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Abstract parameters, calculates the time limit the system can safely

A new total-on-time interlock has increased th@Perate at, and generates the power supply gate and reference
operational time limits of the Neutral Beam systems §Pmmand accordingly to produce the injected neutral beam.
DIII-D. The interlock, called the Neutral Beam On-TimeAS shown in Fig. 1, the neutral beam power supply command
Limiter (NBOTL), is a custom built CAMAC module utilizing depends on the neutral beam control computer gate command,
a Xilinx 9572 Complex Programmable Logic Device (CPLD}® D!II-D pulse command, and the power supply fault
as its primary circuit. The Neutral Beam Injection Systems A@antrol interlocks. The ngutral bgam control computer controls
the primary source of auxiliary heating for DIII-D plasm€ shot start and stop time, while the DIII-D pulse command
discharges and contain eight sources capable of deliverfi®j ©riginate from various sources depending on the plasma
20MW of power. The delivered power is typically limited t&liScharge requirements.

3.5 s per source to protect beam-line components, while a

DIII-D plasma discharge usually exceeds 5 s. Implemented as Il. REQUIREMENTS

a hardware interlock within the neutral beam power supplies, Due to a non-deterministic response time, the neutral
the NBOTL limits the beam injection time. With a continuingpeam control computer is not capable of real-time feedback
emphasis on modulated beam injections, the NBOTL guardsnitoring and control of the high voltage power supplies.

against command faults and allows the beam injection to Deerefore, it restricts beam operation time lengths under the
safely spread over a longer plasma discharge time. conservative assumption they will occur with a 100% duty

The NBOTL design is an example of incorporatin ycle. Th_is assumption (_10es not take advantagg of the onver
modern circuit design techniques (CPLD) within ai'ermal impact beam-line components experience during
established format (CAMAC). The CPLD is the heart of tH@odulated beam |n!e_ct|0ns and thus unnecessz_mly I|m|ts_the
NBOTL and contains 90% of the circuitry, including performance ca_pa_blllty of the neutral beam auxiliary heating
loadable, 1 MHz, 28bit, BCD count down timer, buffers, artyStem. Yet, this insures against a power supply command
CAMAC communication circuitry. This paper discusses th@Tor resulting in damaged beam-line components. The recent
circuit design and implementation. Of particular interest is tfffnPhasis on modulated neutral beam operations coupled with

melding of flexible modern programmable logic devices witi® N€ed to safely operate these systems at maximum
the CAMAC format. capability highlighted the need for a stand-alone hardware

based real-time interlock capable of eliminating the need for
|. INTRODUCTION fche restrictive computer time limits. Thg new hardware
. . interlock would have to be capable of monitoring the neutral
The DIII-D tokomak at the DIII-D National Fusionpeam system during injection and stop the injection when the
Facility utilizes eight separate neutral beam injection systems ;a1 “on time” limit was reached. The neutral beam high
for auxiliary heating of plasma discharges. Each systepyiage power supply command circuitry was decided as the
consists of a neutral beam ion source, high voltage PoWRist oint to monitor and interrupt the injection time of the

supply, and a neutral beam control computer interface. Th& tra| beam ion source. The new interlock was identified as
neutral beam control computer provides both the remqig Neutral Beam On-Time-Limiter (NBOTL).
timing and command reference control for all eight high

voltage power supplies, (subsequently biasing the ion sources
to produce the injected beam). Each neutral beam system can
operate at pulsed voltage levels approaching 90 kV depending Once the requirement for the NBOTL was identified,
on the physics requirement for a plasma discharge. The puitsgal development progressed by defining some arbitrary
duration for which each beam line can deliver energy ferformance specifications. The typical neutral beam shot
limited by the internal components of the beamline. This limigngth at DIII-D is less than 4 s in length, while plasma
is a function of the beam energy [1]. Figure 1 illustrates thiéscharges can approach 10 s. However, at lower power
hardware interface between the neutral beam contteVels, the neutral beam systems can operate at time lengths
computer, the DIII-D operations control computer, one of tlagproaching 10 s. In addition, the possibility of future long
eight neutral beam power supplies, and the correspondmgse operations at DIII-D warranted consideration.
neutral beam ion souce. The neutral beam control compul@erefore, 10 s was defined as both the present and near
processes the requested voltage level along with many othdgure expected maximum injection “on time” length. The

[Il. SPECIFICATIONS

*Work supported by U.S. Department of Energy under Contract No. DE-AC03-99ER54463.
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Fig. 1. A diagram of the computer to hardware interface for one of the eight neutral beam injection systems.

maximum modulated frequency was limited to 100 Hz withrogramming of different time lengths depending on the
duty cycle ranging from near 0% to 100%. The maximuimjection time limit for each system. The loadable 28-bit BCD
injection time error allowed was to be less than 10 ms. Lasttpunt down counter with count enable is shown in Fig. 2.

the “on time” limit was specified to be readily adjustable and

separate for each neutral beam system. Several options were IV. DESIGNDEVELOPEMENT

considered and included both analog and digital platforms e the fundamental counter architecture of the NBOTL
ranging from analog integrators to small digital micro a5 gefined, the implementation and interfacing within the
controllers. A loadable digital count down counter with coupfo itral beam systems was determined. In evaluating this

enable control was determined to be the best approach to megk. .t of the design several considerations were required.
the hardware interlock specifications.

