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A T1ETHGD OP TKA3XJP.ING FLUX-CURRENT LOOPS 

Prepared bys 

0„ J„ van Sant, J?5 and B. D. Burnsid© 

APsTRACTs  A simple method for obtaining trie response of 
magnetic materials to a pwlse excitation is described* an.i a 
means of determining the dynamic mapnetlzation loop (praise- 
loop) frott the integration of a voltape—time curve is shown.; 
JHO vuiia^e versus tiias across a resistor connecrea in series 
with the mapnetie core rest winding is recorded photopraphi" 
eally from a triggered cat!ode-ray oscilloscope trace 
operating at a rapid sweep rate,, Equations are presented 
shoving that the timts required to switch the flux in a core 
material having a rectangular pulse-loop is proportional to 
the flux change and inversely proportional to the voltage 
applied to the core winding during the switching process.-. 
Curves and pulse^lcops of thin-tap© magnetic cores fabricated 
from various alloys awe presented,, and applications of the 
dynamic coercive value obtained in this measurement to cir- 
cuit design are suggested a 
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Since detailed information concerning the frehavlor of magne- 
tic materials under pulse conditions is valuable in many 
ordnance applications, this method of measurement of dynamic 
pulse-loops of mapnetie materials w.-is developed as one phasa 
of the development of magnetic materials and components 
supported by Tasks N0L-M9h-2O5-l-5U, NOL-pi+a~56~l~5*f, and 

This report was prepared for the information of the Bureau 
of Ordnance and other interested activities* It is not 
necessarily intended to 'be used as a basis for action= 

A paper "oased on this report was presented at the Joint 
Meeting of the International Scientific Radio Union (TJRSJ) 
and the Institute of Radio Engineers (IRE) in Ottawa, Canada 
on 6 October 1953 •> 

DJLJlViUuf  A»O   vtUuDxAHD 
Captain, USN 
Commander   (~\ 
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A METHOD OP MEASURTNO FltTX-CTTRPEMT LOOPS 
OF MAGNETIC MATERIALS UNDER PULSE EXCITATION 

INTRODUCTION 

la  Since the applications of magnetic materials in high" 
frequency or short-duration pulse circuits have increased-, 
there is a preater need for quantitative determination of 
dynamic magnetic properties» Pulse transformers and digital 
computers employing ro^gnetic materials arc two of the raora 
recent circuit applications of magnetic materials under pulse 
conditions»     Dynamic hysteresis loops, as customarily ctis = 
played on the screen of a cathode-ray oscilloscope, are 
obtained by the use of an integrating circuit, and represent 
the response of the raapnetic core to a sinusoidally varying 
erafo In certain applications, however, it is of interest 
to observe the response of the raapnetic material to a square*" 
stsp change In applied voltage, and to present the results 
PS a flux-current piilse=loop0 A simple method of obtaining 
such a pulse-loop is being used In the Magnetics Division 
to study the response of various materials at switching times 
of the crrter of magnitude of microseconds •> Switching time Is 
defined as the time required for the magnetic core material 
to ehanpe from negative remanence to positive saturation* 
or vies versao 

ANALYSIS OF FITJX ORANGES IN CORE UNDER PULSE CONDITIONS 

2o  Consider a toroidal raapnetic core wMeh has a fairly 
rectangular hysteresis loop as shown In figure 1« The raapne- 
Sizing winding on the core Is connected in the scries circuit 
shown In figure 2, where R Is thf d - resistance and 1 is 
a d-e voltage source such as a dry cello  A method of oh- 
taining a flux-current loop from this simple series circuit 
is discussed in this reports 

3a  Assuming that a previous magnetization has left the core 
in a state of negative remanenee (~Br), and that the polarity 
of the battery is such that a positive magnetising force will 
be applied to the core When the switch is closed, a large 
Changs of flux will result as the core goes from negative 
remanenee to positive saturation (l,e, from ~B„ to +B ), .as 

