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Combined RWM Control, Dynamic Error Field Control, and Traveling Wave Application For Realtime RFA Detection: the “tmf” algorithm.

1. Scope

The purpose of this software is to control the current in the three pairs of error field correction (EFC) coils in order to i) predicatively correct for error fields and stabilize perturbations due to the unstable restive wall modes (RWMs), ii) apply an n=1 traveling wave for realtime RFA detection, and iii) apply n=1 and 3 fields whose magnitude is directly proportional to other coil currents. For this version of the algorithm, the OH and TF coil currents will be used to estimate and correct for intrinsic time-varying error field.  Measured time-varying RWM/EF sensor amplitude and phase will be used to determine the magnitudes of the required EFC coil currents to control the measured instabilities. Pre-programmed SPA current waveforms are also required.

2. I/O Requirements

The inputs to this algorithm consist of: 

1. Specification of an n=1 traveling wave amplitude, phase, and frequency

2. Amplitude and phase information from a mode-ID algorithm

3. Preprogrammed currents in the three pairs of EFC coils.

4. Currents in the PF & TF coils.

The outputs required are the current requests for the three pairs of EFC coils.

3. Control Algorithm 

The current request for each coil will be determined using standard PID control logic on the comparison between the requested current and actual current in each coil (yeah, right…voltage control never worked, so we just make a current request). The final current request will be a sum of the OHxTF error-field compensation current a sum of the n=1 traveling wave, the RWM control current, and an arbitrary pre-programmed coil current. An on-off switch to disable this control algorithm is also needed. 

Error Field Correction Control Current

The inputs required consist of the OH and TF coil currents to form 2 cross-product terms:

	OH(TF cross term

	IOHTFS = \IOH ( \ITF

	IOHTFA = ABS(IOHTFS)


The current required in each EFC coil pair i to minimize the error field associated with OH induced TF coil shift (approximately proportional to IOH(ITF) is determined by:
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Here 
[image: image2.wmf] is the current requested in EFC coil pair i at time t. Dij is a matrix with time varying elements relating each EFC coil pair i to each IOH(ITF current product measurement j. The time varying matrix elements must smoothly transition across the control phases.  
[image: image3.wmf] is a causal time-filtered version of OH(TF cross term measurement j at time t. The filter should be implemented similar to the IDL code located at: /u/jmenard/idl/lib/causal_lowpass_filter.pro. The time constants for the filter and gain values for each control phase are to be specified as PCS waveforms.

3.1 RWM Control Current

Initial RWM control will be only for n=1 perturbations, so a simple cosine model of the necessary field to counter the n=1 RWM perturbation will be used to determine the necessary current in each coil pair.

The mode amplitude and phase information is in ‘NSTX engineering’ coordinates where the toroidal angle of zero is located between ports L and A with toroidal angle increasing going clockwise when looking down on the machine. The given mode angle is the location of the maximum in the n=1 perturbation. The n=1 mode we are trying to counter therefore has a structure assumed to be given by: 
[image: image4.wmf] where Bmode(t) is the time varying mode amplitude at toroidal angle , and 
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[image: image6.wmf] are the time varying mode amplitude and phase input from the mode detection algorithm. The mode-ID algorithm will produce separate amplitude and phase information from the BP sensors (BBP1, (BP1) and BR sensors (BBR1, (BR1).

These quantities from the mode-ID category will need to be notch filtered (NF) at the frequency of the applied traveling wave (fcenter), with a given bandwidth (BW) . This can be done with a simple recursive filter of the form:
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Here, the frequencies and bandwidth f​N and (BW)N in eqn. 1 are the quantities in Hz. normalized to the sampling frequency. Both f and BW should be available as PCS floating step waveforms, as well as an integer step waveform for turning off the notch filter entirely. The application of this filter to a signal B(t) will be denoted below as NF(B(t);fcenter,BW)

If the notch-filter is to be applied, it should be applied to the quadrature components of the mode, not the amplitude and phase. Hence, the quantities SBP1, SBR1, CBP1, CBR1:
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Note that the algorithms in the mode-ID category specify the angles in degrees, so it is necessary to convert to radians for this calculation (an equivalent conversion to degrees will be required later). Each of these components will be notch-filtered as described above, yielding the quantities:
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These will then be used to reconstitute the mode amplitude and phase as:
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Both angles should then be converted to degrees as:
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Note, however, that if the notch-filter is not enabled, then:


