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Abstract—A counterpulse technique for the comtrolled
interruption of very high currents in inductive storage pulsed
power systems is described and analysed, and some simulation
results of its performance are presented. The accompanying
circuit comprises a pre-charged capacitor bank, connected in
series with the inductive load, which has to be provided with a
current pulse. Upon actuation, a resonant counterpulse current
is created in the opening switch, connected in parallel with the
current source and the load. In this way, the opening switch is
opened at low current. A separate closing switch prevents
closing of the opening switch at high voltage. Operation of the
opening switch, often a mechanical switch, at low current and
low voltage prevents arc erosion of the contacts.

The advantage of this circuit compared to other counterpulse
circuits is that the capacitor bank does not experience a voltage
reversal. Electrolytic capacitors, which have a high energy den-
sity, are applied. The remaining energy of the capacitor bank
after opening the opening switch, is transferred to the load. The
required initial voltage of the capacitor bank is only a few hun-
dred volts, whereas it may be above a kilovolt in other circuits.

Another advantage of the method described here is that the
load does not experience a pre-current, causing unwanted pre-
heating of the load, before the resonant current is activated.

At the moment, work is being performed at the Pulse Physics
Laboratory to develop the resonant series counterpulse circuit
for use with rail accelerators, which must be supplied with
current pulses in the millisecond range up to the mega-ampere
level.

1. INTRODUCTION

High current opening switches are used in pulsed power
systems where magnetic energy stored in an inductor must be
transferred to a load in the form of current pulses of short
duration and high amplitude [1]-[4]. An electrical energy
source, consisting of a homopolar generator and a storage
inductor, is shorted by an opening switch and the source
current is flowing through the switch. The load is connected
in parallel to the switch, as shown in Fig. 1. Opening and
closing the switch forces a current pulse to flow through the
load. The load is usually inductive, for example: rail
accelerators, free electron lasers, particle accelerators, coils
for high pulsed magnetic fields.

At the Pulse Physics Laboratory, an electromechanical high
current opening switch [5] is applied to commutate current to
a rail accelerator. The energy source consists of a compact
pulsed homopolar generator with a storage inductor in series
[6]. The kinetic energy of rotation of the homopolar generator
is stored as magnetic energy in the inductor. The
requirements for the high current opening switch are very
severe. It must be able to conduct currents up to the mega-
ampere level for several tenths of a second, open within a

Manuscript received April 14, 1994.
E. van Dijk, e-mail evdijk@et.tudelft.nl,
782968; P. van Gelder,
This work is funded by

one +31-15-697018, fax +31-15-
one +31-15-697015, fax +31-15-621268.
O Defence Research, the Netherlands.

millisecond, remain open for a few milliseconds and
withstand a voltage of a few kilovolts, and close again. This
cycle has to be performed at a repetition rate up to 10 Hz for
the application with a rail accelerator load.

At this moment, explosive switches and mechanical
switches are mainly used to interrupt very high currents [7],
[8]. In explosive switches, explosives are used to break the
conductor and to force the current into the load. After
operation, the switch must be replaced. For operational
purposes, it is obvious that explosive switches offer hardly
any possibility for repetitive switching [9], [10].

Mechanical switches are the only type of switches able 10
conduct mega-ampere currents for a relative long period of
time, as their resistance is a few micro-ohms and they have a
high [i2dt-capability. However, opening a mechanical switch
will cause an arc to occur between the contacts, which will
dissipate a lot of energy and may damage the contacts. After a
few cycles of operation, the contacts must be refurbished or
replaced. To overcome this problem a counterpulse technique
is applied. A counterpulse current, opposing the inductor
current, is created in the opening switch. The net current flow
through the switch will decrease and as soon as it reaches
zero, the switch is opened, without any damage 1o the
contacts.

There are different ways to create a counterpulse current in
the opening switch: capacitively and inductively. In the
capacitive way, the counterpulse current is created by
discharging a capacitor bank via the opening switch. The
inductive way uses a pulse transformer to inject the
counterpulse current into the circuit [11].

