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Abstract 
Large accelerator main magnet system consists of 

hundreds, even thousands, of dipole magnets. They are 
linked together under selected configurations to provide 
highly uniform dipole fields when powered. Distributed 
capacitance, insulation resistance, coil resistance, magnet 
inductance, and coupling inductance of upper and lower 
pancakes make each magnet a complex network. When all 
dipole magnets are chained together in a circle, they 
become a coupled pair of very high order complex ladder 
networks. In this study, a network of more than thousand 
inductive, capacitive or resistive elements are used to 
model an actual system. The circuit is a large-scale 
network. Its equivalent polynomial form has several 
hundred degrees. Analysis of this high order circuit and 
simulation of the response of any or all components is 
often computationally infeasible. We present methods to 
use frequency decomposition approach to effectively 
simulate and analyze magnet configuration and power 
supply topologies. 

INTRODUCTION 
The criticality of large main dipole magnet chain and its 

power supply system demands detailed analysis and 
understanding of its circuit behavior. This has been a 
difficult task for large accelerator facilities. Note that 
almost all analysis of accelerator main magnet supplies 
are performed either at system level with much simplified 
model or single magnet level. The issue is the complexity 
of the circuit combined with high order networks. We 
present an approach to analyze the system with frequency 
decomposition, which divides the task within the modern 
day computer capability. As an example, we present the 
analysis of Brookhaven’s AGS main magnet system based 
on 12-pulse and 24-pulse configuration.  

ANALYSIS APPROACH 
Like many main dipole magnet and its power supply 

system the AGS main magnet system has 240 dipole 
magnets and two power supply systems. The first order 
approximation of the circuit assumes magnet as an 
inductor with resistive loss. This would offer a simple 
circuit. It can be studied with analytical method. In Figure 
1, it shows a simplified AGS main dipole magnet power 
supply model. 

The second order approximation takes into 
consideration the capacitance of magnet coil to ground 
and the leakage resistance of magnet as well as the coil 
resistance. The model of the magnet chain can be 

represented by a pair of transmission lines. When the 
coupling of the upper and lower magnet windings and the 
crossing connections of wiring are added into 
consideration the circuit model is highly complicated. 
Even a finite section (two or more sections) transmission 
line is a high order circuits. Usually the transfer function 
of an n-section transmission line corresponds to a rational 
function with 2nth-order polynomial as its denominator. 
Its complexity makes the numerical simulation a 
necessary approach of the main magnet circuit analysis. 
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Figure 1: Simplified main diagram of AGS main magnet 
power supply 

Shown in Figure 2 is a circuit model of the AGS main 
dipole magnet system with AC inputs. This model 
consists of 1871 components. The number of reactive 
components is in the range of a thousand.  

Figure 2: A simulation circuit of AGS main magnet power 
supply 

Due to high order of the network, discontinuity caused 
by switching devices, and complexity of configuration, it 
challenges even latest version of programs and computers 
to carry out its circuit simulations in many ways. 
Therefore, researchers often choose to divide circuit into 
smaller sections or even single magnet for higher order 
circuit analysis, which would scarify information 
associated to magnet locations around accelerator ring and 
very high order phenomena.  

Our approach will provide each and all magnet current 
and voltage responses to ac inputs at selected frequencies 
and their corresponding locations as well as very high 
order behavior of the network.  
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C255

