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Outline

Parametric analysisParametric analysis
Global optimizationGlobal optimization

Global optimization uses parametric analysis to find a global minimum. Each parameter is varied and a new solution is found. This solution is compared to the ‘best’ one found so far and then the parameter(s) are adjusted.
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Parametric Analysis

FEAFEA
PM Quad centerline adjustmentPM Quad centerline adjustment
Wiggler End FieldWiggler End Field
Wiggler Ambient FieldWiggler Ambient Field
Eddy Current in PM QuadEddy Current in PM Quad

We discuss general parametric analysis for FEA and show applications to permanent magnet (PM) quads as well as wigglers
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FEA Developments

Easy 3D modelingEasy 3D modeling
CAD leveragedCAD leveraged

Easy parametric modelingEasy parametric modeling
All models at STI are parametricAll models at STI are parametric

MultiMulti--physics Approachphysics Approach
Magnetic + Thermal + StructuralMagnetic + Thermal + Structural

Global OptimizersGlobal Optimizers
Requires parametricRequires parametric
MultiMulti--physicsphysics
Commercial codes Commercial codes OptiNetOptiNet

FEA has progressed significantly in the last 10 years. The modeling improvements have been driven by SW and HW technology needed for mechanical CAD not EM CAD (which is a tiny, niche market). Early CAD systems were Unix based while nearly all modern ones are PC based. This was driven by competitive pressure to make high end capability available on middle and low end systems. Concurrently, PC HW technology (speed, memory) have allowed improvements in the SW.

We started using parametric modeling/analysis around 1990 when we modified PANDIRA sources and wrote custom pre and post processors suited for wiggler design. That was used for the early APS Undulator A designs. Then we switched to a commercial code, Magnet from Infolytica Corp for 3D. All current models are parametric because reluctance calculations are far too inaccurate.

When parametric analysis is used there is still a need to do some multi-physics analyses. Since most of our devices are weakly coupled we do not need to tightly integrate structural and magnetic FEA. We do the magnetic analysis first, then perform a structural FEA (using NASTRAN and FEMAP) to find deflections, stresses, etc. For simple thermal-magnetc analyses we simply input the temperature dependence of the magnetic properties and parametrically vary the temperature.

Since parametric analysis builds the model(s) automatically, our emphasis has shifted to optimization. Most 3D solutions take approximately 10 minutes to solve so they are good candidates for global optimization. We use a commercial code OptiNet from Infolytica. It’s tightly integrated with their EM FEA.
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PM Quad Parametric Force and Strength Analysis
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Varied Magnet Thickness and strength

This graph shows a simple parametric analysis of the force on poles as a function of magnet brick retraction. When the bricks are retracted the quad strength is reduced, but due to various flux leakages the body force on the poles does not scale as tip field squared. What we found was that the addition of temperature compensating steel had an unexpected benefit: it reduced the pole forces and made them less dependent on strength. This meant that the pole mechanical structure would not experience large force changes as the field was changed during 100%-80% BBA. In fact we chose the 10.4mm thick magnets for exactly this reason.

In these analyses the compensator B-H curve was temperature dependent. For each magnet brick thickness we parametrically set the brick lengths and compensator steel sizes to keep the tip field approximately the same (to within about 1%).

The parametric model has 92 parameters. It includes field clamps (boolean parameters), magnet directions (vector parameters for sorting/sensitivity purposes), temperatures, materials (string parameters), plus many numeric geometry parameters. While the picture is 2D, the model is 3D.
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PM quad parametric analysis
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In this PM quad, the magnetic centerline can be shifted by shifting opposing magnet bricks. The ratio of the magnet pair shift to the centerline shift is called the mechanical advantage. As can be seen a 0.5mm brick pair shift produces a 50-75 micron centerline shift. This means that if you need to control the magnetic CL to 1 micron you only need to control the brick shift to 10 microns, which is very easy to do.