Many different counterpulse circuits, utilizing a capacitor,
have been studied [12]-[14]. In all these circuits, the capacitor
experiences a voltage reversal during the counterpulse
process. The capacitor has a high capacitance (up to several
Farads) and is initially charged to a voltage of a few hundred
volts up to a kilovolt. In circuits where the capacitor is in
parallel to the opening switch and the load, the voltage may
even become higher because of a high load voltage. All this
means that the counterpulse capacitor bank is very big in
mass and volume.

The resonant series counterpulse circuit described in this
paper, utilizes the capacitor bank in such a way that there is
no voltage reversal across the bank. This way, electrolytic ca-
pacitors can be used with the advantage of a relatively high
energy density of 500 J/kg at a voltage of about 450V,
resulting in a relatively small mass and volume. The required
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Fig. 1. Inductive storage pulsed power system with a high current opening
switch.
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Fig. 2. The resonant series counterpulse circuit in an inductive storage pulsed
power sysiem.
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initial voltage of the capacitor is only a few hundred volts.
This makes counterpulse circuits for very high currents
feasible to build.

Fig. 2 shows the generic resonant series counterpulse
circuit. It consists of a capacitor bank with parallel diodes and
a thyristor switch in series. This circuit is connected in series
with the inductive load. The capacitor bank is charged to a
specified voltage. The thyristor switch is open and blocking
the capacitor voltage. The source current flows through the
closed opening switch and there is no current through the
load. At a certain moment, the thyristor switch is closed,
leading to a resonance between the capacitor bank and the
inductance of both the load and the opening switch. This
resonant current flows through the load and the opening
switch, opposing the current from the source. With
appropriate values of the capacitance and voltage of the
capacitor bank, the current in the opening switch is reduced
to zero. At this moment, the opening switch is opened. The
full source current now flows through the load and the
capacitor, discharging it further. As the capacitor voltage
crosses zero, the diodes start to conduct and take over the
current. The capacitor voltage remains near zero.

A separate closing switch can be used to guarantee that the
opening switch doesn't close at a high voltage imposed by the
load, which causes arc erosion at the contacts of the opening

switch, The closing switch is closed just before the opening -

switch is closed. After the opening switch has been closed,
the capacitor bank is charged again and the circuit is ready for
the next cycle.

Another advantage of the circuit is that there is no pre-
current flowing through the load before the resonant current
is activated. Normally, this is the case because of the resistive
division of the source current between the opening switch and
the load, causing heating of the load. In the resonant series
counterpulse circuit, the thyristor switch prevents this.

At the moment, work is being performed at the Pulse
Physics Laboratory to develop the resonant series counter-
pulse circuit for currents up to the mega-ampere level.

II. ANALYSIS

The whole process of counterpulsing the source current
into the load and commutating it back to the opening switch
is divided into six stages:

Stage I: The source current is flowing through the closed
opening switch. If the closing switch had been closed
during the previous cycle, it can be opened. The
counterpulse capacitor bank is charged to a specified
initial voltage. ,

Stage II: The thyristor switch is closed and the counterpulse
is initiated. The load current, which is the counterpulse
current, increases and the current through the opening
switch decreases.

Stage I1I: The opening switch is opened at zero current. The
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load current equals the source current and the capacitor
bank is further discharged. Its energy is transferred to
the load.

Stage IV: The capacitor bank has been discharged and the
diodes are conducting the load current. -

Stage V: The closing switch is closed and the current starts to
flow through it. The load current decreases.

- Stage VI: The opening switch is closed and takes over the

source current. The load current and the closing switch
current both decrease to zero.
After stage VI, the circuit returns to stage 1.

Each stage has been studied and some results of
calculations are presented here. A number of assumptions are
made for the calculations. The source current of the electrical
energy source is considered to be constant. All resistances,
inductances, and the capacitance of the capacitor bank are
also considered to be constant. Switching actions are assumed
to take place instantaneously.

A. Stage I

During this stage, the opening switch is closed and the total
source current I flows through it. The thyristor switch is
open and the load current is zero. When the closing switch is
still closed from the previous cycle, it can now be opened.
The capacitor bank is charged during this stage to an initial
voltage Ujy;. The voltage across the opening switch ug; is
simply given by Ohm's law:

Uos =Ro.lg, m
where R, is the resistance of the opening switch. This
resistance depends on the contact area of the contacts and the
contact pressure.

