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MAGRAC~-} RAILGUM SIMULATION PROGRAM *

P. J. Deadricyt, B, 5. Hawkel and 3, D. Scuddertt

Abstract - We Lave developed and validated a
computer sisulation code at the Larence Livermore
National Laboratory (LINL) to predict the performance
of a railgun electromagnetic accelerator. The code,
called MAGRAC (MAGnetic Railqun ACcelerator), models
the performance of a yailgun driven by a magnetic flux
compression current generator (MOG). The MAGRAC code
employs a time-step solution of the noslineac
time-varying element railgun circuit to determine rail
currents. From the rail currents, the projectile
acceleration, velocity, and position are found. We
have validated the MAGRAC code through a series of
eight railgun tests conducted jointly with *he Los
Alamos National paboratory. This paper describes the
formulation of the MAGRAC railgun model and compares
the predicted curfent waveforms with those obtained
from full-scale experiments.

IRTRODUCTION

MAGRAC (MAGnetic Railgun ACcelerator) is a
compater code designed to model an electromagiebic
railgun projectile launcher and power source. The
MAGRAC code uses both electrica) and mechanical
patameters of the railqun, projectile, and primary
energy source to compute the resplting corrents and
accelerating forces on the projectile as a function of
time. The code employs an implicit finite-difference
solution technigue which allous the inclusion of
time-varying nonlinear elements in the railgen model.

In this paper we describe the mcdel elements used
in the MAGRAC code and compare some computed results
with railgun test data. Three series of tests have
been conducted in collaboration with the Los Alamos
National Lazboratory to test the performance of railgen
accelerators. These tests included both 0.9-m and
1.8-a long railguns with square bores of 12.7 ma that
were used to launch 3.1-g polycarbonate projectiles.
Also a short, §.3-m long, S0-am square bore gun was
used to launth a 165-gram projectile. In each of
L5z tests, a magnetic Flux compression generator[1]
(MFCG) was used as the primary energy source to power
the railgun. The MAGRAC model includes both the
railgun and a vnriety of power sources includizg the
MPOG.
We first provide brief details of the railgun and
the MPCG. We then describe the computer solution
techniqoe and conclude with representative cowparisoes
between computer prediction and experimest.

BAGRAC Models

Pigure 1 shows a simplified, schematic
illustration of a railqun. A railgun is essentially a
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linear dc motor consisting of a pair of rigid parallel
bars (rails) that carry current to and from a small
interconnecting movable conductor. ‘The conducting
link functions as an ammature, while the parallel
rails serve 2s a single-turn field vinding. The
Lorentz fcree resulting from the armature current
interacting with the magnetic fiell generated by the
1ail current accelerates the armature and the
projectile.

While railqguns way b« driven by a nusber of
primary energy sources such as capacitor banks and
homopolar generators, we discuss only the MFOG in this
paper.

The MPCG-railgun system used by the joint Los
Alomos/LINL team is shown in Fig. 2. The capacitor
bank provides the initial energy to the circuit, and
the NPOG extends the duration of the current pulse
delivered to the railgm. When the switch is closed,
the capacitor bank generates a current in the MPCG
vhich acts as a temporary storage inductor. As the
current approaches near maximum, the explosive is
initiated by a single detonator. The explosive drives
the top conductor Of the MPCG into the battom
conductor, isolates the capacitor bank source at point
A, forms a closed MPCG-railgun circuit, and continues
to progressively implode the MFCG. The resulting
decrease in indoctance tends to sustain the cucrent,
vhile enerqy is consumed by the railgun and losses.

rig. 1.

Schemptic of railgm showing the current
path I, the sagnetic flux lines B, and the resultant

force P that driwes the projectile. Initially there
is a thin setallic fose in back of the projectile
that completes the circuit; this vaporizes almost
iwmediately forming a plamaa that coctinces to carcy
cargent and accelerate the projectile in the
direction 2.
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Fig. 2. Side view of a magnet flux coapression
generator. When the detonator ignites the high
explosive, the top conductor is driven down to short
the bottom conductor. The explosive then causes the
short to propagate in the z direction, compressing
the enclosed flux.