In this parametric analysis one model used two independent parameters (strength and X magnet shift) to determine the shifts of four magnets. The model contained 18 geometries and 18 solutions. Meshes were adapted, 2nd order with multiple high precision regions in the bore region. (Using 3rd or 4th order FEA didn’t give better results and took longer). Each 2D FEA so each run took 20 seconds. Post processing took about 1 second per solution. It took considerably longer to cut and paste the data into Excel and annotate the graph!
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Magnetic Parametric Analysis and Modeling


The basic rule with PM devices is that forces are dynamic and there is essentially no time to react. You cannot turn off a PM. In a wiggler the forces are quite high. For this one the attractive force at min gap was 35000 lbs, but we designed everything for 50000 lbs. During assembly, the forces on magnets are about 2000 lbs/magnet. Magnets can become dangerous projectiles. When this is a concern we design special assembly tooling.

In this animation we show end magnets being installed in a 18cm period hybrid wiggler that we built and delivered to LNLS in Brazil. The end field model was parametric. For this force analysis we installed the first magnet, then the 2nd and finally the 3rd. During the installation simulation we analyzed the body forces and torques on magnets and poles. Then NASTRAN analyses determined stresses in clamps caused by the dynamic forces. The highest repulsive force was about 2000 lbs so a large assembly tool (6 feet tall) was designed and used to install magnets. In addition we had to use supplemental tooling to keep the pole clamps from yielding as the poles were torqued by the magnets. To be safe we also simulated installation of the last two magnets. Other installation methods were simulated as well to determine the best one. Air spaces are included between magnets and poles for the stress tensor. Magnet post processing tools were used to determine forces and torques.

One concern we had was whether the magnets would try to fly out during the initial installation. The FEA predicted that the vertical force on the magnets would change sign and that they would be pushed into the aluminum magbase. This was predicted to occur around 6mm from the bottom. We were concerned that this would not occur until many magnets had been installed. Then the initial magnet installation would be very challenging. We were very relieved to find that all magnets had the predicted force reversal and none of them tried to fly out!

click the image to view animaton
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Magnetic Parametric Analysis and Modeling
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Magnetic Parametric Analysis and Modeling
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End Fields – Brazil Wiggler Example

Entrance steering is 0.8% of a half-period kick.

The 2nd pole strength is 96% of nominal, while FEA calculation 
of 2nd pole strength gave 98% of nominal. B = 2.0T, λw = 18cm

The last pole and magnet are thinner.  
A bias magnet is added to the end and 

a side magnet is also added.

End Field
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The end field design of the Brazil wiggler was challenging because we wanted the 2nd pole to be essentially 100% strength with zero trajectory offset and zero trajectory displacement. This has never been done before. Others (ourselves included) have achieved zero steering and zero displacement by reducing the strength of the 1st and 2nd poles. To the best of our knowledge we are the first ones to do it. 

The end is complicated. All analyses were 3D and we used ‘worst’ case vanadium permendur B-H curves based on hysteresograph data. Note that the pole fields are about 3T! This was unavoidable because we needed to meet customer specifications.

The graphs show measured B- field and steering at min gap. The agreement with FEA is excellent.
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Ambient Fields – Brazil Wiggler
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Magnitude of the wiggler magnetic field on the 
surfaces of the wiggler and poles in the presence 

of a horizontal 1 gauss ambient field.

Ambient field vs. Z with steel support 
structure.

Because wigglers have steel components, they modify the ambient field of the accelerator. This is unavoidable. This device would be installed in Brazil but tuned in Seattle. We measured both fields beforehand. Then we found the 3D field modification vs. magnetic gap for horizontal and vertical ambients. This allowed us to remove our ambient and add in the LNLS ambient during tuning in our lab. We started doing this in 1994 and it has been quite successful. This was the most challenging one because the pole permeability was low and depended on magnetic gap. A detailed description is beyond the scope of this presentation.