B. Stage 11

This stage starts when the thyristor switch is triggered at
time ;. The thyristor switch is conducting and the capacitor
bank starts to resonate with the inductance of the load and the
opening switch. The equivalent circuit for this stage is drawn
in Fig. 3, with:

iL: load current,

ios: current through the opening switch,

ug: voltage across the capacitance of the counterpulse
capacitor bank,

: capacitance of the counterpulse capacitor bank,

: equivalent series resistance of the counterpulse
capacitor bank (ESR),

Ly equivalent series inductance of the counterpulse

capacitor bank (ESL),

Los: inductance of the opening switch,

L;: inductance of the load,

Ry: series resistance of the load,

: threshold voltage of the thyristor switch,

Rp: resistance of the thyristor switch.

The following equations are derived from the circuit
model:

P g_,ta:‘j“’ Fep
+ *% -

-
Uep

’St Uog '

io,l Los iLl L

Fig. 3. Equivalent circuit model for stage II.
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with the initial conditions:

ios(turig)=1s » iL(tuig)=0 and tiep(fuig )=Uhni - 3)
For the solution of (2) and (3), it is assumed that the total
resistance in the circuit is smaller than the critical resistance:
L
- 0]
Co
where Ry, =R, + Ry + R, + Ry is the total resistance, and
Ly =Los +L1 + L, is the total inductance in the circuit.
When (4) is valid, it means the waveforms are underdamped.
This is usually the case. The solution of (2) and (3) is:

iL(r)=£il£_t;%:;R°_SIS_e—a(x—tmg)sin(ﬂ(t_ttﬁg))

los(0)=1s—i(¥)
Vitep(6)=Uro — Rosl's + Ui ~Uo + Rogl)e {1 1ie) - ©)

(% sin(ﬂ(t ~lisig )) + oos(ﬁ(t —liig )))

where &= Ry, [(2L,;) is the damping ratio, =@, - a?
is the damped angular frequency and @, =1/ [LixCep is the
natural angular frequency.

The load current has a peak value iy, ;mm after time period
Atmm- This is obtained by taking the derivative of the load
current and setting it to zero. This results in:

Ui!li_UTO+ROSIS e-—aAtmm sin(ﬂAt )
ﬂLlol o (6)
Alym :—;;arclan((—lz-),

The unknowns in (6) are Ccp and Ujpi. When ip, mm and
Aty are known, they can be calculated using (6). We want
the opening switch to open at zero current at a certain time
toc- The zero current will occur at £o, when Cep and Uyy; are
calculated with:

iL,mm =Ig and Aty =toc "tlrig . (@)

The capacitor voltage hasn't reached zero yet at #,; and is
still positive. The current through the opening switch and the
derivative of the load current are zero at f,. and thus the
voltages across the opening switch and inductances in Fig. 3
are zero. The capacitor voltage at f, is:

R, <2

Umm~™

ucp(t(,c):(RL +Rep +RT)IS +Urg - ®)
The voltage across the opening switch during stage II is
found as:
dios (t)

uos(t)=Rosios(t)+LosT

=Ros(Is “iL(t))“Los['a%_a}.L(I)'

At o, the voltage across the opening switch is zero.

®

lsT . Uos

Fig. 4. Equivalent circuit model for stage III.

C. Stage Il

This stage starts at £,c, when the opening switch is opened.
The equivalent circuit model for this stage is given in Fig. 4.
The load current is now equal to the source current and is
constant,

The capacitor bank is further discharged by the source
current. The capacitor voltage is:

IS(‘_‘oc) .

