UCRL.-16384

University of California

Ernest O. Lawrence
Radiation Laboratory

MAGNET SYSTEMS - POWER SUPPLIES - COST OPTIMIZATION

=

\

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
s For a personal retention copy, call

Tech. Info. Division, Ext. 5545

N

Berkeley, California



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Submitted to International Symposium on
Magnet Technology, Stanford, Sept. 8-10, 1965

UCRL-16384

UNIVERSITY OF CALIFORNIA

L.awrence Radiation Laboratory
Berkeley, California

AEC Contract No. W-7405-eng-48

MAGNET SYSTEMS - POWER SUPPLIES - COST OPTIMIZATION
Charles G. Dols

September 1, 1965




MAGNET SYSTEMS - POWER SUPPLIES - COST OPTIMIZATION®

Charles G. Dols

Lawrence Radiation Laboratory, University of California, Berkeley, California

Summary

As the number of auxiliary magnets for parti-
cle accelerators increases, it becomes increas-
ingly important that some of the designs be stand-
ardized. More attention will therefore be paid to
cost optimization of the standard magnet designs.
In this paper we present significant concepts and
elements that enter into such cost optimization.

A typical auxiliary-magnet system is first
described. Then the factors that enter into cost
optimization are discussed, with some examples
given. These factors include power duty factors;
incremental costs; and present value, including
interest rate and useful life. Finally an expres-
sion for optimum current density in magnet con-
ductors is derived.

Introduction

The coils of electromagnets used in auxiliary
magnet systems of particle accelerators have been
cooled by various methods: convection air, forced
air, oil or water’circulating over bare conductors
(separated by spaced insulators), air or water
flowing past fins imbedded in the coils, and water
flowing in hollow conductors. The electromagnets
are powered by storage batteries, motor-gener-
ator sets, and various rectifier power supplies in
which selenium rectifiers, silicon rectifiers,
vacuum-tube amplifiers, vacuum diodes,
thyratrons, magnetic amplifiers, and silicon con-
trolled rectifiers (SCR) are used.

Although many of the above elements continue

- to be used there is a trend toward the following

system of magnet and power supply:

In this system, iron-core magnets with
coils made of hollow water-cooled copper
conductors are powered by supplies in which
SCR's rectify and control ac power. See
Fig. 1.

While some users are finding it convenient to
assemble power supplies and auxiliary magnets
into a compact package, the L.awrence Radiation
Laboratory and other laboratories are exploiting
the flexibility of separate magnets and modular
supplies. Since auxiliary magnets frequently
operate at less than design power, it is often de-
sirable that a '"large' magnet be powered from a
"small" supply. Under such conditions the use of
SCR supplies becomes advantageous; they are
readily adaptable to operation in multiple--in
series, in parallel, or in series—e,arallel.

When power supplies are located at some dis-
tance from the magnets, they are typically con-
nected to the magnets with flexible cables. These

cables may be made up of AWG 4/0 or 500000 CM
conductors with as many conductors in parallel as
are required for the magnitude of current. The
cable between a magnet and its power supply is
usually about 100 feet long.

Comments on Magnet Design

Shape of Magnet

Auxiliary magnets for particle accelerators
are often mounted in shielding walls, which are
usually built up of rectangular concrete prisms.
Unless the magnets have rectangular cross sec-
tions, it is difficult to seal them into the walls.
Although magnetic-field considerations permit
cutting off the corners of some magnets, it is
seldom advisable to do so.

Impedance of Coils

The design of hollow-conductor water-cooled
coils is strongly influenced by the following: A
coil design with an electrical impedance high
enough to keep the connecting-bus currents con-
veniently low tends to have an impracticably high
predicted hydraulic impedance. Thus, in general,
coil conductors are connected electrically in
series and hydraulically in parallel. However, an
inconveniently large number of parallel hydraulic
paths are often required in order to achieve an
"ideal' electrical impedance.

At present, difficulties in the hydraulic design
of water -cooled coils are partly responsible for
our having an unusually wide assortment of power-
supply voltage and current ratings. Although the
impedance levels of SCR-controlled power supplies
are quite flexible, it will be very advantageous to
standardize some power-supply voltage and power
ratings.

Cost Optimization

Problems in engineering economy frequently
reduce to minimizing the total of construction
costs and capitalized operating costs, i.e., the
present value of the operating cost. The signifi-
cant operating cost of conventional magnet systems
is the cost of the electric power consumed during
the life of the magnets.

The present value of the electric-power cost
for a magnet is a function of its full-load power
consumption, the duty factor, the predicted useful
life, and the "cost of money,' i.e., the rate of
interest.

Costs other than the present value of the
electric-power consumption of the magnet during
its entire life also vary with its power rating.
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The addition of each new magnet increases
the burdens on existing power supplies, cables,
and water-cooling systems. In general, the cost-
optimization study for a new magnet design should
include allocated costs of the power and cooling
system. These costs should be included even
though no new system capacity is needed. Al-
though some magnets require a one-to-one corre-
spondence between the rating of magnet load and
the rating of their power and cooling systems,
in large laboratories where many of several types
of general-purpose magnets are used, only a
fraction of the load rating of each new magnet
should be used in allocating costs of the power and
cooling system.