The analysis used a 3D SAT file of a half wiggler. This was supplied by engineering. Details such as bolts and lead screw threads were omitted. (The mesher would have meshed them but model size and solution times would have become gigantic!). The SAT file was split into a fixed portion and a gap varying portion. The gap part was parametrically shifted. The resulting fields were used during tuning.
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Eddy Current in PM Quad


This is an example of a eddy current analysis. It is actually a transient analysis because technically eddy currents are sinusoidal. The source of these currents are not sinusoidal. We used the TR2D with motion solver here. This solver module is quite powerful with many ways to control how the loads move. It uses a double meshing technique for each time step. We chose prescribed position vs. time. Time intervals are unequal so that we can catch the rapid transients. One can see the initial build up and subsequent decay of the induced currents.

After we did these simulations, a new module TR3D with motion was released. This allows 3D transient analysis. It uses dynamic and static re-meshing. Both solvers handle high Peclet number problems without difficulty.
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Time dependent B field in PM quad


Dynamic B-fields are also analyzed. During a change there is some ringing but it is not very large and at the 0.01% precision of our measurements we found no evidence of hystersis.
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Global Optimizer

Why?Why?
Most of time is spent optimizingMost of time is spent optimizing
Relatively easy to find local Relatively easy to find local minsmins, hard for global ones, hard for global ones

ApproachesApproaches
Simulated annealingSimulated annealing
Genetic algorithms (Genetic algorithms (encriptencript floating point number as floating point number as 
series of 0,1 series of 0,1 ‘‘genesgenes’’). ). BookeepingBookeeping nightmarenightmare
EvolutionaryEvolutionary

Similar to simulated annealingSimilar to simulated annealing

ThereThere’’s a commercial code that does this, s a commercial code that does this, OptiNetOptiNet

As shown on earlier slides, parametric modeling is quite mature. An experienced analyst can generate most parametric models in just a few hours. Parametric models generate many solutions very quickly. We have found that a great deal of our time is spent optimizing the design. As long as the process remains manual it will be very labor intensive and time consuming. Then there is a good chance that a local optimum will be found rather than a global one.

There are a number of global optimization approaches. Two well known ones are simulated annealing and genetic algorithms. The genetic ones are completely non-intuitive and poorly suited to EM FEA. They are very, very inefficient. Simulated annealing has been used for wiggler magnet sorting (we have used it since 1994 and SLAC used it before that). Evolutionary algortihms are similar to simulated annealing and form the basis of Infolytica’s Optinet product. It’s the one that we are using.
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OptiNet example for damping ring wiggler

ILC DR wigglerILC DR wiggler
40 cm period!!!40 cm period!!!
B = 1.8 TeslaB = 1.8 Tesla
E = 1 E = 1 GeVGeV
Wiggle amplitude is 0.5mm!!!Wiggle amplitude is 0.5mm!!!
Wiggle averaged Wiggle averaged multipolesmultipoles big problembig problem

We will show a damping ring wiggler optimization example. This is a 40cm period (!) wiggler. In a damping ring the e-beam undergoes large amplitude wiggle motion. During this motion the beam samples the transverse rolloff of the magnetic field. The 4th order (and higher) rolloff of the wiggler field casues 3rd order dynamic multipoles. This was predicted many years ago. (1979 STI internal memo by David Quimby and probably others before him.) Until recently it was mainly of academic interest. Then SSRL had a wiggler with very narrow poles and they could not use it at all until the dynamic multipoles were fixed by a ‘patch’ using ‘magic fingers’. We have a DOE SBIR to come up with better ways of addressing this. The basic approach is to use 3D pole shaping to eliminate the multipoles altogether. A simple version of this was used for the Brazil wiggler. 
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Outline of approach

Make scriptsMake scripts
BB22 integratorintegrator
3D pole shaper3D pole shaper
WAM calculatorWAM calculator
RolloffRolloff calculatorcalculator