Railgun Model

The railgun portion of the model is hasically
very simple in fors. Two copper rails provide the
current path for the accelerator. A small fuse is
placed at the breech end of the gin section directly
behind the projectile. The [use Serves two purposes,
the first being to provide a current path for the
initial MPCG current charge, and Secondly to generate
a plasma arc between the rails to act as a movable
conducting armature.

An electrical equivalent circuit of the railgun
section is shown iv Fig. 3. R{x,t,I) is tbe rail
resistance term which clianges as a function of the
plassa armaturé position x, time t, and rail cutreat
1. Rail heating occurs as a resclt of the resistive
energy loss which increases the temperature and
resistivity of the rails. The effective rail
resistivity p (see appendix A} is represented by the
relation

- I
"“’o*Bp ' 33}

where Py is the initizl resistivity of the copper
rails, B is a temperature-dependent resistivity
coefficient, and p is the width of the rails.
Time-dependent diffusion of 2 constant current into
the rails in combination vith a freely accelerating
projectile leads to an effective rail resistance
gradient (effective resistance per unit rail length)
R) (see appendix B)

% = o )

where |t is the permeability of the rail material,
and t is the length of time that the current has been
flowing.

The inductance L of the rail pair enters into
both the zlectrical circuit equations and the
equations of motian. Electrically, as the armature
woves down the bore of the railgun, both the gun
resistance and inductance increase, as more of the
rail pair is included in the circuit. The resulting
inductive voltage V;, is given by:

aLn ar X
V2 ke tly 3
vhere
L = Iyx, )

® n gy . g

and Ljis the inductance gradient {inductance per
it length of the rail pair), and v is the armature
velocity.
A third term, the plasma arc voltage drop Vaycr
is also included in the model, as shown in Fig. 3.
When the fuse vaporizes and establishes the
initial plasaa arc, the plasma acts as a movahle
conductor which *pushes* on the projectile and
accelerates the mass down the barrel of the qun. The
Lorentz force E, oo the projectile is given by

[.11’2
E'p =5 (6}
and the projectile acceleration a is
L Iz
T ”’

where m is the mass of the projectile. Projectile
velocity and position are then obtained from the first
and secend integrals of the projectile acceleratiom,
respectively.

MPOG Bodel

The model for the flux cowpression generator is
similar in form to that of the railgun section in that
the MPCG is primarily a time-varying inductor and
resistor. Figore 4 illustrates the electrical
equivalent circuit model for the MPCG and the
capacitor bank used to supply tbe initial generator
current.

In the initial state, the switch S, is open,
and 5] is closed at t = ¢ to connect the capacitor
bank to the compression generator. The RIC elements
of the capacitor bank, MPCS, and railqun fuse form a
damped resonant circuit which has a sinusoidal current
boildop in the MFCG. One typically closes the switch
S, near the peak current of the first-quarter cycle.

The MAGRAC wodel includes both the capacitor bank
charge-up cycle and the compression of the MPCG which
is modeled as a short which moves down the length of
the MPCG at the explosive detonation velocity. The
MF(G resistance term R is modeled as a function of
the position of the short, the time, and the current.

The resistance is calculated from the MFCG
conductor resistivity pp where

Te
"r:"w*er_l, . (8)
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Fig. 3. Electrical eguivalent circuit of railgun.
R(x,t,I) aad L(x) are the lumped equivalents of the
rajl resistance and inductance which change as the
projectile moves dowm the railgun. The fuse js
first veporized to initiate the plamma arc and start
the projectile acceleration. Vj, is the plasma
are voltage dcop (typically 58-30C V).
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Fig. 4. MG equivalent circuit. The closure of

35; initiates the discharge of the capacitor bk
into the MOG-zailgun system. The closure of §;
corgesponds to the beginmning of the MPCG implosion
d Ry 308 Ly are the lumped equivalents of the
MPCG resistance and inductance which decrease with
time.

Ppg is the Initial resistivity of the MFCG
conductors and fip i8 A temperature-dependent
resistivity coefficient (see Appendix A). Ip is the
MG current ad py is the width of the flux .
compression conductors. The 2ffective resistance
gradient ;p of the MPOG {see sppendix B) is then
evaluated as a function of time and carrent,

Ry g o2ty o
P

The equivalent MPCG resistance tera for both
condoctors in tie equivalent circuit is

R = Zlu(zo -2y . {10)

where zg is the initial length of the generator apd
z i5 the leagth of MPCG which has beep imploded.