Table I is a very rough summary of power
and cooling requirements reflecting current
experience at the BNL AGS, the LRL Bevatron,
and the LRL 184-inch synchrotron. It gives ap-
proximate percentages of magnet ratings required
for power and cooling.

Power Duty Factor

Of all the general-purpose magnets (e.g.,
bending and quadrupole) owned by a laboratory,
some fraction, f{;, will be in position for an
experiment and connected to power supplies. Of
these, some fraction, fe, will be energized. The
average currents will be f. times the rated cur-
rents. Because power varies as the square of the
current, the power duty factor, £ e’ of the ener-
gized magnets is fpe = (ff f.)°, when f_ is the
ratio of rms current fractions to the average
current fraction. When statistics of power con-
sumption are available, the power duty, f ., is
taken as the average fractional power of tge ener-
gized magnets; thus the problem of estimating f
is avoided. If all magnets are de-energized a
significant fraction of the time, the factor f,,
could conveniently correspond to averages dFt)Jring
operation only. Then the factor, f., defined as
the ratio of active time to total time, should be
used.

Table I. Examples of power and cooling
requirements.

Power supplies
Total load capacity 50% of the total dissipa-
tion ratings of all

magnets
Power supplies in
service 90% of all power supplies
Average load 60% of the total rating of
the connected
supplies

Cooling system
Capacity required 40% of the total dissipa-
tion ratings of all
magnets

The power duty factor for all magnets is
f =f £ £ f .
P 1'e pe 't

Table II gives some approximate magnitudes of
duty factors, summarizing experience at LRL and
BNL.

Table II. Examples of magnet duty factors.

Duty Factor Symbol Percentage
Average fraction fi 60% of all
installed magnets
Average fraction f, 60% of those in-
under power stalled
Average current £, 60% of magnet
ratings
Average power f e 45% of the total
p of the dissipa-
tion ratings of
the energized
magnets
Fraction of operating
time over which the
above factors are
averaged ft 100%
Power duty factor fp 16% of the total of

the dissipation
ratings of all
magnets

Useful Life

In the planning of the design and construction
of magnets, some assumption about the length of
time the magnets will be useful is implied. Al-
though the lifetime of laboratories is measured in
decades (at least), the expected lifetime of magnet
designs is significantly less. Magnets become
obsolescent and obsolete because the requirements
of experimenters change and because technology
advances. A useful life of about 15 years seems
reasonable.

Interest Rate .

Interest rate varies with the risk associated
with the use of money. Since investment in high-
ways, for example, is considered a low-risk
venture, the cost of money for highways is low.
Highways have been essential to civilization for
centuries; neither substitutes for them nor dra-
matic cost reductions are probable.

In contrast, the allocation of money for
general-purpose magnets for a high-energy physics
laboratory is a medium-risk investment. The
magnets may not actually be used as much as was
expected when construction was planned; the coils
may be damaged -- by electrical, mechanical or
radiation accidents; design or fabrication errors
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may contribute to early failures; or a direct sub-
stitution of a more economical device, such as a
superconducting magnet, may occur before the
end of the magnet's estimated useful life. Be-
cause of these risks, an interest rate of about 8%
seems appropriate.

Present Value

When the rate of interest is 8%, $8.56 will
purchase an annuity of $1.00 for 15 years. Thus
with interest at 8%, the present value of 15 years
of operating cost is determined by multiplying the
yearly cost by 8.56.

Incremental Costs

As the size of a magnet or the size of (for

example) the core or the coil increases, the corre-

sponding cost increases in the manner illustrated
in Fig. 2. A curved band is shown to suggest the
uncertainties in cost estimations, the fluctuations
of cost with time, and the discrete jumps in cost
that correspond to (necessary) discrete changes
in design. The actual cost function is well repre-
sented, as shown in the figure, by approximating
it as the sum of a fixed cost plus the product of
an incremental cost and a size number (usually
weight).

It is important to distinguish between average
costs and incremental costs because (a) there is
usually a significant difference in magnitude
(incremental costs are often about two thirds of
the average) and (b) the relative magnitudes of
incremental costs determine the design balance

for minimum overall cost.

Table III lists some examples of incremental
costs that were derived from experience at LRL.

Table III. Some approximate incremental costs.

200-kW SCR-controlled power supplies $50/kW

18 by 36-in. bending magnet, 8 in. gap

Core of solid iron $0.40/1b
Coils of hollow copper conductors $3.00/1b
Total weight . 26 tons

8 in. i.d. by 30 in. long quadrupole
Core of laminated iron $0.85/1b
Coils of hollow copper conductors $2.00/1b .
Total weight 4 tons

Optimum Current Density

The designs of some magnets (septum, for
example) are strongly influenced by requirements
for fitting the magnet and/or the conductors in a
small space. Such magnets may operate econom-
ically at very high current densities in the con-
ductors. However, the need for small size does

not dominate the design of most magnets. Itis
of interest, therefore, to examine the influence
of other factors on the magnitude of economical
current density.