CM

C256
CM

R509
RD

R510
RM

K128 LM, LM, LCP

R511
RM R512

RD
C257

CM

C258
CM

R513
RD

R514
RM

K129 LM, LM, LCP

R515
RM R516

RD
C259

CM

C260
CM

R517
RD

R518
RM

K130 LM, LM, LCP

R519
RM R520

RD
C261

CM

C262
CM

R521
RD

R522
RM

K131LM, LM, LCP

R523
RMR524

RD
C263

CM

C264
CM

R525
RD

R526
RM

K132LM, LM, LCP

R527
RMR528

RD
C265

CM

C266
CM

R529
RD

R530
RM

K133LM, LM, LCP

R531
RMR532

RD
C267

CM

C268
CM

R533
RD

R534
RM

K134LM, LM, LCP

R535
RMR536

RD
C269

CM

C270
CM

R537
RD

R538
RM

K135LM, LM, LCP

R539
RMR540

RD
C271

CM

C272
CM

R541
RD

R542
RM

K136LM, LM, LCP

R543
RMR544

RD
C273

CM

C274
CM

R545
RD

R546
RM

K137LM, LM, LCP

R547
RMR548

RD
C275

CM

C276
CM

R549
RD

R550
RM

K138LM, LM, LCP

R551
RMR552

RD
C277

CM

C278
CM

R553
RD

R554
RM

K139LM, LM, LCP

R555
RMR556

RD
C279

CM

C280
CM

R557
RD

R558
RM

K140LM, LM, LCP

R559
RMR560

RD
C281

CM

C282
CM

R561
RD

R562
RM

K141 LM, LM, LCP

R563
RM R564

RD
C283

CM

C284
CM

R565
RD

R566
RM

K142 LM, LM, LCP

R567
RM R568

RD
C285

CM

C286
CM

R569
RD

R570
RM

K143 LM, LM, LCP

R571
RM R572

RD
C287

CM

C288
CM

R573
RD

R574
RM

K144 LM, LM, LCP

R575
RM R576

RD
C289

CM

C290
CM

R577
RD

R578
RM

K145 LM, LM, LCP

R579
RM R580

RD
C291

CM

C292
CM

R581
RD

R582
RM

K146 LM, LM, LCP

R583
RM R584

RD
C293

CM

C294
CM

R585
RD

R586
RM

K147 LM, LM, LCP

R587
RM R588

RD
C295

CM

C296
CM

R589
RD

R590
RM

K148 LM, LM, LCP

R591
RM R592

RD
C297

CM

C298
CM

R593
RD

R594
RM

K149 LM, LM, LCP

R595
RM R596

RD
C299

CM

C300
CM

R597
RD

R598
RM

K150 LM, LM, LCP

R599
RM R600

RD
C301

CM

C302
CM

R601
RD

R602
RM

K151LM, LM, LCP

R603
RMR604

RD
C303

CM

C304

CM

R605
RD

R606
RM

K152LM, LM, LCP

R607
RMR608

RD
C305

CM

C306

CM

R609
RD

R610
RM

K153LM, LM, LCP

R611
RMR612

RD
C307

CM

C308

CM

R613
RD

R614
RM

K154LM, LM, LCP

R615
RMR616

RD
C309

CM

C310

CM

R617
RD

R618
RM

K155LM, LM, LCP

R619
RMR620

RD
C311

CM

C312

CM

R621
RD

R622
RM

K156LM, LM, LCP

R623
RMR624

RD
C313

CM

C314

CM

R625
RD

R626
RM

K157LM, LM, LCP

R627
RMR628

RD
C315

CM

C316

CM

R629
RD

R630
RM

K158LM, LM, LCP

R631
RMR632

RD
C317

CM

C318

CM

R633
RD

R634
RM

K159LM, LM, LCP

R635
RMR636

RD
C319

CM

C320

CM

R637
RD

R638
RM

K160LM, LM, LCP

R639
RMR640

RD
C321

CM

C322

CM

R641
RD

R642
RM

K161 LM, LM, LCP

R643
RM R644

RD
C323

CM

C324

CM

R645
RD

R646
RM

K162 LM, LM, LCP

R647
RM R648

RD
C325

CM

C326

CM

R649
RD

R650
RM

K163 LM, LM, LCP

R651
RM R652

RD
C327

CM

C328

CM

R653
RD

R654
RM

K164 LM, LM, LCP

R655
RM R656

RD
C329

CM

C330

CM

R657
RD

R658
RM

K165 LM, LM, LCP

R659
RM R660

RD
C331

CM

C332

CM

R661
RD

R662
RM

K166 LM, LM, LCP

R663
RM R664

RD
C333

CM

C334

CM

R665
RD

R666
RM

K167 LM, LM, LCP

R667
RM R668

RD
C335

CM

C336