Cop

The voltage across the opening switch is, using (8) and (10):
ugs()=Uro —ucp(t)+(RL +Rep +RT)IS
_Is(t—toc)
-

cp
This means that the RRRV (Rate of Rise of Recovery
Voltage) that the opening switch must sustain, is:

RRRV=_S_ .
Cop
The actual voltage u'cp across the capacitor barik is:
’ di .
up(f) = uep(t) - Lep -ﬁ - Repit, = () — Repls . (13)
When this voltage reaches zero at time £, o, the diodes start
to conduct. It is calculated using (10) and (13) that:

C,
fep 0 =toc +'f(ucp(toc)—chIS) :

D. Stage IV

The circuit enters stage IV at fcp . The diodes are
conducting the full load current and the capacitor voltage
remains at a low negative voltage:

ugp =—(Upo + Rpls) Q15)
where Upy is the threshold voltage of the diodes and Rp is
the resistance of the diodes. The equivalent circuit model of
this stage is given in Fig. 5.

The voltage across the opening switch is:

uos(t)=UT0 +UD0 +(RL +RT +RD)IS .

E. Stage V

The closing switch is closed at time #4¢ ¢5. The load current
decreases and the current in the closing switch increases. The
voltage across the opening switch equals the voltage across
the closing switch and is usually lower than the load voltage.

Uep(£)=ticp(toc )~ (10)

(an

(12)

(14)

(16)

Ry ’ Ap

O e

1
Fig. 5. Equivalent circuit model for stage IV.




Ry
—3
1 -
+ T0

i} v cs L

i i“l Leg iLl L

Rp

sO

Fig. 6. Equivalent circuit model for stage V.

The equivalent circuit diagram is shown in Fig. 6, where R
and L., are the resistance and inductance of the closing
switch and i, is the current through that switch.

The following equations are derived from Fig. 6:

1 §= ics + iL
. di, .

Rcslcs + Lcs d_(;s= UT() + UDO(;-. (RL + RT +RD)1L a7

L

+L Sl
Ld:
with initial conditions:

i (bsc,cs)=1Is and igg(tsccs)=0 . (18)

The solution of (17) and (18) is:
)= (Rr+Rp + Ry )Is + Uy +Upg
s\ Rcs +RT+RD+RL

-(l—e’('“’sc,cs)/“) 19)

iL(0)=Is-i(),
where 7 is the time constant of the exponential decay:
Lcs + LL

= . 20
R +Ry+Rp+Rp, 20)
The voltage across the opening switch is:
, di
U (8)=Regics + Leg —(-l—(;i
=((Rr+Rp +Ry )5+ U +Upy)
- @n
' Res (1 - 8_(1 sc.cs )/ ‘ ) . Lcse—(l“lscps )/ * '
Reg+Rp+Rp+Ry. Lo +Ly, )

The resistance and inductance of the closing switch are
lower than the total resistances and inductances in the load
circuit. Equations (16) and (21) show that the voltage across
the opening switch at the moment the closing switch is
closed, is a factor Ly /(L. + Ly ) lower than at the moment
just before the closing switch is closed.

F. Stage VI

Stage VI starts when the opening switch is closed at time
Isc,0s- This can be shortly after time £ ¢, S0 that the current
in the closing switch remains low. The equivalent circuit
model for this stage is given in Fig, 7. ’

The load resistance is much higher than the resistances of
the opening and the closing switch. It even goes to infinity, as
is the case with rail accelerators when the projectile exits. The

.
+ ’\U{'
)

o8 cs

U°; a3,
el e

Fig. 7. Equivalent circuit model for stage VL.

s}
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load current will decrease rapidly to zero. The current in the
closing switch will decay exponentially and the current in the
opening switch will increase exponentially to the values of:

g =% J and = @
Ros + Res Rog +Res
When the resistance of the closing switch is relatively high
compared to the resistance of the opening switch, the current
in the closing switch will be low and it can be opened. This
returns the circuit into stage I.

G. Waveforms

Fig. 8 shows the waveforms of the circuit. They are
obtained from the equations given for the different stages.
The stages are depicted by their Roman numerals.

3. THE COMPONENTS

We will now discuss the components of the resonant series
counterpulse circuit.

A. The Opening Switch

The opening switch must conduct the full source current
for a relatively long period. This can be a current of a mega-
ampere for several hundreds of milliseconds. Therefore, the
switch must have a very low resistance and a high [i2ds-
capability. It must be able to open at zero or low current
(smaller than 50 kA) and sustain the RRRV given by (12).
When the switch is open, it must be able to withstand the
voltage given by (16). That can be up to several kilovolts,
depending on the load. When a separate closing switch is

-used, the opening switch can close at a relatively low voltage,

as discussed in section ILE. The most suitable switches are
mechanical switches {4], [7].

