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Surrunary 

A description of a pulse generator based on 
inductive storage energized by a self-excited homo­
polar generator (HPG) is presented. The proposed 
system uses separate inductors for energy storage and 
HPG excitation field. Parallel connection at the low­
impedance HPG provides voltage isolation of the 
inductors and yet preserves mechanical-to-electrical 
conversion efficiency over a wide range of currents. 
At given stored energy, output current and voltage 
are determined by altering storage inductance and 
switch selection. To determine the maximum current 
output of given HPG design, experiments have been done 
to determine the current density capability of brush 
contacts at rotor rim speeds as high as 475 m/s. 

Introduction 

Inertial and inductive systems are capable of 
storing energy with a high energy density. With 
proper design they can be used for storage of very 
large energy levels within a reasonable size and 
therefore permit economical construction of large 
pulse power facilities. A pulsed power systeml built 
at the Naval Research Laboratory uses inductive energy 
storage energized by a self-excited homopolar generator 
(HPG) with the primary inertial energy stored in the 

HPG rotors. The storage inductor has been energized 
with currents of up to 60 kA. However the voltage 
across it has been limited to 200 kV due to insulation. 
Accordingly power output from inductive storage is 
limited to 1010 Watts. 

For many areas of interest higher power output 
is needed from the inductive storage system. It is 
thus desirable to operate the inductor with much 
greater voltages across it and to be able to energize 
it from the HPG with greater current output. One 
approach for modifying the NRL system for higher­
voltage and higher power output was studied earlier. 2 

That study concluded that the coil could be energized 
at 200 kA and insulated to permit output at a 1-MV 
level. However, it involved reconfiguration of the 
inertial storage system to operate inside a high-volt­
age, liquid-dielectric insulated coil. In this paper 
we explore an alternative circuit concept which re­
quires an additional energy storage inductor connected 
to the HPG output in parallel with the excitation in­
ductor. This approach requires no major modification 
of the excitation coil or relocation of the inertial 
storage. Furthermore, analysis of moving contact 
brush performance indicates that, due to the nature 
of the limit on current, this modification may be 
implemented without an increase in brush area. 

Parallel Storage Concept 

If a self-excited HPG has two separate inductors 
electrically connected in parallel to the rotating 
wheel voltage source, one can be used to provide the 
exciting field and the other can be used as energy 
storage for a pulsed power device. A representation 
of the electrical circuit of such a self-excited HPG 
is shown in Fig. 1. The series connected pair of 
counter-rotating disc generators supplies current to 
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both the excitation coil and storage coil. The 
excitation coil, represented schematically by the 
inductors at the top of the figure, is wrapped as a 
helix coaxial with the wheels, and provides a mutual 
inductance coupling between it and the disc generator 
The storage coil is arranged to have minimal mutual 
coupling with the disc generator. 

The HPG voltage is the product of wheel speed, 
v , and the flux through the wheel circuit. This 
flux is Mi 1 where M is the mutual inductance between 
the excitation coil and the wheel circuit. As shown 
in Fig. 1, this voltage is applied across both the 
excitation coil circuit (with inductance L1 and 

excitation 
inductor 

Fig. 1. Schematic circuit of self-excited HPG with 
parallel energy-storage inductor. 

resistance R1 ) and the storage coil circuit (with 
inductance L2 and resistance R2 ). The voltage 
equations are: 

(1) 

(2) 

The torque decelerating the HPG wheels is dependent 
on the total wheel current, i

1 
+ i

2 
, so the torque 

equation is: 

2rri (dv/ dt) (3) 

where I is the moment of inertia of the wheels, 
In one case, where the time-constants of excita 

tion and storage circuits are equal, the currents are 
simply related, This can be seen by writing the 
right-hand sides of (1) and (2) as: 
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, then the above equation implies 

L
1

i
1 

= L
2

i
2 

In this case i
2 

can be eliminated 

from (3) and the torque written as: 

2ni(dV/dt) (4) 

If in addition, the voltage equation (1) is rewritten 
as 

(5) 

then inductor currents and energies can be determined 
by a method similar to that used by Knoepfel3 in his 
treatment of the self-excited HPG. First, Eq. (4) 
is multiplied by 2n(v-R1/M) and Eq. (5) is multiplied 

by a factor (1 + L
1
/1

2
)i

1 
, then the two resulting 

equations are added and easily integrated to give a 
constant of the motion: 