CM

R669
RD

R670
RM

K168 LM, LM, LCP

R671
RM R672

RD
C337

CM

C338

CM

R673
RD

R674
RM

K169 LM, LM, LCP

R675
RM R676

RD
C339

CM

C340

CM

R677
RD

R678
RM

K170 LM, LM, LCP

R679
RM R680

RD
C341

CM

C342

CM

R681
RD

R682
RM

K171LM, LM, LCP

R683
RMR684

RD
C343

CM

C344
CM

R685
RD

R686
RM

K172LM, LM, LCP

R687
RMR688

RD
C345

CM

C346
CM

R689
RD

R690
RM

K173LM, LM, LCP

R691
RMR692

RD
C347

CM

C348
CM

R693
RD

R694
RM

K174LM, LM, LCP

R695
RMR696

RD
C349

CM

C350
CM

R697
RD

R698
RM

K175LM, LM, LCP

R699
RMR700

RD
C351

CM

C352
CM

R701
RD

R702
RM

K176LM, LM, LCP

R703
RMR704

RD
C353

CM

C354
CM

R705
RD

R706
RM

K177LM, LM, LCP

R707
RMR708

RD
C355

CM

C356
CM

R709
RD

R710
RM

K178LM, LM, LCP

R711
RMR712

RD
C357

CM

C358
CM

R713
RD

R714
RM

K179LM, LM, LCP

R715
RMR716

RD
C359

CM

C360
CM

R717
RD

R718
RM

K180LM, LM, LCP

R719
RMR720

RD
C361

CM

C362
CM

R721
RD

R722
RM

K181 LM, LM, LCP

R723
RM R724

RD
C363

CM

C364
CM

R725
RD

R726
RM

K182 LM, LM, LCP

R727
RM R728

RD
C365

CM

C366
CM

R729
RD

R730
RM

K183 LM, LM, LCP

R731
RM R732

RD
C367

CM

C368
CM

R733
RD

R734
RM

K184 LM, LM, LCP

R735
RM R736

RD
C369

CM

C370
CM

R737
RD

R738
RM

K185 LM, LM, LCP

R739
RM R740

RD
C371

CM

C372
CM

R741
RD

R742
RM

K186 LM, LM, LCP

R743
RM R744

RD
C373

CM

C374
CM

R745
RD

R746
RM

K187 LM, LM, LCP

R747
RM R748

RD
C375

CM

C376
CM

R749
RD

R750
RM

K188 LM, LM, LCP

R751
RM R752

RD
C377

CM

C378
CM

R753
RD

R754
RM

K189 LM, LM, LCP

R755
RM R756

RD
C379

CM

C380
CM

R757
RD

R758
RM

K190 LM, LM, LCP

R759
RM R760

RD
C381

CM

C382
CM

R761
RD

R762
RM

K191LM, LM, LCP

R763
RMR764

RD
C383

CM

C384
CM

R765
RD

R766
RM

K192LM, LM, LCP

R767
RMR768

RD
C385

CM

C386
CM

R769
RD

R770
RM

K193LM, LM, LCP

R771
RMR772

RD
C387

CM

C388
CM

R773
RD

R774
RM

K194LM, LM, LCP

R775
RMR776

RD
C389

CM

C390
CM

R777
RD

R778
RM

K195LM, LM, LCP

R779
RMR780

RD
C391

CM

C392
CM

R781
RD

R782
RM

K196LM, LM, LCP

R783
RMR784

RD
C393

CM

C394
CM

R785
RD

R786
RM

K197LM, LM, LCP

R787
RMR788

RD
C395

CM

C396
CM

R789
RD

R790
RM

K198LM, LM, LCP

R791
RMR792

RD
C397

CM

C398
CM

R793
RD

R794
RM

K199LM, LM, LCP

R795
RMR796

RD
C399

CM

C400
CM

R797
RD

R798
RM

K200LM, LM, LCP

R799
RMR800

RD
C401

CM

C402
CM

R801
RD

R802
RM

K201 LM, LM, LCP

R803
RM R804

RD
C403

CM

C404
CM

R805
RD

R806
RM

K202 LM, LM, LCP

R807
RM R808

RD
C405

CM

C406
CM

R809
RD

R810
RM

K203 LM, LM, LCP

R811
RM R812

RD
C407

CM

C408
CM

R813
RD

R814
RM

K204 LM, LM, LCP

R815
RM R816

RD
C409

CM

C410
CM

R817
RD

R818
RM

K205 LM, LM, LCP

R819
RM R820

RD
C411

CM

C412
CM

R821
RD

R822
RM

K206 LM, LM, LCP

R823
RM R824

RD
C413

CM

C414
CM

R825
RD

R826
RM

K207 LM, LM, LCP

R827
RM R828

RD
C415

CM

C416
CM

R829
RD

R830
RM