[image: image16.wmf]                                                 (eqn. 5)

The requested field correction will have an n=1 structure with proportional control of the amplitude and a constant phase shift with respect to (t). Hence, the applied field is proportional to the current in the coil pairs so the current request will have the form
[image: image17.wmf] where IRWM(,t) is the RWM correction current request at toroidal angle  and the sum is over contributions from the BP and BR sensors. The operator “LPF” refers to a low-pass filter to be described later, GRWM,X(t) is a time varying proportional gain, Leff is a calibration factor for each coil set, and X(t) is the user specified phase shift for the applied field. Leff has been chosen to match the applied n=1 field to the measured n=1 field at the location of the BP sensors.  The initial values for Leff will be set to 1.45e-6 Tesla/Ampere for all three SPAs.

The SPA current request will be low-pass filtered to both improve the signal to noise during active feedback, and to simulate the filtering effect of conducting structures for experiments exploring the effect of reduced bandwidth on feedback performance. The time constant for the filter in each control phase is to be specified as a PCS waveform.

The following mapping of SPAs to coil angles is used to determine the SPA currents for a given mode structure. The sign in front of the coil number indicates the polarity of the coil current with respect to the SPA current.

	SPA
	COILS
	

	1
	-3, +6
	120(, 300(

	2
	-1, +4
	0(, 180(

	3
	-2, +5
	60(, 240(


This mapping leads to the following causal low-pass time-filtered versions of the requested SPA currents from the BP and BR sensor contributions:
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where:
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3.2 Pre-programmed Current

In addition to the current required to minimize the error fields, it is also desirable to allow arbitrary, pre-programmed current waveforms. These can be used, for instance, to create n=3 braking pulses. 

3.3 n=1 Traveling Wave

An important feature of this algorithm will be the ability to program a rotating n=1 perturbation, for use as a probe signal. The plasma response to this signal will be detected by the mar algorithm, and used to control the input power. Note that the signs are such that positive frequencies fTW cause the n=1 field to rotate in the direction of the plasma current.
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The amplitude (ITW), frequency (fTW) and phase shift (dTW) should be controlled as PCS waveforms.

3.4 Field Error Correction

The RWM-feedback algorithm performs dynamic error field correction (DEFC) of the n=1 error field, as well as fast feedback on the RWM. However, there are cases where it may be desirable to program correction which is directly proportional to the currents in some of the TF and PF coils, to compensate for known error-fields. For this case, there will be a three coupling coefficients per independently controlled PF or TF coil. The current in the ith SPA will be:
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Here, j is an index over the coils {PF5,PF4,PF3U,PF3L,TF}. The 15 coefficients Gi,j should be available as PCS waveforms.

3.5 Total Current Request

The total current request is determined by summing the individual current requests for OHxTF, RWM control, and the pre-programmed current request. The total current request for the ith SPA is given by:
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Here
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[image: image30.wmf] are as defined above, and 
[image: image31.wmf] is the pre-programmed current request. 

A minimum mode amplitude threshold to enable feedback control ( B1-thresh-X is necessary, where X={BR, BP} . This threshold value should be a PCS waveform. For the case that BX1(t) < B1-thresh-X(t), the current request associated with that feedback term should be set equal to zero.

The current request will be determined using a proportional-integral (PI) control algorithm to minimize the current error given by: 
[image: image32.wmf]. Here ei(t) is the current error for SPA i at time t, 
[image: image33.wmf] is the requested current for SPA i at time t, 
[image: image34.wmf] is the actual measured current for SPA i at time t. (Note: Actually, this is not the case. We simply request a current and let the controller internal to the SPA do the work. However, the text is left here on the outside chance that we might someday try voltage control again.)
The requested current should not cause the coil current to exceed the PSRTC engineering limit placed on the SPA in order to prevent an inadvertent shut down of this system. If the next current requested (of either polarity) will exceed the engineering limit, then the current request should be held constant at the previous value.

4. Control Waveforms

The time-varying waveforms, units, and PCS limits are listed in the table below. 