Make Make ‘‘templatetemplate’’ parametric modelparametric model
Perform 2D optimizationPerform 2D optimization

DemagDemag, saturation, temp , saturation, temp senssens, etc, etc, etc using , etc, etc, etc using OptiNetOptiNet

Initial 3D scoping FEA to bound parametersInitial 3D scoping FEA to bound parameters
Final 3D Final 3D OptiNetOptiNet runsruns

The general approach for any optimization is to first write any custom ‘scripts’ (i.e. code). We have used VBS, VB, Fortran95 dll’s, IDL, our own ActiveX class libraries and stand alone EXE’s. All are supported by Optinet. There are over 1000 API’s that the user can use to access the Magnet database, build models, customize menus, etc. For the DR wiggler optimization we only needed VBS and Magnet API’s.
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WAM Calculator Script

This shows a screen shot of the WAM calculation script. We first tested everything in VB then made a few changes to convert to VBS. The Lorentz force equations were solved in the paraxial approximation. All results were tested against a Fortran95 ‘gold standard’ that used IMSL Runge-Kutta adjustable step-size, adjustable order solutions. We found that by simply using lots of points that a brute force Euler method worked fine. The Euler method appears to be acceptable for quarter period calculations with FEA fields. It would need to be checked if measured field data on a full wiggler was used instead.
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Set Optimization parameters

The DR wiggler model is parametric. Independent numeric parameters can be varied during the optimization. Dependent parameters get changed when the dependent ones are varied. As can be seen, the user can select which ones are varied and which ones stay fixed. The variable ones can be continuously variable, varied in steps, or even varied off a list of values.

The Optinet pre-processor first sets the parameters. This may result in a change to the model geometry, etc. In addition, there is the option to run a dependency script. This allows more complex parametric dependencies to be implemented. For the DR wiggler we used it to do 3D pole shaping. (There were about 700 nodes on the pole that needed to be adjusted. It would be impractical to type in the equations for each node!)
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Define constraints and objectives

Optinet proceed by minimizing a goal function. This is a linear combination of constraints and objectives. When constraints are satisfied they have zero impact, but when they are violated then they have a user selectable contribution. In the upper screen shot, you can see that if the magnetic field is outside {1.89,1.91] Tesla then the constraint will add 500XDeviation to the goal function. There are should be and must be constraints. A must be constraint has infinite weight and results in a rejected solution.

For the objectives there are minimize and maximize types. (Maximize has -1 weight). The reference value is a divisor to normalize the objective and the weight then multiplies the normalized objective. It’s mainly for ease of use.

There are a large number of pre-defined objectives and constraints. In addition there are user defined ones, such as the B^2 integral in the objective. They are both characterized by being model dependent and solution dependent. The model dependent ones do not require a solution. An example is that the 3D pole shape cannot change minimum gap. Others of course dependent on the solution values.
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Run the optimizer and examine solution

2D model so several parameters are not 
properly analyzed. They were adjusted 
for 3D analysis

This is a summary table of valid solutions. Notice that only improved ones are shown. This can be turned off so that all attempts are viewed. The optimization was 2D so 3D leakages (transverse) were not modeled. We mainly used it to find axial pole shapes and then did a few 3D runs to tweak transverse magnet overhangs.

Also notice that earlier optimization runs (reports 1, 2, 3) can also be viewed and compared. The progress page shows graphs of parameters vs. solution ID. All results are stored in the original Magnet model file.
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Summary of Optinet features

Intuitive and easy to useIntuitive and easy to use
Lots of tools included to make it easy to see what youLots of tools included to make it easy to see what you’’re asking forre asking for

FlexibleFlexible
User can determine goals, constraints, monitor progressUser can determine goals, constraints, monitor progress