K208 LM, LM, LCP

R831
RM R832

RD
C417

CM

C418
CM

R833
RD

R834
RM

K209 LM, LM, LCP

R835
RM R836

RD
C419

CM

C420
CM

R837
RD

R838
RM

K210 LM, LM, LCP

R839
RM R840

RD
C421

CM

C422
CM

R841
RD

R842
RM

K211LM, LM, LCP

R843
RMR844

RD
C423

CM

C424

CM

R845
RD

R846
RM

K212LM, LM, LCP

R847
RMR848

RD
C425

CM

C426

CM

R849
RD

R850
RM

K213LM, LM, LCP

R851
RMR852

RD
C427

CM

C428

CM

R853
RD

R854
RM

K214LM, LM, LCP

R855
RMR856

RD
C429

CM

C430

CM

R857
RD

R858
RM

K215LM, LM, LCP

R859
RMR860

RD
C431

CM

C432

CM

R861
RD

R862
RM

K216LM, LM, LCP

R863
RMR864

RD
C433

CM

C434

CM

R865
RD

R866
RM

K217LM, LM, LCP

R867
RMR868

RD
C435

CM

C436

CM

R869
RD

R870
RM

K218LM, LM, LCP

R871
RMR872

RD
C437

CM

C438

CM

R873
RD

R874
RM

K219LM, LM, LCP

R875
RMR876

RD
C439

CM

C440

CM

R877
RD

R878
RM

K220LM, LM, LCP

R879
RMR880

RD
C441

CM

C442

CM

R881
RD

R882
RM

K221 LM, LM, LCP

R883
RM R884

RD
C443

CM

C444

CM

R885
RD

R886
RM

K222 LM, LM, LCP

R887
RM R888

RD
C445

CM

C446

CM

R889
RD

R890
RM

K223 LM, LM, LCP

R891
RM R892

RD
C447

CM

C448

CM

R893
RD

R894
RM

K224 LM, LM, LCP

R895
RM R896

RD
C449

CM

C450

CM

R897
RD

R898
RM

K225 LM, LM, LCP

R899
RM R900

RD
C451

CM

C452

CM

R901
RD

R902
RM

K226 LM, LM, LCP

R903
RM R904

RD
C453

CM

C454

CM

R905
RD

R906
RM

K227 LM, LM, LCP

R907
RM R908

RD
C455

CM

C456

CM

R909
RD

R910
RM

K228 LM, LM, LCP

R911
RM R912

RD
C457

CM

C458

CM

R913
RD

R914
RM

K229 LM, LM, LCP

R915
RM R916

RD
C459

CM

C460

CM

R917
RD

R918
RM

K230 LM, LM, LCP

R919
RM R920

RD
C461

CM

C462

CM

R921
RD

R922
RM

K231LM, LM, LCP

R923
RMR924

RD
C463

CM

C464

CM

R925
RD

R926
RM

K232LM, LM, LCP

R927
RMR928

RD
C465

CM

C466

CM

R929
RD

R930
RM

K233LM, LM, LCP

R931
RMR932

RD
C467

CM

C468

CM

R933
RD

R934
RM

K234LM, LM, LCP

R935
RMR936

RD
C469

CM

C470

CM

R937
RD

R938
RM

K235LM, LM, LCP

R939
RMR940

RD
C471

CM

C472

CM

R941
RD

R942
RM

K236LM, LM, LCP

R943
RMR944

RD
C473

CM

C474

CM

R945
RD

R946
RM

K237LM, LM, LCP

R947
RMR948

RD
C475

CM

C476

CM

R949
RD

R950
RM

K238LM, LM, LCP

R951
RMR952

RD
C477

CM

C478

CM

R953
RD

R954
RM

K239LM, LM, LCP

R955
RMR956

RD
C479

CM

C480

CM

R957
RD

R958
RM

K240LM, LM, LCP

R959
RMR960

RD
C517

CM

C518

CM

R1038
RD

R1039
RM

R1040
2*RD

C519

CM/2

C520

CM/2

R1041
2*RD

D1 D2 D3

D4 D5 D6

.DEFINE LCP 0.8

.DEFINE RN 1E7

ST1- ST1+

ST2-ST2+

.DEFINE LX 97.35U

ST2+

ST2-

ST1-

ST1+

AGS MMPS

AGS-MAIN-MAGNET-MODEL-A

.DEFINE RD 1.25MEG

.DEFINE RM 2.25M

.DEFINE CM 7.95NF

.DEFINE LM 6.33MH

.DEFINE DELTAI1W120 MAX(I(R1), I(R477))-MIN(I(R1), I(R477))

.DEFINE DELTAI1W30 MAX(I(R1), I(R117))-MIN(I(R1), I(R117))

.DEFINE DELTAI1W60 MAX(I(R1), I(R237))-MIN(I(R1), I(R237))

.DEFINE DELTAI1W90 MAX(I(R1), I(R357))-MIN(I(R1), I(R357))