	Purpose
	Target Type
	Units
	Min
	Max

	SPA 1 Pre-Programmed Current
	Continuous
	kA
	-3.3
	3.3

	SPA 2 Pre-Programmed Current
	Continuous
	kA
	-3.3
	3.3

	SPA 3 Pre-Programmed Current
	Continuous
	kA
	-3.3
	3.3

	SPA Contro1 On/Off
	Integer Step
	none
	0
	1


Table 4.1: Waveforms in the “Coil Current” Subset (#1). Note that much of the code to handle these waveforms in located in rwm_includes.h

	Purpose
	Target Type
	Units
	Min
	Max

	SPA 1 Gain, P
	Floating Step
	Ohm
	0
	10

	SPA 1 Gain, I
	Floating Step
	Ohm/sec
	0
	1000

	SPA 1 Gain, D
	Floating Step
	None
	0
	10

	SPA 2 Gain, P
	Floating Step
	Ohm
	0
	10

	SPA 2 Gain, I
	Floating Step
	Ohm/sec
	0
	1000

	SPA 2 Gain, D
	Floating Step
	None
	0
	10

	SPA 3 Gain, P
	Floating Step
	Ohm
	0
	10

	SPA 3 Gain, I
	Floating Step
	Ohm/sec
	0
	1000

	SPA 3 Gain, D
	Floating Step
	none
	0
	10


Table 4.2: Waveforms in the “SPA Gains” Subset (#2). Note that much of the code to handle these waveforms in located in rwm_includes.h. Furthermore, these don’t actually do anything, but are included for historical reasons.

	Purpose
	Target Type
	Units
	Min
	Max

	Amplitude threshold for BP feedback  (B1-thresh-BP)
	Floating Step
	Gauss
	0
	100

	Proportional gain for BP feedback (GRWM,BP)
	Continuous
	none
	-10
	10

	Phase shift for BP feedback (BP)
	Continuous
	Degrees
	0
	360
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	Continuous
	seconds
	0
	1

	BP feedback ON or OFF
	Integer Step
	None
	0
	1


Table 4.3: Waveforms in the “TMF Control BP” Subset (#3)

	Purpose
	Target Type
	Units
	Min
	Max

	Amplitude threshold for BR feedback  (B1-thresh-BR)
	Floating Step
	Gauss
	0
	100

	Proportional gain for BR feedback (GRWM,BR)
	Continuous
	none
	-10
	10

	Phase shift for BR feedback (BR)
	Continuous
	Degrees
	0
	360
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	Continuous
	seconds
	1
	1

	BR feedback ON or OFF
	Integer Step
	None
	0
	1


Table 4.4: Waveforms in the “TMF Control BR” Subset (#4)

	Purpose
	Target Type
	Units
	Min
	Max

	Traveling Wave Amplitude
	Continuous
	A
	0
	3000

	Traveling Wave Frequency
	Continuous
	Hz
	0
	100

	Traveling Wave Phase
	Continuous
	Degrees
	0
	360

	Apply Traveling Wave
	Integer Step Target
	none
	0
	1


Table 4.5: Waveforms in the “Traveling Wave” Subset (#5)

	Purpose
	Target Type
	Units
	Min
	Max

	Notch Filter Center Frequency
	Continuous
	A
	0
	3000

	Notch Filter Bandwidth
	Continuous
	Hz
	0
	100

	Apply Notch Filter
	Integer Step Target
	none
	0
	1


Table 4.6: Waveforms in the “Notch Filter” Subset (#6)

	Purpose
	Target Type
	Units
	Min
	Max

	PF5-SPA1 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	PF5-SPA2 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	PF5-SPA3 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	PF4-SPA1 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	PF4-SPA2 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	PF4-SPA3 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	PF3U-SPA1 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	PF3U-SPA2 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	PF3U-SPA3 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	PF3L-SPA1 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	PF3L-SPA2 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	PF3L-SPA3 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	TF-SPA1 Coupling Coef.
	Continuous
	A/kA
	-60
	60

	TF-SPA2 Coupling Coef.
	Continuous
	A/kA
	-60
	60

	TF-SPA3 Coupling Coef.
	Continuous
	A/kA
	-60
	60

	OH-SPA1 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	OH-SPA2 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	OH-SPA3 Coupling Coef.
	Continuous
	A/kA
	-150
	150

	FEC On/Off
	Integer Step Target
	none
	0
	1


Table 4.7: Waveforms in the “Field Error Correction” Subset (#7)

5. MDS Archival
In addition to all waveforms in tables 4.1-4.6 above, the following internal calculations should be archived in the mds+ database.

	Archived Quantity
	WAVEGLOBALS Element Name
	Indices into Shape Vector
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Table 5.1: Internal calculations to be archived
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