A gated synchronous count down timer was developed C"”“‘BEC”;‘b'e;é; e
from a digital count down counter. A binary coded decimal value 2 —8 &=
(BCD) counter format coupled with a divisible by ten clock 1z g
frequency functions as a timer, and eliminates the need for
timer decoding. The gated timer only operates when enabled, BCD £ o RI=
i.e. when the neutral beam system is injecting. There are value B &f—
accuracy limitations associated with a synchronous timer &Lk ckof—
utilizing a count enable control input. The limitations are o
manifested in the timing between the count enable and clock Jatoe E o1 §§E
inputs. Depending upon when the count enable arrives in =,

LR CEO

relation to the clock inputs-active state, the counter can miss
up to a clocked count on both the rising and falling edge of sco B oo
each count enable pulse. Although this accumulated error is value B %

T
[e] 0
m|

highly unlikely to occur, the timer design had to be el 1o

conservative enough to accommodate it. Therefore, the timer -

clock frequency had to be of sufficient speed to minimize the Beo I
accumulated count/time error. A 10 s shot at 50% duty cycle —i S

produces a maximum of 1000 beam “on” pulses. The [ emes

maximum allowable timer error after a complete beam e |

injection was specified to be less than 10 ms. A clock Value Eg %;E

frequency of 1 MHz reduces the maximum expected | —
accumulated time error to less than 2 ms across a 10s L—j

injection. With the timer clock frequency set at 1 MHz, the scb T —

10 s maximum injection time length specification dictated the value B O&—

use of a 28-bit BCD count down counter. This architecture etk o= Eotnt Bnaie out
gives the timer a resolution of 1 ms. Seven linked 4-bit BCD At 1 MHz clock frequency:
counters produce the required 28-bit counter size. Finally, BCD countvalue = A BEDEFG seconds
loadable count down counters were used to allow the Fig. 2. 28-bit BCD counter design structure.
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Since the neutral beam power supplies at DIlII-D weMNBOTL counter/timer. This input utilizes voltage comparators
produced by two independent manufacturers they shared lifde analog signal conditioning, allowing the count enable
similarities in both command signal logic and hardwarsignal to range from +0 to +24 V configured as either active
However, they did share a common use of a CAMAAHRIgh or active low logic. This analog signal conditioning also
highway for computer control and communication. Bfilters small noise perturbations from triggering a count cycle.
implementing the NBOTL on a CAMAC platform, a direcinterlock In connects to the pole side of two series parallel
interface with the neutral beam control computer wasnfigured analog switchesnterlock Outconnects to the
established allowing the counter/timer to be directly loadedntact side of the analog switches. When closed, the switches
with the calculated injection time limit. complete the command signal circuit for the high voltage

A CAMAC highway interface was designed to decod@OWer supply. Each switch is controlled by a separate
both read and write commands from the neutral beam conffgHnter/timer circuit. This arrangement provides fault

computer. The decoded commands included both read &grance through redundancy. Should any of the separate
write functions as follows: ID — the NBOTL writes ancounter/timer circuits fail in either mode, the remaining

identification value to the computer to verify its locatiorCircuitry allows the NBOTL to complete its count operation,

READ/STATUS — the NBOTL writes the status andhereby eliminating any single point failure of the circuitry.
count/timer value to the computer, CLEAR/RESET — the Since the core of the NBOTL design was digital logic, it
NBOTL resets associated hardware and clears thas decided that its construction could benefit from the use of
counter/timer, SET/LOAD — the NBOTL sets associate@rogrammable Logic Devices. Both Field Programmable Gate
hardware and leads the counter/timer for count down. Arrays (FPGA) and CPLDs were considered for this