B. The Closing Switch

The function of the closing switch is to lower the voltage
across the opening switch, so that the opening switch is
closed without arc erosion at its contacts. Therefore, the
closing switch must have a very low inductance, so that the
voltage just after closing is low. The resistance of the closing
switch must be high compared to the resistance of the open-
ing switch. This way the current in the switch remains low
and it is opened at low current. The [i2d¢-capability is much
lower than that of the opening switch. The closing switch
must withstand the same voltage as the opening switch.

If a rail accelerator is used as a load, the closing switch is
closed at such a moment that the rail current is relatively low
when the projectile exits, in order to prevent a muzzle flash o

it los L

L ——1
tirig toc tep,0 Ucp  tac,cs Iscos
Fig. 8. Waveforms of the resonant series counterpulse circuit; upper graph:
current through the opening switch (i), the load (i1 ) and the closing switch
(ics); lower graph: voltage across the opening switch (uog) and the
counterpulse capacitor (#cp).
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occur. A sensor measuring the position of the projectile in the
rail accelerator can be used to determine that moment and to
generate a trigger signal for the closing switch. The latter
must have a fast response (better than 10 ps) so that not too
much rail accelerator length is wasted. A thyristor is a good
candidate because of its fast switching action.

C. The Thyristor Switch

As the name already implies, thyristors are used for this
switch. It must be able to block the initial voltage of the
counterpulse capacitor bank, which may be only several
hundred volts. It has to conduct the full source current for the
pulse duration, usually a few milliseconds. The maximum
di/d: that the switch must sustain, is derived from (5):

(9_‘_) - diL(t‘fis) _Uini —Ugo+Rols 23)
dt/max d¢ Lyy '

Depending on the source current, a number of thyristors
will have to be used in parallel.

D. The Counterpulse Capacitor Bank

The counterpulse capacitor bank can be constructed of
electrolytic capacitors. The capacitance of the capacitor bank
needs to be several farads in our case, and therefore a large
number of electrolytic capacitors must be put in parallel.
Each capacitor will have a diode directly connected at its
terminals, so that the negative voltage across the capacitors
remains as low as possible, when the diodes are conducting.
The diodes have to conduct the full source current. There are
as many diodes as capacitors and thus one diode only has to
conduct a small part of the source current, a few kilo-
amperes.

If more than one thyristor is used, the capacitor bank can
consist of modules of parallel capacitors, with each module in
series with a thyristor.

IV. THE LOAD, A SPECIAL CASE: THE RAIL ACCELERATOR

The resistances and inductances are considered to be
constant for the analysis. However, there are loads that do not
have a constant resistance and inductance, such as the rail
accelerator. When the projectile moves along the rails of the
rail accelerator, the resistance and inductance increase and an
electromotive force is generated.

Fig. 9 shows a simple equivalent circuit model of a rail
accelerator. upy is the breech voltage. R' and L' are the
resistance and inductance per unit length and E is the
electromotive force. R' and L' depend on the time and current
distribution. R, is the resistance of the armature of the
projectile and also depends on the time and current
distribution and whether or not plasma is formed during the
acceleration. x and v are the position and velocity of the
projectile. They are determined by:

t
R -F
FL=s1%2(), a(r)=TL=fhhe W)= [a(t)ar and
2 m
t v
x(t)=xp + j V(o) |
IV

where F is the Lorentz force, a is the acceleration, Fg is
the friction force, m is the mass of the projectile, ¢, is the time

24

Fig. 9. Simple equivalent circuit model of a rail accelerator.

that the projectile starts to accelerate and x is the initial
position of the projectile.