i m 
shown by the heavy line in figure  JA»     Ir; this  CP-C the  path 
of current as  a  function of time  shown in figure 338 will  be 
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proportional to the voltage across R.  If, on the other hard,, 
previous magnetization has been such as to leave the core &t 
positive remanence (+SO, the application of a positive euxTent. 
pulse to the core winding will cause only a relatively small 
chanpe of flux as the core pees from positive remaienee '^r^ 
to positive saturation (^B^)5 as shown by the heavy 'lice  of 
figure HAO The current path as a function of time for this 
condition will resemble the curve of figure hB<,     In either 
*i fs oc     fVi m.     •}* s\+ &"}      *-i v» .*** *».      ftV\A7»A     ^V» /-*     JMI VHI*M     «-.»^ *"! "I      -w* r-n w» £**? raw*1      4*Va M     •£« /-t4- i- I wClio53     v**-^.     uvvii't.    dJl%#a    ai'wvc     v^ic    ^;AJL  VU     WA.^-2.    icpx c;>vi*u     ^i<v      wi>vc;.«* 

flux chanpe fyom the respective initial residual state„ 

H«>  After the switch is closed - the volts?© dro'o nround ths 
series circuit ISJ 

at      n s 

../here? K is the number of turns on the core 

dp/dt is the rate of change in flux in the core in 
•web ST s / s s c and 

I is the instantaneous value of current in amperes 

R is the value of the series resistance in ohms 

If a constant voltape Ep is applied across a core winding cf 
HAJTI |s?tbls d=Q resistance which is wound on s core hsvin"" s, 
rectanrular pulse--Ioop characteristic, the time At required 
to   i'ncinffe   thS   fltiv   f*T»nTn   —sL.   to    *"fii      iSi 

1? ? 2 

where 0rn is the maximum fltsx« Actually, the voltage across 
the core winding is not constants but is equal to EQ - IB-. 
Fiowever, by varyinp the parameters EQ end H, the switching 
•Umia »«r!  •', ha  f-^tsni-f ««1  r./^i v.4 K      ^.-P *Vn-, *»1 %•.-«•_/-.n -,i-n««-* J.  *!^^-,-v  ~ra-.-< 

be variedo  If the frecuency associated with the switching 
tj-EKs JLS weii rSiOw ti»at at whiCxj TeA*rouiagnstj.c resonance 
effects become noticeable, the coercive cur-rent wilif in 
general, increase as the switching time decreasesa 

DET^TRNINATIOK OP THE DYNAMIC POLSE-T OOP 

5-  Py feeding the voltape across the series resistor into 
a csthode-ray oscilloscope5 both the magnetizing current 
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applied to the core and the rate of change of flux In the cora 
can re found as a function of time. Since IB is the voltage 
drop across the resistor, and H |f is the voltage drop across 

the coil windings the sum of IR plus N M  raist he equal to EQi dt , 
if the distributed capacitance and leakage flux are neglipible-o 
Py Inteprating the area ahove the curve in figure 5? the total 
f3ux ehanps occurring from 0 to T^ corresponding to HL at T-, 
is equa3 to the area of the shaded portion, since 

|     « c5t uo "  " "•*' 

At point T-j , H3 is foand from the value of current at Tx from 
the expressions 

PI = «7lt« a.^   oersted?? 
1     Lm 

where"  N Is the number of turns in the coll 

I, Is the current in amperes at T'n 

IL_ is the mean length of the magnetic path in eenti- 
IU 

meters 

The ehanpe in flux density AB corresponding to EL ax f« iss 

8 / 5?3 
10  I      JV 

^.Br-•rJA~" \ s dt  gauss 

wheres C© dt is the shaded area ahove the curve froa 0 to T, 
in volt-seconds? A is the cross-section area of the mapnetie 
„-—.*. -t _. •«  J     - O fflMisiiai   xii  s-uii2-0 

6e  By starting at the point 0 In figure 5? we can plot- 
successive chanpes in flux density with respect to -Br corres- 
ponding to values of the field H, and so obtain the portion 
of the loop from -BT  to +B«, a?' shown by the heavy line In 
figure 3Ao If, after the point. HBTn is reached, the switch 