.DEFINE DELTAV1W30 MAX(V(120), V(246))-MIN(V(120), V(246))

.DEFINE DELTAV1W60 MAX(V(120), V(366))-MIN(V(120), V(366))

.DEFINE DELTAV1W90 MAX(V(120), V(486))-MIN(V(120), V(486))

.DEFINE DELTAV1W120 MAX(V(120), V(127))-MIN(V(120), V(127))

.DEFINE CS 0.1U

.DEFINE RS 1000

TBB
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TC2 TB2 TA2
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CBA

TCCPTCCTBBPTBBTAAPTAA

TCPTCTBPTBTAPTA

CBA

3PHASE AC SOURCE

CCBBAA

TCCP2 TCC2 TBBP2 TBB2 TAAP2 TAA2

TCP2 TC2 TBP2 TB2 TAP2 TA2

C2 B2 A2
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CC2 BB2 AA2

CC2 BB2 AA2

C2 B2 A2

F2+
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F1-
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F1- F1+

.DEFINE RX 3.12M
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SIMULATION RESULT 
In this report, the Micro-Cap VI or VIII is used to 

simulate the circuit. The inputs are unity sinusoidal 
signals of the sub harmonic frequency from 60 Hz to 720 
Hz, and 1440 Hz. The outputs are magnet currents and 
magnet voltages from coil to ground. The first and last 
magnets, the middle one, and the two located quarter 
length from either end are selected as sample magnets.  

Since the main dipole magnets are fed from two places 
in the AGS ring, the wave propagation along the magnet 
chain can cause undesirable consequences.  

The current waveforms and voltage waveforms of 
selected sub harmonic are simulated for comparison of 
24-pulse and 12-pulse configuration. So far, all simulation 
results show that the current peak and voltage peak both 
occur during first few cycles. Therefore, the simulation 
results of the first 50 ms or 25 ms are used for 
comparison.  

The actual magnet-coupling coefficient of upper and 
lower coils is not available and therefore assumed to be 
80% for the purpose of study. 

We can simulate any magnet current for study. Here, 
we selected the first, last, middle, quarter-length in the 
chain from either end to observe circuit behaviors. We 
used following symbols in simulation: 

 I(R1)  - current of magnet number 1 
 I(R117)  - current of magnet number 30 
 I(R237)  - current of magnet number 60 
 I(R357) - current of magnet number 90 
 I(R447) - current of magnet 120 

In Figure 3 and Figure 4, we show the current response 
to 60 Hz signal for 24-pulse and 12-pulse configuration.  
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Figure 3: Simulated magnet current responses of 1V 60 
Hz input under 24-pulse configuration and 80% coupling 
condition 
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Figure 4: Simulated magnet current responses of 1V, 60 
Hz input under 12-pulse configuration and 80% coupling 
condition 

In above waveforms, magnet current response 
magnitudes are similar in both configurations.  