The terms for the MPCG inductance are somewhat
more complex. As the BE burps, the overall lsngthk of
the MICG circnit diminisbes and thereby the
resistance and inductance in the circuit become
smaller. The high currents, on the other hand, force
the generator conductors apart. The Lo Alsmos design
uses a steel bar to inertially confine the generator
during operation; however, at high current levels the
rails of the MPCG mowe apart resulting in an increase
in the inductance. Appendix C describes the technique
used to calenlate the time-varying inductance gradient
Lyy f£rom which the WG inkictance Ly is
calculated, wvhere

Lr = bplzg-2) . a1
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rig. 5. Complete equivalent circuit of MPCG-powered
tailgma.

COMPUTER, SQLUTION

When the railgm section and the MPOG section are
combined as shown in Fig. 5§, citcuit eguations can be
written for tbe various portions of circsit eperation,
i.e., after 5 is closed and befare S, is closed,
etc. The capacitor bank charge voltage is used as an
initial condition for the start of the mimulation.
¥hen 5; is closed, the bank is comnected to the MPCG
and the railgun fuse shunt. The wodel integrates the
energy dissipated in the fuse to determine the tise of
wnporization. We evalvate the enrrent by using
Rirchoff's law to calculate the derivative of the
curzent circulating in each electrical loop and then
incrementally change the current vith each iteration.
Once each iteration of I(t) is found, we then use this
value to compute a new set of valves for dI/dt, etc.
The MAGRAC code keeps account of the various regions
of operation to select the proper expresszions for the
computation of the circuit currents.

As the MAGRIC code computes the MPOC and railqgun
currents at each time step, the rajlgun current is
used to calculate the Lorentz accelerating force on
the projectile. The projectile acceleration is
integrated once to compute the projectile welocity and
twice to deteraine the projectils potition. The
opdated current, velocity, and position values in turn
feed back into the evalpation of parameters used to
compute the nev value of dI/dt.

%o [llustrate the reaults obtained from the
MGCAAC code, representative cowpotations and
experinental measurements are shown in the next
section,

WMERTCAL RESULTS

The MMGEAC code bas been used to model several of
the joint LINL/Los Alamos railgun experiments
condocted at Los Alasos, and has also been used to
sodel the Australian National University bomopolar
generator-inductor railgun systes [2,3]. Table 1

Tahle 1. Sumsacy of resalts for the LINL/Los Alames Railgun Experiments {4} .

Exper iment

pt Y r n r- x n » 26-1
Accelerator length (m) a.9 8.9 p s | 1.3 1.8 1.8 1.8 .27
Acceleratr bore (m} 125 12.7 12,7 12.7 12.7 12.7 1.7 50
Projectile mans (9) 2.8 i 3.1 3.1 3.1 3.1 3.1 165
Baok capacitance (BE) L5 1.5 3. 3.0 3.6 3.8 3.¢ 3.0
Charge woltage (k¥) 9.5 16.2 1.5 15.1 15.2 16.1 1$.1 15.0
Isfitial enerqgy (W) @ 197 1% n a4 3 k. k)
Injtial current (kA) a5 ~458 “h ~440 (1] 625 625 (3}
Pesk currest [kA) 55 ~00 ~00 ~ N 565 1n ~3258 195
Lamch welocity (ke/s) 2.8 5.6 5.4 ~4.9 ~9.8 ~.1 ~Wm.1 .35




sumacizes these experiments. The diagnostics used in
these tests included pulsed x rays to observe the
projectile in flight; Mogowski coils to monitor the
railgun-MPCC currents; optical and inductiwe pickup
probes to detect the plamia arc passage along the
barrel of the railgus; and foil switches to detect the
arrival times of the projectile. These diagnoscics
provided measured benchiarks with which to evaluate
the nomerical MAGRAC model for several different
railgm conditions.

75-kJ short-Circuit Experiment

Shows first in Fig. 6 is the computed and
measured current generated by a MPCG into a
low-inductance short circuit. Using appropriate
initial conditions and an inductance gradient for the
MPCG of 0,46 UH/m, we foond that the model provided
good agreement with the experiment. (The inductance
gradient was chosen for best agreement with the
experiment.)