This constant may be evaluated at the time of peak 
excitation current, i 1 = i lm. This occurs when 

di1/dt = 0 or, from Eq, (5), when v = R1/M. Then, 

the constant of the motion is: 

It may also be evaluated at the start of the discharge 
when wheel speed is v

0 
and currents are nearly zero, 

so that 

c 

By equating these two expressions for C we can 
determine the peak magnetic energy transferred to 
the excitation coil, w

1 
= L

1
i2

1
m/2 Since the 

initial mechanical energy stored in the wheels is 
W = 2n2 Iv2 the result can be written in terms of 

0 0 ' 

efficiency of energy transfer to the excitation 
coil 

The relation between the two currents, L2i 2 
also implies w

2 
= w

1 
(L

1
/1

2
) and 
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The analysis of this particular case, indicates 
that when L2 << L

1 
essentially all of the energy 

transferred from inertial to inductive storage goes 
into the storage coil. Further, this energy is 
independent of the value of 1

2 
(as long as that is 

small), so the output current level can be adjusted 
by selection of L

2 
, 

To consider cases other than those with equal 
time constants for both storage and excitation 
inductors, Equations (1), (2) and (3) can be inte­
grated numerically to provide time-dependent currents 
and flywheel speed for specific generator parameters. 
With numerical analysis the equations can also be 
modified to include terms for brush voltage drops 
friction and other coupling. These more refined 
considerations will not alter the fact that a major 
portion of the energy is transferable at high current 
to a parallel storage inductor. 

2-MJ, Parallel Inductive Store 

By applying this parallel storage concept, a 
high-voltage energy storage capability can be added 
to the existing NRL HPG facility. Further analysis 
of this specific system shows that currents of 
200 kA should be obtainable from the HPG. 

Magnetic Energy 

In the circuit shown in Fig, 1 both the storage 
current and the excitation current pass through the 
axle brushes. The resulting brush voltage drop, 
neglected in the prior analysis, is common to both 
circuits. Due to this interaction, a large storage 
inductor current will reduce the voltage applied to 
the excitation circuit. In the NRL generator the 
rim brushes for each wheel are all connected in 
parallel to a collector ring. Now the simplest way 
to add an auxilliary storage inductor is to connect 
it to the two rings. If this is done, then the 
resistances of both axle and rim brushes are common 
to both circuits. The series resistance value for 
all four brush sets is estimated to be 40 ~ 0 . A 
numerical analysis has been done using that value 
of common resistance and the other circuit parameters 
given in Table 1. Currents and energies were 

Table 1: Self-Excited HPG Parameters 

I 

Ll 

M 

Rl 

v 
0 

ilO= 

5.94 

1.4 

18.8 

2.06 

260 

1 

2 
kg-m 

mH 

f.!H 

mfl 

Hz 

kA 

calculated corresponding to various values of L2 
assuming L2/R

2 
= 1 s . Fig. 2 shows the resulting 

magnetic energy stored in the inductor L
2 

as a 

function of the value selected for L
2 

. 
largest values shown are comparable to 
citer inductance (L

1
) and the energy is 

The 
the ex­
about 

equally divided between the two circuits. 
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Fig . 2. Energy transferred to inductive storage 

from NRL HPG operating at 260 Hz . 

2.0 

Decreasing values of L
2 

result in greater ene rgy in 

the storage coil. The storage energy is greater than 

2 M,J over a range from 63 kA at l. 0 mH to 200 kA a t 

0.1 mH. The sharp reduction in energy transfer 

efficiency for smal ler induct ances is a result of the 

brush resistance. Thi s sensitivity to brush resis­

tance indicates a need for accurate measurement of 

brush voltage drops i f this generator is to be used 

with storage inductors of 0 .1 mH or l ess. 

