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1 Introduction
This technical report presents a Master thesis work performed at FOI Grindsjön Research
Centre for Luleå University of Technology in cooperation with Uppsala University.
Supervisor at FOI has been Anders Larsson.
The main project goal is to investigate how a pulsed high voltage capacitor system responds
when a transformer is connected to it. Since the input in this case is a single pulse the use of a
pulse transformer is investigated. The main difference between a pulsed and a continuos
power source is that the maximum voltage stress can be pushed beyond the dielectric
breakdown limits, though this factor is very dependent of the pulse length. The ohmic heating
existing in continuos transformer systems will neither be a problem.
The main design problem will be electrical breakdown prevention. Therefore the use of a high
voltage cable applied as winding in the transformer is investigated. The design of the cable
transformer with coaxial windings originates from Hans Bernhoff and Jan Isberg, Division for
Electricity and Lightning Research, Uppsala University. Most of the analysis software and the
measured pulses can be found on a Compact Disc since the material is too extensive to be
enclosed in an appendix.
This work is a part of the HPM weapons programme at FOI Grindsjön Research Centre and is
supported by the Swedish Armed Forces.
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2 Electromagnetic field theory
The main source of information for this chapter is collected from Wangsness [1].

2.1 Stokes’ theorem
Consider a surface S enclosed by a curve C according to Fig 1.

S
C
Figure 1. Surface with bounding curve.
Stokes’ theorem states that

∫ T ⋅ ds = ∫ (∇ × T) ⋅ da.
C

(2.1)

S

Where T is a general vector field. Equation (2.1) relates the line integral of a vector about a
closed curve to the surface integral of its curl over the enclosed area.

2.2 Gauss theorem
Gauss theorem relates a surface integral of a vector to the volume integral of its divergence,
consider Fig. 2 where a volume V is enclosed with a surface S , S = S a + S b .
Sa

V
Sb

Figure 2. Volume with enclosing surfaces.
Gauss’ divergence theorem states that

∫∫ T ⋅ da = ∫∫∫ ∇ ⋅ TdV
S

(2.2)

V
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2.3 Ampère’s law
The force between two idealized circuits C and C’, carrying steady filamentary currents I and
I’ is expressed as FC ' →C . The circuits are idealized in the sense that the sources are not
included in Figure 3. The basic experimental law that gives the total force on C due to C’ can
be written as

FC ' →C =

µ0
4π

(

∫∫

'

C C

ˆ
I ds × I ′ds ′ × R
2
R

)

(2.3)

where µ0 is the permeability of free space. R̂ is the unit vector in the R direction

ˆ = R = r − r′ .
R
R
R

(2.4)

Equation (2.3) has the form of a double line integral, each of which is taken over the
corresponding circuit.
I'

^
R

I

R

ds'

ds

C'

r

r'

C

O

Figure 3. Relations between two circuits as used to state Ampère’s law

2.4 The magnetic induction
The magnetic induction describes the force interaction between currents in the same manner
as the electric field describes the interaction between charges. Equation (2.3) can be rewritten
as

(

)

ˆ 
µ
I ′ds ′ × R

(2.5)
FC ' →C = ∫ I ds ×  0 ∫ '

C
C
R2
 4π

The quantity in parentheses is represented by B(r ) , and combined with (2.4) gives
B(r ) =

µ0
4π

∫

C'

(I ′ds′ × R ).

(2.6)

R3
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The vector field B is illustrated in Fig. 4 and is called the magnetic induction , sometimes it is
also known as the magnetic flux density or simply as the B-field. Equation (2.6) is generally
known as Biot-Savart’s law.
I'

I'

r
R

B(r)

O
^
R

r'

ds'

C'

C'

Figure 4. Axial induction of a circular current

2.5 The magnetic flux
If ∇ ⋅ B is calculated from (2.6), the result is
∇ ⋅ B = 0.

(2.7)

This is one of Maxwell’s equations stating that the divergence of B is zero. If (2.7) is
combined with the divergence theorem (2.2), we find that

∫ B ⋅ da = 0

(2.8)

S

which says that the flux of B through any closed surface is zero. A very useful case is the
surface integral over a surface that is not closed. If Φ is the magnetic flux through a surface S
that is not closed, then
Φ = ∫ B ⋅ da,

(2.9)

S

which can be different from zero.

2.6 The magnetic vector potential
If equation (2.7) is compared with the general vector relation
∇ ⋅ (∇ × T ) = 0,

(2.10)

we can define the magnetic vector potential A as
B(r ) = ∇ × A(r ).

(2.11)

9

This step requires some lengthy calculations that the interested reader may find in Wangsness
[1]. The magnetic flux Φ can be expressed in terms of the vector potential A , if Stoke’s
theorem (2.1) is combined with (2.11),
Φ = ∫ (∇ × A ) ⋅ da = ∫ A ⋅ ds.
S

(2.12)

C

This equation shows that the flux can be calculated as the line integral of A around the curve
bounding the surface. Using (2.11) the vector potential is expressed as
A(r ) =

µ0
4π

∫

C'

I ′ds′
.
R

(2.13)

2.7 Faraday’s law of electromagnetic induction
Figure 5 shows a closed curve C without connected sources and initial currents. If the surface
area S of the region is not moving or changing, i.e. stationary, then the bounding curve C will
be fixed. This means that Φ can change in time only if B is varying.
B