NAVORD Report 2970 

is opened and then closed again, the flux will follow the path 
+Br to +B as shown by the heavy line in figure *+A<, Changes 

in flux density may be plotted vs H as before, using the voltage= 
time curve of flfure 6, only in this case the changes in flux 
density will he with respect to -t8r> instead of «3po The two 
curves will meet at point (+Hra, +ffa) n    The horizontal axi3 of 
the B~B loop will lie midway between  +Br and -Br, and the 
points =»B- to +B„ to +B- describe half of the symmetrical 

in 

puise-joop associated with a given Hra and  switching timeo 

j. IIUUVJI'IDH l H 1 J.UK 

7--<      The measuring circuit Is shown In the block diagram of 
figure 7« The circuit was closed by means of a non-chattering 
Western Electric 218-A mercury relay switch operated by means 
of an external bar magnet= Connections to a Tektronix 51.3-D 
or $17  cathode rav oscilloscope were made as shown0 The current 
in the circuit was measured by means of a precision potentio- 
meter across ss Leeds and. Nor thru p Bureau of Standards Type 
1-ohm precision resistor., fU in figure 7$ and a "Wheatstone 
bridge was used to measure the resistance of Hi plus R2 in 
ens ci. • TiJTt c--  ; ns i-.n.".i ?u*«.-"tic ccrcss tns rcSAS^urs was 
determined by this IR product rather than "rom a voltmeter 
reading- The sweep circuit of the oscilloscope was externally 
triggered by means of the battery voltage E0, firing at the 
close of the switch* An accurate time—base for the voltage— 
time curve was provided by  beating the output of a General 
Radio C)05"C signal generator against a Hewlett-Packard 100B 1GG-K 
crystal-controlled frequency standard on the screen of 
anoJher oscilloscope, and connecting the output of the RF 
oscillator to the second input of the Tektronix oscilloscope* 
The choice of timing frequency depended upon the switching 
time of the core, but a 1-megacycle sine wave has been yssc 
for most of the time calibration in the measurements„ 

8„  "hotographs of the oscilloscope screen were made with a 
Polaroid Land oscilloscope camera operated at "bulb1'«  The 
camera shutter was opened manually Just before firing the 
triggered sweep bv closing the relay switch* As the switching 
time of the core decreased, the v&te of  movement of the spot 
across the oscilloscope screen became too rapid to register 
a single sweep, and the signal was repeated from one to fif- 
teen times at the faster sweep rateso The consistency of 
the input pulse was sufficient to superimpose the traces for 
a single line in the photograph a For examples when switching 
times of three microseconds or- less were recorded by the 
Tektronix ^13-D oscilloscope, even with 1' ,Oor volts accelera** 
ting potential on the cathode-ray tubes a camera with a ler<s 

If 
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J=V, and illm with an HOH xnaex  or 100, it became 
necessary to repeat the sweep from ten to twenty times for a 
legible trace on the photographs When the last exposure had 
"been made for the curvesf the lens opening was reduced to 
f 16, the shutter was opened once more, and the base line of 
the graph was estabjlshed by moving the spot across the 
screen by means of the horizontal positioning controls 

SUMMAPiY OF EXPERIMENTAL RESULTS 

Q.  By properly varying the applied d=a voltage and the 
resistor in the series circuit„ a family of B-H loops may be 
plotted for any given Hm as in figure 6\, The sample used to 
obtain these loops was 20 turns of 5%  Molybdenum Permenol 
ribbon wound on a -35^" diameter bobbin• The width of the tape 
is 1/8" and the thickness is ,00^2"*(^Molybdenum Permenol is a 
magnetic alloy manufactured in the Magnetics Division and eon^ 
sists of 5$ molybdenum, 79%  nickel, and the balance iron)* The 
loops were taken at an HTO of 1 oersted, which was obtained with 
a steady stsste current of 38»8 milliamperes through 58 turns in 
the magnetising winding« EQ and R were selected to give 
switching times of 22e7f U08O, 3o9, 1=8?, and 1 microseconds„ 

Jon Also shown is the d»e hysteresis loop obtained by the 
standard ballistic galvanometer method, except for the portion 
of the loop between -fB-,, and *BTO? which is usually measured bv -S. i.u ' ~ • 

traversing the portion of the loop from -KB^, toward +Br instead 
of from +Br to +Bm  as was done in the curve of figure 8„ The 
dotted loops are approximations of pulse loot?s associated 
with -witching times of 1 microsecond and lo&7 microseconds0 