HPG CUrrent Limit 

The high-speed current collectors at the flywheel 

rims are al l-metal fib e r brushes similar to t hose 

first described by Reichner,4 and are being developed 

with his col laboration . Their c urrent carrying capa­

bility was explored by operating the HPG with half of 

its normal brush complement to double the current pe r 

brush. For these tests each of the eighteen brushes 

on a wheel had about 4000 wires with diameters of 

either 0.005 in. or 0.006 in. Operation at a flywhe el 

speed of 220 Hz (400 m/s) and 45 kA revealed a high­

current limit wh ere the s maller diameter wi res , 

unable to withstand the magnetic fo rces , were bent 

backward as shown in Fig. 3. With a full comp lement 

of brushes this limiting current is increase d to 64 kA 

corresponding to a flywheel speed of 270 Hz. (This 

is slightly greater than the speed used in the calcu­

lations for Fi g . 2) . 
In considering the parallel inductor concept, 

it is signi ficant that the current limit for rim 

brushes is due to magnetic force s, rather than due 

to contact surface melting. The magne tic force per 

unit length on an individual wire is the product of 

flux density (proportional to i 1 ) and the current 

(p roportional to i
1 

+ i
2
). In the case considered 

earlier where the two circuits have equal time­

constants , it can be shown from the energy equations 

that i
1 

(i
1 

+ i
2

J is independent of the current 

division and depe ndent o nly on the energy l evel of 

operation. An increase in current per brush is 

compensated by a decrease in magnetic field so the 

rim brushes may be operated a t higher currents with 

the parallel configuration without increasing thei r 

area . A modest area increase of a factor of two 
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Fig . 3 . Side view o f 35 mm long, metal-fiber rim 

brushes after yielding at magnetic limit. 

All fibers are i nitially inclined like those 

on far ri ght of each brush. 

would not be a major modification in any case. 

The solid, copper-graphite axle brushes are 

operated at a current density of 7 MA/m2 at 50 kA. 

At a current of 200 kA the current dens ity would be 

pushed to 30 MA/m2 . Although this is a factor of 

two greater than what is customarily used i n the 

design of pulsed machines,5,6 it is much les s than 

values reported for smaller area brushes. 7 If 

experience proves that this current density is a 

problem, the wide axle brushes can be divided into 

narrowe r segments. 

Coil Design 

The numerical analysis which led to Fig. 2 

indicates that the greatest practical current obtain­

able from the HPG is 200 kA . A separate energy 

storage inductor has been designed for operation by 

the HPG at this leve l. It will be constructed of 1.75 

turn segments joine d by large-area contacts as shm~n 

in Fig . 4. Seven of these series segments will 

Fig. 4. Segment of 1-m diameter energy storage 

inductor constructed of 51 mm x 152 mm 

copper with 38 mm insulation gap between 

turns . 



provide an inductance of 100 ~H , The tie rods shown 
in the figure are needed to restrain the shear result­
ing from an expansive force 1.5 x 105 N/m on each 
turn at 200 kA. 

To permit high-voltage operation the entire coil 
and its series switch will be placed underwater, The 
turns are separated by lucite since a clean lucite­
water interface does not degrade the dielectric 
strength of water. The inter-turn spacing of 38 mm 
provides an overall dielectric length of 0.4 m. If 
operated at 1 MV, the average electric field will 
be 25 kV/cm, well below the breakdown field for water 
at 10 ~s. The real limit to operating voltage is 
expected to be set by how well air bubbles can be 
removed from the interfaces, 

Conclusion 

Theoretical analysis of the parallel circuit 
concept and its application to the specific case of 
the NRL self-excited HPG show that a low-inductance 
storage coil can be energized with currents higher 
than those presently available. Separation of the 
energy storage and excitation functions permits 
the storage coil to be designed to operate at a 
much higher voltage. Taken together these advantages 
contribute greatly to upgrading the power output 
from the inductive storage system, 

The absence of high-voltage interaction between 
inductive store and HPG excitation coil presents a 
possibility for future improvements in the HPG, If 
exciter coil dimensions are reduced to provide better 
coupling with the flywheels, then the resulting 
reduction of critical speed (R

1
/M) will improve 

energy transfer efficiency, In addition, strategic 
gaps may be placed in the coil to permit easier 
maintenance of the inertial energy storage units. 

The considerations just mentioned could also 
be applied to the design of even larger HPG powered 
inductive storage systems. Clearly a great advantage 
of the parallel circuit concept is that the HPG 
places virtually no limit on the design voltage 
level for the inductive storage output pulse, 
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