In Figure 5 and Figure 6, we show the current response 
to 600 Hz signal for 24-pulse and 12-pulse configuration. 
Both current magnitudes are much smaller than at 60 Hz. 
In addition, the current response in 24-pulse configuration 
is much smaller than in 12-pulse configuration. These 
waveforms reveal magnet current differences verses time. 
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Figure 5: Simulated magnet current responses of 1V 600 
Hz input under 24-pulse configuration and 80% coupling 
condition 
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Figure 6: Simulated magnet current responses of 1V, 600 
Hz input under 12-pulse configuration and 80% coupling 
condition 

Similarly, we show simulated magnet voltage 
waveforms in Figure 7 to Figure 10. We used following 
symbols in simulation: 

 V(2) - voltage of magnet number 1 to ground 
 V(132) - voltage of magnet number 30 to ground 
 V(252) - voltage of magnet number 60 to ground 
 V(372) - voltage of magnet number 90 to ground 
 V(9) - voltage current of magnet 120 to ground 
In Figure 7 and Figure 8, we show voltage responses to 

240 Hz signal for 24-pulse and 12-pulse configuration. In 
Figure 9 and Figure 10 are same magnets with 540 Hz 
input. The magnitudes of magnet voltage response are 
similar with different patterns under both configurations.   
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Figure 7: Simulated magnet voltage responses of 1V 240 
Hz input under 24-pulse configuration and 80% coupling 
condition 
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Figure 8: Simulated magnet voltage responses of 1V 240 
Hz input under 12-pulse configuration and 80% coupling 
condition 

0.00m 5.00m 10.00m 15.00m 20.00m 25.00m-100.00m

-60.00m

-20.00m

20.00m

60.00m

100.00m

V(2)
T

V(132) V(252) V(372) V(9)

540-AGS-MMPS-MODEL-A-SIN.CIR Temperature = 27 1/18/2006 5:02:51 PM

 
Figure 9: Simulated magnet voltage responses of 1V 540 
Hz input under 24-pulse configuration and 80% coupling 
condition 
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Figure 10: Simulated magnet voltage responses of 1V 540 
Hz input under 12-pulse configuration and 80% coupling 
condition 

COMPARISON OF AC HARMONIC 
TIME DOMAIN RESPONSE 

The graph in Figure 11 compares the peak current 
response level of sampled magnet to the unity ac 
sinusoidal signal of harmonic frequency with 24-pulse 
configuration and 12-pulse configuration. 
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Figure 11: Comparison of simulated magnet current 
responses of 1V AC input under 24-pulse configuration 
and 80% coupling condition at harmonic frequencies 
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Figure 12: Comparison of simulated magnet voltage 
responses of 1V AC input under 24-pulse configuration 
and 80% coupling condition at harmonic frequencies 

Similarly, the graph in Figure 12 compares the peak 
voltage response level of sampled magnet to the unity ac 
sinusoidal signal of harmonic frequency with 24-pulse 
configuration and 12-pulse configuration.   

In summary, the current and voltage simulation results 
show lowered current response and similar voltage 
response of 24-pulse configuration than 12-pulse 
configuration to sub harmonics of the same amplitude. 
However, these are relative comparisons assuming unity 
input. The actual amplitude of each sub harmonic input in 
24-pulse or 12-pulse configuration has yet to be 
determined. In this study, the 720 Hz is the main concern. 
In principle, the 24-pulse configuration will contain lower 
amplitude of 720Hz component, which is the main 
concern, than 12-pulse configuration.  

The transmission line effect is observed in both 
configurations. However, it does not appear to be a 
dominant factor at lower harmonic frequencies. At higher 
harmonic frequencies, it becomes more important.  

As shown in previous section, due to high transmission 
line impedance of dipole magnet chain, waveform 
reflections caused by transmission line effect are small 
comparing to oscillation amplitude during initial ramping. 
However, transmission effect can be more important at 
steady state and waveform reflections could cause magnet 
current tracking errors. Oscillation dominates the ramping 
region. Resistive damping may be used to reduce 
oscillation if necessary. 
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