The costs of producing a magnetic field for n
years include:

Installed cost of the magnet iron, Cj;

Installed cost of the magnet conductor, C_;

Installed cost of the power supply and
switch gear (including building space) Cps;

Installed cost of the cooling system, Cy;

Capitalized cost of energy, C,, (the present
value of the energy for n years of oper-
ation);

and Capitalized maintenance cost of the power

supply and cooling system, C,,.

The total of these costs, Ct’ is then
cC.=C.+C +C +C +C +C_.
t i c ps h e m

The last four terms can be approximated as a
simple function of the magnet power, P. Call
the combination, Cp’ the cost of power:

C =C _+C_ +C +C_.
p ps h e m

Cost Cp is approximated in terms of incremental
costs as

aC BCh
C,-KyH\sp taptm oD

where K is a constant.

BCe 3Cm 8Cp
P= K1 +_TP-P’

The cost of the iron plus the conductor is
(similarly) approximated as

bw, 9C, 9C,
Ci+C. =Ky 5W_ IW, + W W

where W; and W are the total weight of the iron
and the conductor, respectively. The terms
8C;/3W; and 8C./dW_ represent the incremental
unit costs of the iron and of the conductor.

The iron cost varies with conductor weight
because a larger coil requires a longer flux-
return path through the iron. The factor
3Wi/3Wc, which is a measure of the magnitude
of this effect, is the ratio between the weight of
iron required to allow for an increase in coil
size and the corresponding increase in conductor
weight. The factor 8W;/3W_ can be estimated
to a useful precision from the dimensions of a
very rough design for a particular magnet. Its
magnitude should, of course, be checked and if
necessary revised as the magnet design is
refined.

Express the total incremental cost of the
conductor as
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aC oW, 9C. ocC
c i i c

t _
"avc'a‘w—csvi*avc-
Then
C,=C.,+C_+C
t 1 (ol P
ac_ . ac
K, + K, + msE P + oot W
17 %2t p W, e

2. 1% o N Lyt

P:IR:TﬂL

and W_=0 N Lmnt A, I= current in conductor
of cross section A, p = resistivity of conductor,
0 = density of conductor, N = number of turns in
magnet coil, L.+ = length of a mean turn of the
magnet coil.

2

PpNL, oC, aC_,
Cp=K, + Kyt —p 20 = Pyo NLpy Aot
[}
ac, 2 ’C, 8C_,
T2 PNL t5p *© NLmt_a_WC'
dc,

=& ° 0, when A = A (minimum cost).

optimum

fo(daCc /3w )
Then (}K) = BN L the optimum

opt p(acp/ap) current density.

For copper, 0 = 161)(10_6 tons/cu in.

o= 0.826X107°

ohm-inch at 75° C.

With I/A in amperes per square inch

3CC/3WC in dollars per ton, and 9C_ /9P in dollars
per kW, the optimum current densit% for copper

is
5C /o
&y =42’V Cet/ oW, (copper)
A 3C /9P :

opt P

The corresponding expression for aluminum
of 61% conductivity is

1 V aCct/awc
(z)opt = 311 EC_p75?_ (aluminum).

The magnitude of economical current density
will be relatively large when power cost and duty
factor are low and when the incremental costs of
magnet steel and conductors are high. Table IV
lists two sets of parameters for magnet systems.
The corresponding magnitudes of optimum current
densities span most auxiliary-magnet applications.

Table IV. Two examples of economically
optimum current density.

Cost of electrical power (c/kWh) 0.5 1.5
Power duty factor, fp (numeric) 0.07 0.7
Incremental cost of

power supply, ‘?T%& (3/kwW) 30 60
Incre.mental cost of

cooling system, g% ($/kW) 40 40

Relative capacity of P. S,
and cooling systems (per
unit of magnet full rated

load) 0.4 1.0
Incremental copper cost,

8C¢

W ($/1b) 3.00  2.00
Incremental steel cost,

g%@ ($/1b) 0.85  0.40
. 1 .
Steel weight increment

OwW; .

B (per unit of copper

€ weight increment) 4.0 4.0

Interest rate (%) 8 8
Useful life, n (yr) 15 15
Optimum current 2

density (A/in.”) 6800 1250

As the number of auxiliary magnets in use
increases, more attention will be paid to economic
factors in their construction and operation. As
experience in magnet applications accumulates,
better economic data will become available.

Some types and sizes of magnets will become
standardized. Very probably some of the standard
designs will provide the same field strength and
gap dimensions in two different designs -- one
operating at a relatively high current density, and
the other at a significantly lower current density.
An example of this pattern exists in the so called
"low -power quads'' and "high-power quads' in

use at the LRL Bevatron. The Bevatron also has
low - and high-power bending magnets.
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