70-kJ/12.7-me-Rore Railgun Pxperiment

Figures 7(z) through 7(c)} show the computed
results for 2 railgan connected to the MPCG. This
case, wvhich corresponds to experiment 1A, is for a
low-energy (70-kJ)/low-velocity (2.8-km/s) lannch. In
this experiment, we again obtained good agreement
between cosputed and measured current and the
pulsed x-ray shadowgraph of the projectile in flight
provided a benchaark for determining model accuracy as
shown in Pig. 7{c}.

385-k3/50-me-Poce Mailgun Exerikent

Good confirmation of the model has also been
obtained for the large-bore 50-mm shot in which a
165-g projectile vas lamnched from a 0.3-m loog
railgun. Pigures 8(a), (b), and {c) show the measyred
and modeled current pulse, the predicted projectile
position vs tize, and the velocity vs positicn.
Again, the computed and meagared cutrent record
nmatched, and the shadowgraph record corresponded
reasonably closely with the calculated position vs
time. The slight shadowgraph-position missatch
results from a slightly higher compated wvelocity[Fig.
8(c})] accentuates by the long free-flight time.

395-kJ/12, 7-mm-Bore Rail iment

As a final example, ve include a comparison of
the measured and modeled results for one of the
hicb~energy (330 «J)/high-velocity laonches.

Yigures 9{a), (b), and (c) show the measured and
modeled current pulse, the predicted projectile
position vs time, and the velocity vs position for
experiment 2C. Although 2 good match for the measured
and calculated eurrent vs time was obtained,
particular sensitivity vas observed in the terms
containing the rail and flux generator widths, which
enter into tbe calculations for the resistive terams.
As discussed in a companion ptpez[(], shadowqraphs of
the projectile aftar laonch were not obtained in the
higt-enerqy/small-bore experiments; hence, the
position-va-time calcolation cannot be verified as for
the ahowe experiments.

l-alllllll]lrrlllﬁ_rlllll

14+

121

1.0

081

MFGCG current (MA)

0s|-

04}

- ———— Measured T
02 = — — Computed -]

' I S SN P P P I e

0 50 100 150 200 250 300 350 400 450 500 %50

Time ()

Pig. 6. Computed aad mestsred Bagaetic £l x
compressioa geserator cufrest isto a low-inductance
short circuit shows a8 2 fuactiom of tise. The

1.5 =f cepacitor bask wes initially chacged to 10 kv.



Projectile velocity (km/s)

3-0|llil_rll|||r—l'[—rl_f 20 —l_'T'jll'TTllll

B

=TT T T T T
055 —‘
050 -
045
040
035
030

0.5

MFCG-Railgun current {MA)

020

0.15

0.10

0051 -

] I Y N | 1
4] 100 200 300 400
Time (us)

rig. 7(a). Computed and measured current far
experiment 1A,

500

i
]
Projectile position {m)

.

=
o

U

05

GLI_L!_I_'J_II_IL]ILIII

0 01 03 s 0.7 09

Propctile position (m)
7ig. 7(b). Compated projectile welocity for M. 7(c). Cosputsd projectile position as a
etperineat 1. function of time for esperiment 1A.



18

= -
~ o

-
I

MFCG-Rallgun current {MA)
= —
1) o

e
&

04

02

0 1 I 1 I L I 1 l4l l L

0 00 200 300 400 500 600

Time (ss)

Pig. 8(a). Computed and measured current pulse into

S0~-mm-bore railgun vs time for experiment 50-1.

10—
09|
o8|
o7l
o5}
05}

(2] of

Prajectlle poslition (m)

03
02 //
/ Simutaed

oAl
/
obsatls Lo 1o 1 o | s Qb

0 04 08 12 16 20
Time (ms}

PFig. B(b). Cosputed projectile position as a

feaction of time for 58-mi-boce railgua with 165-¢

piojectile.

24 28 32

Projectiie velocity (m/s}

Measured ——
velocity
0 I | 1 1 e
0 005 0.10 0.15

Projectile pasition (m)

Fig. 8(c}. Cosputed projectile welocity vs
projectile position for experiment 50-1.