PowerfulPowerful
We have used VBS, VB, our own ActiveX classes, IDL, Fortran95 We have used VBS, VB, our own ActiveX classes, IDL, Fortran95 
dlldll’’ss, standalone , standalone EXEEXE’’ss for custom goals and objectivesfor custom goals and objectives
Others have used Others have used MatlabMatlab
In general any ActiveX server app (or wrapper app) can be usedIn general any ActiveX server app (or wrapper app) can be used

It is not a substitute for thinking! It will do EXACTLY what It is not a substitute for thinking! It will do EXACTLY what 
you tell it to do. You must insure that you are asking for the you tell it to do. You must insure that you are asking for the 
right thing.right thing.
You must have Magnet (or You must have Magnet (or ElecnetElecnet or or ThermNetThermNet).).
It can be used for non FEA problemsIt can be used for non FEA problems

The previous slides give an indication of how Optinet can be applied to accelerator magnets. At the present time, you must have a Magnet license to run it. However, the way the optimizer runs doesn’t really require Magnet. It should be able to run any ActiveX/COM server app that returns the correct information. There isn’t sufficient market for this so Infolytica isn’t developing a standalone Optinet product.
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Results for 3D Optimization
WAMs with a stepped pole and 6th order distortion
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Optimization has worked very well

The earlier example was for basic 2D DR wiggler optimization. After that we did 3D optimization. We show wiggle line integrals vs. transverse location. If the poles are ‘standard’ shapes (with chamfers) then there is a very large line integral. When we allow a 6th order pole shape in a stepped region we were able to reduce the line integrals by 40X. The final line integral change is about 20 G-cm/period. The half period kick of the wiggler is about 20cm*0.6*19000 Gauss = 228,000 G-cm. Therefore 20 G-cm is 0.009% which is essentially the limit of the FEA calculations.
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B fields and wiggle motions
Peak field 1.854 Tesla

Period 400mm
Gap 20mm
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Notice the flat top shape of the DR wiggler field. This is much different than standard wigglers. The lower graph shows the wiggler motion. The peak-to-peak amplitude is 500 microns! This is huge and is why shaped poles are needed.
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What’s next for DR wigglers?

Won Phase II SBIR to continue this workWon Phase II SBIR to continue this work
AnalysisAnalysis

Repeat this for standard wigglers by including 3D magnet profileRepeat this for standard wigglers by including 3D magnet profiles or s or 
other exotic featuresother exotic features
Series of optimizations for other DR wiggler configurationsSeries of optimizations for other DR wiggler configurations
Add FFT based optimizationAdd FFT based optimization

Trade studiesTrade studies
Engineering and manufacturing trades Engineering and manufacturing trades 
Cost tradesCost trades

Prototype testsPrototype tests
Fabricate poles using different manufacturing methodsFabricate poles using different manufacturing methods
Build half period DR wigglers with shaped polesBuild half period DR wigglers with shaped poles
Build half period standard wigglers with shaped polesBuild half period standard wigglers with shaped poles
Build nine period prototype of one DR or standard wiggler configBuild nine period prototype of one DR or standard wiggler configurationuration

We won a Phase II SBIR to continue the Phase I work. In phase I we only performed analyses so Phase II shifts the emphasis to building prototypes, refining the analyses and performing trade studies. Scalability, accuracy, repeatability of different manufacturing techniques will be studied. Also, the half period prototype tests will see if FEA predictions agree with measured field profiles. This is non trivial so we will be also improving our scanner.
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Don’t forget that analysis only gets you part way there
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Low half period kick errors require careful control of both the Low half period kick errors require careful control of both the magnetic period magnetic period 
and the peak fieldand the peak field

The graphs show initial performance. After tuning all devices met specifications, but clearly some were harder to tune than others. 

In these graphs we show some field error measures on real insertion devices. Even though virtually all of the U33 ID’s used the same fabrication, pole material supplier, magnet supplier, sorting codes, etc, that there were substantial device-to-device variations. Notice that g/lw can not be used to predict future performance and that there can be very large variations. Success with one device DOES NOT guarantee success with the next one. 