The projectile may start to accelerate at a current lower
than the full source current. That means it will start already
when the counterpulse process is still in stage II. This results
in an equation for the load current:

adip (o, 1)
(Los+ch+Lx)d7+ Rv+La+C— L

25
di
H{Rog + Ry + Rep + Raym + R'x+2L"v)— =0,
( 0s T cp T Rarm x V) dt
with the initial conditions:
i (ty)=1, and
diL(‘v)___ﬂ’p(‘v)"‘RosIs_UTO
dt Lo+ Ly +L'x
cp T Fos 0 26)

(Ros + Ry + Rep + Raym + R'x )1,
Lep+Los+Lxg

where I, is the current at which the projectile starts to

accelerate. Given Iy, t, and uc(ty) can be calculated with (5).

The peak value of the load current and the corresponding
time will be smaller than the values calculated with (6). A
higher capacitance and initial capacitor voltage than
caiculated there, must be used. It is not possible to obtain an
explicit expression for Ccp from (25), and therefore, a
numerical method must be used.

Fig. 10 shows the counterpulse waveforms resulting from
simulations for 1 MA full source current. The following
values are used: Log =20 nH, Ry =2pQ, Upg=0.86V,
Rr=20pQ, Cep=632F, Rep=20pQ, Loy =30 nH,
Upp=0.7V, Rp =10 uQ, R' =100 pQ/m, L' = 0.4 pH/m,
Ram = 18 uQ, x0 = 0.1 m, m = 100 g, The friction force is
15 % of the Lorentz force. The source has been modelled as
an inductor of 6.7 uH with a resistance of 23 uQ and an initial
current of 1 MA. The length of the rail accelerator is 5 m.

Fig. 10(a) shows the waveforms in the case the projectile
remains fixed in the rail accelerator. The inductance and
resistance of the rail accelerator are constant. The thyristor
switch is triggered at 3 ms and the opening switch is opened
at 4 ms. The closing switch is closed at 5.3 ms and the
opening switch at 5.5 ms. Using the same values as for
Fig. 10(a), the waveforms of Fig. 10(b) result when the
projectile starts to accelerate at a current I, equal to 200 kA.
The peak value of the load current is 30 % lower and occurs
earlier than in Fig. 10(a), so that the opening switch has to
open at a high current. The projectile leaves the rail
accelerator at 6.3 ms, as can be seen by the sudden increase in
both the opening switch current and the closing switch
current. In Fig. 10(c) the initial voltage has been changed, so
that the opening switch opens at a zero current. The time
interval foc-lyrig is now smaller. The thyristor switch is trig-
gered at 3.53 ms. Note that in this case stage IV doesn't occur
in Fig. 10(c). The circuit is already in stage VI, when the
capacitor voltage reaches zero and the diodes start to conduct.




V. CONCLUSIONS

A resonant series counterpulse technique has been
described and analysed. It can assist a mechanical opening
switch for pulsed power applications in the controlled
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(a). Projectile is fixed; U;;;=176 V, ‘oc‘ttrig=1 ms.
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(c). Projectile motion starts at 200 kA; U, =295 V, foclirig=0.47 ms.

Fig. 10. Counterpulse waveforms using a rail accelerator as a load; upper
graphs: current through the opening switch (ios), the load (i) and the closing
switch (i); lower graphs: 'voltage across the opening switch () and the
counterpulse capacitor (ucp).
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interruption of currents at the mega-ampere level. The circuit
uses a pre-charged capacitor bank and a thyristor switch in
series with the inductive load to create a resonant
counterpulse current in the mechanical opening switch. In

_ this way, the opening switch can be opened at a low or zero

current. A separate closing switch prevents closing of the
opening switch at high voltage. The advantage for operation
of the mechanical opening switch at low current and low
voltage is that no arc erosion occurs at the contacts.

Compared to other counterpulse circuits [12], [13], the
advantage of the technique described here is that the
counterpulse capacitor bank does not experience a voltage
reversal. Therefore, electrolytic capacitors, which have a high
energy density, can be applied. The remaining energy of the
capacitor after the opening switch has been opened, is
transferred to the load. The required initial voltage of the
capacitor is only a few hundred volts, whereas it may be
above a kilovolt in other circuits.

Another advantage is that the load does not experience a
pre-current, which causes unwanted pre-heating.

At the moment, the resonant series counterpulse technique
for the interruption of currents up to the mega-ampere level is
being developed for rail accelerator applications at the Pulse
Physics Laboratory.
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