-
2 8 € &

2

[~

o
s

o
h

0.

MFCG-Raiigun current (MA)
o
n

L LI L LA L LI L2 LA T AL e 20 P LA W WL A LAY L WL NLA LN O
18- 3
15 -
7 14 »
Tl :
512 -
2T 1
g
H 10 i
3 E
A4 s 08~
g 1 )
[H] o '-
D4~ .
1 024 -1
[1} 0 1213 ‘LLlJ_[ PR R A Y
0 50 100 150 200 Z50 300 350 400 450 500 550
Time (ps)
fig. 9(a). Computed and measured current for Pig. 9(b). Computed projectile position as a
experiment 2C. function of time for experiment 2C.

Valocity {km/s}
- un o

W

SO A B R B

bbbl bty latedy]

0 02

Projectile pasition {m)

04 06 0B 10 12 14 15 18 20

Fig. 91c). Competed projectile welocity vs

projectile position for empeciment XC

.



CORCLDS IONS

The MACRIC model has provided valwmble insight
and data which have dfirectly benefited the design,
operation, and diagnostics of MPCG-railgon systems
used in the joint Los Alamos/LIMI research project.
The agresment between experiment and calculation that
was found for a wide variety of experisents has
established the usefulness of the MAGRAC model,
Further developsent of the MAGRAC code and the
performance of additional experiments will lead to an
even firmer foundation for future predictions of
railgun performance and potential.
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APPEDIY A. BQUIVALENT RESISTIVITY AS A
PUNCTION OF CUMRENT CONCENTRATION

The effect of a temperature-aependent resistivity
was determined in three steps. First, we
simultaneously solwed the magnetic diffusion and beat
transfer equations to determine the time-dependent
current and temperature distributions in a
semi-infinite conductor divided nto ssall zones.
Second, we used the currents and resistances of the
zones to calculate the enerdy dissipated and the
effective resistance as a fuaction of time. Third, we
calculated the equivalent resistivity which turned out
to be a lintar function of curreat concentratiom.

Kore[S]calculated the distributed, time dependent
teqnntnte_'tiu and resistance of the rails as
follows.

The current density j in the rails is given by
(1)

i= s .
vhere ¥ is the magmetic field, and y is the
semj-infinite dimension notmal to the rail surface.
Becavse the Jdimensions of the rails ace large compared
to the current penetration depth, one-dimensional
analysis is adequate.
The diffusion of W into the conductor it givem by

2343 -

x_a [ ), (uf
e E-563) ) - o
where J is the permeability, p is the resistivity,
C'ht.hl,ciﬂchnt,kilththt-l
conductivity, T is the tsmpecature, D is the maas
demsity of the rail msterial, ssd t is the tise.

The alectrical resis:zivity is asewmed to be
described by

pPrpgtar,

vhere py is the initial resistivity and a is the
temperature coefficient.

(1) throvsh (A-f) are solved as implicit
£inite-difference equations, producing the temperature
profile and resistance of the rails as functions of
time, rail dimensions, and total current. Figures
A-1, A-2 and A-3 are typical sets of current,
tmperature, and resistivity profiles as functions of
tice, respectively.

Next, the energy En dissipated in each zone was
calculated fram

!‘n-fInzlndt .

chere In and Wp are the current and resistance of the
nth zooe. The total energy 2y dissipated in all the
10es, was equated to the dissipation in an equivalent
resistance Req, i.e.,

(A-5)

ByYmz [ mga , (A-6)
where I iz the total current. The equivalent
resistance was then used to find ar equivalent
resistivity pug- The equivalent resistivity of
several current concentrations (current per mniz rail
width) were calculated in this maanur. It was found
that the equivalent resistivity p,q varied

lin:arly with the current concentrition, Ieading to
the simple relation

e o)
where pg is the initial zesistivity, 8 is the
cucrest concentration dependent component of
renistivity, and p is the rail width (see Pig. A-4).
The form of {A-7) was used to calcnlate the effective
resistivity of the WPCG {8) and the railgun (i)
condactors.