The NBOTL interface to the high voltage power SUIOp"eQJoplication. Either approach could be exp_eqted to produce the
command circuitry did not benefit from the use of thirge scale integration of the NBOTL digital logic onto a
CAMAC platform. In order to make it universal between th&indle chip. However, the PLD’s architecture is better suited
two separate high voltage power supply systems, it wigsthe programming of state machme_s; utilizing logic functions
designed to be as non-intrusive as possible. By minimizifgch @s the NBOTL counter circuit. The use of CPLD'’s
interface connections, modifications to the existing syste@Vided virtually unlimited flexibility by virtue of their field

command signal circuitry hardware were painless. TH&Programmability. Modifications to a logic circuit are
NBOTL layout is shown in Fig. 3. simply made by reprogramming the CPLD chip, eliminating

i . . the need for hardware changes. Additionally, these program
. The NBOTL has three discrete signal connectionganges can be accomplished in situ, eliminating any need to
identified asCount Enable Interlock In andinterlock Out 1 ,qve hardware or remove chip components. By taking

Count Enableis the count enable gate control signal for thgy,antage of the large scale integration capabilities of the
CPLD, each separate counter/timer circuit was able to be

Eﬂod/Reg programmed onto a separate CPLD chip. This was a major
Pulse Command SA'?talﬁg factor towards the NBOTL being laid out on one single width
nterlock | RS | e Interlock Out CAMAC printed circuit board.
Count Enable—s- Anaslfggng]p“t Although the NBOTL is a custom design, its
Conditioning -/ communication via the CAMAC highway had to meet the
,----------------f‘ ------ mey required standards [2]. All NBOTL communication across the
:’ ‘: CAMAC highway was accomplished through decoding logic
! ! included within the CPLD programming. A typical NBOTL
CAMAC i Command Analog i set-up sequence proceeds as follows: 1) The neutral beam
COfgumsa”d ™ Decoder Cgr‘?{'r‘gﬂ'er ' control computer determines the allowable time the neutral
i , i beam system can operate predicated by the plasma discharge
! ! requirements. 2) The computer resets the NBOTL via the
i i CAMAC highway. 3) The NBOTL is read to verify the analog
! ! switches are open and the count is equal to zero. 4) The
CAMAC : CAMRC IO Counter i computer loads the count into the NBOTL. 5) The NBOTL is
Data Bus H Latch ! read to verify the analog switches are closed and the proper
i Switeh Status i count has been loaded. 6) The command is sent to the neutral
[] ]
\ )

beam high voltage power supplies. The power supply output
N eeccccccc———ao / drives the ion source to produce the beam injection. During
Complex Programmable this time, the counter/timer within the NBOTL monitors the
Logic Device (CPLD) . .
neutral beam power supplies’ mod/reg command signal. If the
Fig. 3. The layout of one of the NBOTL counter circuits. Four @fommand signal active state reaches the loaded time limit, the
these circuits are connected in series/parallel. NBOTL analog switches are tripped and the power supply
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command is interrupted. 7) After an injection, the NBOTL isntire plasma discharge. However, the requested substitute
read to verify the state of all four counter/timer circuits. If thmay or may not be used depending on the real-time
injection was terminated for any other reason, the remainirggiuirements during the plasma discharge. The substitute
count time of each counter/timer will be read and verified asautral beam source must therefore stand by in an armed and
hardware cross check. ready status. With several different systems possibly
Figure 4 is a picture of the NBOTL. The four separatemanding the pulsing of the substitute beam, consequences
CPLD chips are visible along with the surrounding analagf such a pulse can be serious. The requirement for an
signal conditioning circuitry. By placing all the logicindependent means of enforcing the neutral beam safe
functionality within the CPLD programming, the circuit boara@perating time limits drove the development of the NBOTL.

layout was simplified. The NBOTL has enhanced the performance of the neutral
beam systems by increasing their flexibility in supporting
V. PERFORMANCE plasma discharges.
Utilization of the neutral beam systems at DIII-D has
become more creative over the years, including the capability REFERENCES

to modulate injections with “on times” ranging from 5 ms tp1]  R.M. Hong, Personal Communication Spring 1996.

full duty. In addition the plasma control computer (PCS) h .
the capability of holding certain DIlII-D plasma parameterg] CAMAC standards, CAMA:C Computer Automatgd
Measurement and Control,” the Institute of Electrical

constant by varying the injected neutral beam power in real- . .

time. Further, the PCS has recently introduced the real-time and Electronics Engineers, Inc., 1982.

capability of substituting one neutral beam system for anottigl  J.C. Phillips,et al, “An Algorithm to Provide Real
which was requested for injection but failed to operate [3]. In Time Neutral Beam Substitution in the DIII-D
order for beam substitution to work, the requested substitute = Tokamak,” Proc. 11th IEEE/NPSS Real Time Conf.,
neutral beam system must be scheduled to operate across the Santa Fe, New Mexico, June 1999.

Fig. 4. Picture of the NBOTL final assembly (CAMAC single board width).
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