11o Measurements of the lower portions of these loops are 
difficult to determine accurately because of "ringing" of the 
vertical amplifier of the oscilloscope when employed at high 
sweep rates*  Howevers the coercive force at these fast 
switching times may still be determined with a fair degree of 
accuracy since ringing occurred in the current-time curve 
only at values of time near T = 0o The values of Bj^ and Br 
of ail the solid-line curves differ by not more than 5$, which 
is an indication of experimental error encountered in this 
rnf>thr>rl of n^tsin4np f*lu'^eurrerst IV  J.UU  ' O Q 

12o Figure 9 illustrates how the voltage-time curves of the 
different materials can vary even though E0 (3 volts) and Hra 

(1 oersted) are-the same in all three cases. These three materi- 
als are Orthonik (50-50 nickel-iron), Alfenol (16-8U- aliv.ainam- 
iron) and 5^ Molybdenum Permenol, respectively,, The winding on 
each core' was 58-turnso The taps thickness of the Orthonik 
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and Molybdenum Perraenol Is ->0002i!. and that of the Alfenol Is 
«OOOi!,?ia The number of turns of tape was such that the total 
flux change of  the three core materials was approximately the 
same in going from "Bj» to +B,JJ= It Is apparent from the 'chctO"= 
praphs that the Molybdenum Permencl has a much smaller coercive 
force than the other two materials, even though Its switching 
time is faster. Sines the Molybdenum Permenoi always has a 
smaller coercive force associated with a giv?en switching time9 
the voltage drop across the series resistor will be smaller0 
This in turn permits a larger voltage to appear across the 
core winding and. will result in a faster switching time because 
with a given flux change the switching time decreases as the 
voltage across the core winding increases, 

APPLICATIONS AND RfcCOfc'MEtfDATIOflS 

13 a Care mast be taken to see that the useful part of the 
trace occupies the "iost linear portion of the cathode-ray tube 
screen* Enlargements of the photographs were mad® by tracing 
an enlarged linage obtained by means of an opaque projector? 
although enlargements made from conventional film negatives 
are equally satisfactory.  Integration of the selected area 
increments was made by tracing the curves on t) in  paper and 
weffhlug these portions of the area on a sensitive chemical 
balances, Since the t*reight per unit area of the paper had been 
determined previously. It became a simple matter to convert 
direetlv from grams to rausso Integration by this method 
proved to be more accurate and considerably more rapid than 
the conventional planiraeter methodo 

!*+<. Practical limits to the measurement of pulse loops are 
determined by the ratio of K• to the dynamic coercive force 
Hcs As H,, approaches B_ the vantage-time curve for the flux 
change froB -By to +Em becomes nearly identical with the curve 
for +3L, to ^B^j as shown In figure If<£, and the difference 
between them becomes difficult to measure accuratelyo When 
Hc Is -very muoh smaller than H„,, the two curves will  be similar 
t-3 figure JOB* Here 1$ is difficult to measure because the 
thickness of the lines is an appreciable fraction of £,,* 
Figure IOC illustrates the type of trace which will giv 
greatest accuracy in the determination of pulse loops « 

4.%*  „ 
i i. SB 

ly% If the distributed capacitance of the coll winding Is 
negligiblej the only upper limits to the maximum speed at 
whiwh pulse-loons may be taken are the linearity and speed 
of the sweep circuit, and the linearity and response of the 
vertical amplifier oi the oscilloscope to signals with 
extremely rapid rise times, since the flux change from +J?.f 
to +B produces a rapid rise of current at the faster switch m 
timesp 

6 



36 o    By erap] oylnr the  sirepje procedure  |mst outlined?  appr.yxi'- 
^ste  circuit   EWTameters  necessary  to achieve  a flwfl swlt.eliiEg 
time and K,.iax may f»« determined-    The sal action of the sae&'i 
appropriate ^•"terial for is fiw?5 application,   sue]': as £ dibits.,! 
computer  element,   czn be  facilitated when the dynamic pwlasjt** 
.loop Is  available for detaile:..  study,,     Comparative esti::;.ntos 
of power  jo.qges  of different core materials can taslly '. e :T§4© 
when the dynamic coercive force associated with a fiver* 
switching time for each material is known,  and once the rela- 
tion between the various dynamic coercive currents and  .-^/ixehirtg 
times  of a e<~>il  nvs known.*  it is  possible to predict  tti 
behavior of the  coll when'employed as  a  pu3se  transformer - 
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