Normalized current concentration (MA/cm)

] 1 2
Depth {me2)

tig. 2-1. mormalised currest diffesion vs depth in
cogper for a cerrest coacestratica of 8.5 W/cm.
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Fig. A-2, Tespersture vs depth in copper for a
curtent conceatraticn of 0.5 MA/cm.

Deptt {mm}

rig. A2, Mesistivity vs depth in copper for a
currest concestiatiom of §.5 W/cm.
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APFENDIX B. DRRIWATION OF RESISTANCE OF
NG NID BATLCIM COMDUCTORS

e

The currest diffuses into the MG conductors
mifornly along its length. The effective resistance
R par meit leagth 1 of each of the MPCG comdwctors
is given by

P,
r_. >
150t o1

whaze R)p is the MFCC resistamce gradiemt, pp ix
the resistivity of the MPOG conductors, py i the
wideh of the coaductocs, aad § is the skin dupth of
the diffused correst at time t.



ey
5= ";“"— r

(8-2)
where 11 is the permeability of the conductors.
Combining {8-1} and (B-2) we have,

2
('“‘")”
(8-3}

K )
Railgun

Unlike the MPCG, the time that the current has
had to diffuse into the rails is pot wniform, but is a
function of the time at each point along the rails
that has passed since the projectile armature hag
passed that point (see Fig. B-1). Assume the total
current I behind the projectile is constant, then the
position X of the armature (assumed to have zero
thickness) is given by

1 2_1.2
!-zfadt ?t .

vhere a and m are the acceleration and mass of the
projectile, respectively. The skin depth, &(x), at
point x, along each rail iz given by

{B-4)

12
S = (Mt_(-_)) =5
(L

where At is the time since the time t(x) of the
passage of the armature at point x.
From By. (B-4},

x = hrm? (3-6)
we have

1/2
1

st-tm = (3) (72 - ) -7

Hence,
2wz (2 an 1/2]
s = [2 32 (2 - ) 2], ew

A short elesent dx of resistance R{(x} at the point x is

R(x) ’B% , {5-8)

where p is the width of the rails.
R of each rail is then

The total resistance

x x
l-_nrl(x)dx-{;% a9
Substituting (B-8) into (B-10) we get
R= f _ __pix o @)
STz
12, /Ay 3
o I -
e average resistamce gradiemt 3y is
12 4 A
N

ko

]
&(x}
1

F—x—f

|
-

Bepresentation of current 3iffusion into
The

— X

rig, B1.
a rail behind an accelerating projectile,
current diffusion is shown in term= of the
equivalent skin deptb.

8 (mp)2
'35(2&

(Bote that (B-14) compared to the miform diffusion
case of (B-3) indicates a resistance increase by a
factor of 8/3.)

The preceding result is for constant current
resulting in comstant acceleration. In the case of
noncoustant current, the rate of change of current is
usmally slow resembling a quasi-constant current.
Furthermore, the majority of the resistance is in the
region close behind the projectile because the current
has had less time to diffuse into the rails in that
region. This further lessens the effect of time
vaclation of current on the resistance. Hence, (B-14)
iz a reasonahls approximation of the resistance for
most of the rajlgons we have modeled.

(B-14)

AFFPENDIX C. TIME-DEPEMDENT MPCG INDUCTANCE GRADIFNT

he intense currents in the MPOG railgun system
generate intense magnetic fields which together exert
strong forces on all the current catriers (the samse
farces that accelerate the projectile). These forces
deive the inertially but sot rigidly confined MPCG
conductors apart. The increased spacing of the
conductors leads to an increase in indoctance gradient
which influences tbe overall system operation.

The force F per wmit length z deiving the MICG
condoctors apact s [6]

'l
Zpr

)|

where Wy aad By are the sepacation acd width of
the MNCG conductors. The inductance aradizat Lyp of
the WFCC conductor pait ~am be approximated by

Lip = Wz w 0794 'l(q/pr)l.n]]

The form of (C-1) is takes from Mef.[7]and normelized
to the measured isductance of the MPCG. It is 2 close
£it for wp/pp ratios from its jmftial welue of 1
to more thm its expeaded valwe of abost 2,

The complets time- aad curremt-depeadent
pecformance of the MG i modeled with (C-1) and
{C-2) and the appropriste derivatives.

Py

»{C-1)

_-'!'h

c-2)
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