply a max out-



J. Zhang et al.

put current of 10 mA for the interface board electrical input.

The analog input signals are 0VDC to 10VDC for the FPGA, and for the impedance match an emitter follow-
er is designed to connect the interface board analog output and FPGA analog input. It will not have special out-
put current requirements of the interface board.

The analog output signals are also from 0VDC to 10VDC for the FPGA, and for the impedance match an
emitter follower is designed to connect the interface board analog input and FPGA analog output. It will not
have special output current requirements of the FPGA analog output.

The analog input and output signals will utilize the voltage-frequency converters, which will firstly transform
voltage electrical signal to frequency electrical signal and then be transmitted by fiber optic through an elec-
tric-optic converter, and at the receiver the frequency-voltage converter will be adopted to transform the optic
signal into voltage electrical signal.

3.5. Voltage & Current Detector

To make sure the PSM power source runs safely and smoothly, the multi-protection is applied which mainly in-
cludes 1 over-voltage protection, 2 over-current protections, 1 crowbar latch-up protection and 1 gyrotron fault
protection. The signals of crowbar latch-up protection and gyrotron fault protection are from the external devic-
es, and the over-voltage and over-current signals are sent by the voltage & current detector which is shown in
Figure 7.

The detector can detect the values of output current and output voltage which are shown on the front panel. It
can also compare the measured values with the corresponding thresholds. When any measured value exceeds the
threshold, it will send a fault signal to the core calculation part to shut down the power source. The process is
shown in Figure 8.
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Figure 7. Voltage & current detector.

Voltage reference value

Voltage Voltage comparator Dver voltage signal

Optic-electric
Collection board of c board signal
voltage and current CPEEr [T converter

Current i
Current comparator  (2Ver current signa

Current reference value

Optical fiber transmission

Pulse block

signal
. . Qver voltage sign PSM module
Electric-optic Pulse controller and
signal converter Logical controller
<
ver current signal Off signal

Figure 8. Protection process of voltage & current detector.
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4. The Experimental Results and Discussions

The control system in this paper is tested on the —60 KV/50A PSM power source whose main performance pa-
rameters are shown in Table 1.

4.1. Manual Mode Test

Firstly, set the output voltage to 15 kV, when turn on the PSM power supply, the output voltage rise to the set
value rapidly, then the operate turn on/off the PSM modules optionally, the output voltage and output current
waveforms are shown in Figure 9.

4.2. Pulse Mode Test

e Turn on the PSM modules in sequence at a different time intervals.

e Set the output voltage 35 KV and the FPGA calculates that 43 modules should be turned on. From Figure 10,
we can see that when set the time intervals Atr to 50 us, the rising time of output voltage is 2150 us, when set
the time intervals Atr to 1us, the rising time of output voltage is 43 us.

e Change the working time of the PSM power source.

Set different parameters of working time, the curves of output voltage and output current changes (as shown

in Figure 11).

4.3. Modulation Mode Test

Set the duty ratio 50%, the output voltage 35 KV. By changing the parameter of frequency, we can get different
curves of output current and output voltage. The experimental results are shown in Figure 12.

4.4. Protection Test

As shown in Figure 13, the control system can shut off the PSM power source on a simulated short circuit fault.

Table 1. Main performance parameters of the =60 KV/50A PSM power source.

No. Parameters Value
1 Input Voltage 10 kvAC
2 Output Voltage —60 - 0 KVDC
3 Output Current 0-50 ADC
4 Dummy load 12K
5 Voltage Display Ratio 1 VDC/10KVDC
6 Current Display Ratio 1 VDC/20A
Tek . @ Stop M Pos: 4.000s
5 CHIV,
CH21,

—

: Turn on the PSII modules
according to the setted

parameters.
-.r'-"'rﬂ‘l'— M“x

e 2: Add the working PSII
‘ | modules manually.

)

| 3N L
3: Sub the working PSII
modules manually.
M 1.00s
CH4 200mV | 6-Jul-12 20:4 4: Stop
1 2 3 4

Figure 9. The experimental result of manual mode.
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4.5. Results Discussion

As shown in Figure 9, each PSM module can be controlled separately, the manual mode is very helpful for
the operator to test and debug the PSM power source.

From Figure 10, when set the time intervals Atr to 1us, the rising time of output voltage is 43 us when 43
PSM modules need to be turned on. Thus the control system’s time precision of interval satisfies the 1 us
requirement.

As is evident from Figure 10 and Figure 11, under pulse mode, the operator can set different time interval
and working time of PSM power supply, therefore, the control system can implement the pulse mode. Also
from Figure 12, the duty ratio, the frequency and the output voltage can be set, so it can be proved that the
control system can implement the Modulation mode.

As can be seen from Figure 13, the output current rises to maximum value in 2 us and then drop to 0 slowly
which means that the PSM power supply is turned off in 2 us when short circuit fault occurs. The parameter
satisfies the requirement that the control system can shut off the power source in 10 us in an emergence.
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5. Conclusions

Highly demanded power source adds the difficulty to design and build its control system. In this paper, the me-
thod of designing the control system of PSM power supply is introduced based on its practical requirements. A
new structure divides the core calculation unit into 2 single parts: the logic controller and the pulse controller are
proposed to realize the high demand of turning on or turning off the PSM modules in sequence at a time interval
of a minimum and accurate 1us, which is a main innovation point of this paper. Then each part of the control
system is introduced specifically. At last, the experimental results are presented which indicate the control sys-
tem, meet all its requirements and can be applied to ECRH system.

Component heads identify the different components of your paper and are not topically subordinate to each
other. Examples include Acknowledgements and References and, for these, the correct style to use is “Heading
5”. Use “figure caption” for your Figure captions, and “table head” for your table title. Run-in heads, such as
“Abstract”, will require you to apply a style (in this case, non-italic) in addition to the style provided by the drop
down menu to differentiate the head from the text.



J. Zhang et al.
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