S
C

Figure 5. Closed curve with no sources.
If the magnetic flux density B through C is constant, differentiation of (2.9) gives
dΦ
=0
dt

(2.14)

i.e. no current in the circuit. However, if the magnetic flux density trough C is not constant we
have
dΦ
≠ 0,
dt

(2.15)

and so a current is induced in C. Since the numerical value of the induced current depends on
the circuit impedance, it is more useful to express it as the induced electromotive force ε ind

ε ind = −

dΦ
,
dt

(2.16)

which is also known as Faraday’s law.
10

From electrostatics we know that the electric field E = 0 inside a metallic conductor for a
completely static case. With moving charges in the conductor i.e. a current, we no longer have
a static case and E ≠ 0 within the wire. If the total work Wq is done on charge q as it goes
around the closed path C, then the ratio between work and charge is the electromotive force ε
or simply the emf and we have

ε=

Wq
q

(2.17)

.

From the definition of the electric field E we know that the force on charge q is
F = qE.

(2.18)

Further, the work done by the force around a closed path C becomes
Wq = ∫ Fq ⋅ ds.

(2.19)

C

Now if (2.17) is combined with (2.18) and (2.19) we get the emf as

ε = ∫ E ⋅ ds.

(2.20)

C

Hence, if a current produced by the induction flows in the conductor then E ≠ 0 , we can then
combine (2.16) and (2.20) to

∫E
C

ind

⋅ ds = −

dΦ
,
dt

(2.21)

which is the integral form of Faraday’s law.

2.8 Mutual inductance
Consider the two filamentary circuits illustrated in Fig. 6 (similar to Fig. 3), where
R jk = r j − rk since R jk = r j − rk . The current I k in Fig. 6 will produce an induction B k at
each point of the surface S j enclosed by C j and also a flux Φ k → j .
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Ij

Ik

Bk
Sj

Sk

Rjk
dsk

dsj

Cj

rk

r

j

Ck

O

Figure 6. Current I k produces an induction B k (arrows) at surface S j .

A k (r j ) is the magnetic vector potential produced by circuit C k at point r j of the circuit C j .

The flux trough C j due to I k is given by (2.12) as
Φ k → j = ∫ A k (r j ) ⋅ ds j .

(2.22)

Cj

If (2.13) is inserted into (2.22) we get
Φ k→ j =

µ0
4π

∫ ∫

I k ⋅ ds j ⋅ ds k
R jk

C j Ck

.

(2.23)

The flux through C j is proportional to the current I k in C k . This proportionality factor is
called the mutual inductance of circuits j and k, i.e.
Φ k → j = M jk I k ,

(2.24)

where
M jk =

µ0
4π

∫ ∫

C j Ck

ds j ⋅ ds k
R jk

.

(2.25)

A similar relationship holds for Φ j→k . It can be shown that
M jk = M kj

(2.26)
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2.9 Self inductance
The current in the circuit C j also produces a flux Φ j→ j through itself, this factor of
proportionality is called the self inductance or simply the inductance and is given by
Φ j → j = L jj I j ,

(2.27)

where
L jj =

µ0
4π

∫ ∫

Cj Cj

ds j ⋅ ds' j

(2.28)

R jj

The double integral is taken twice [1] over the same circuit and, ds j , ds' j are separate line
elements of C j . However, this will not work for true filamentary currents of zero thickness
because when ds j and ds' j coincide R jj = 0 and the integral diverges. The correct way to
solve for the self inductance is to use (2.27) as the ratio of flux to current. However, this
requires the knowledge of Φ j→ j .
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3 Transformer theory
The transformer theory presented in this section is mainly collected from Cheng [2].
A transformer is a device that can transform three important electrical quantities namely
•
•
•

Voltage
Current
Impedance

The usual configuration of a transformer is two or more coils that are coupled magnetically
through a common core, where the input side is called the primary winding and the output the
secondary winding. The core may contain ferromagnetic material.

3.1 The ideal transformer
Figure 7 shows a transformer with an iron core, which has N p primary and N s secondary
winding turns, with currents I p , I s and voltages U p ,U s respectively.

Φ

+
Is

Ip

Np

Up

Ns

+

Us

-

-

Figure 7. Transformer with iron core.
The winding ratio N is
N=

Ns
.
Np

(3.1)

From the closed path in Fig. 7 traced by magnetic flux Φ we get
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N pI p − NsIs =

l
Φ
µA

(3.2)

where l is the core length and µ the permeability and A the cross-sectional area. In the ideal
transformer µ → ∞ and (3.2) becomes
Ip
Is

=

Ns
.
Np

(3.3)

From Faraday’s law (2.16) we get
Up = Np ⋅

dΦ
.
dt

(3.4)

If it is assumed that the same flux Φ passes through the primary and secondary winding
Us = Ns ⋅

dΦ
.
dt

(3.5)

Further, (3.4) divided by (3.5) gives the relation
Up
Us

=

Np

(3.6)

Ns

If the secondary coil is connected to a purely resistive load, then it can only remove energy
from the magnetic field, but if the resistance is replaced by a reactance, then at some time
during the voltage cycle the direction of energy transfer is reversed [3]. The impedance Z s as
seen by the source connected to the primary is

 Np
Z p = 
 Ns

2


 ⋅ Z s .


(3.7)

3.2 The real transformer
Referring to (3.2) we may write the magnetic flux relations for the primary and secondary
windings as
N pΦ =

µA
l

( N p2 I p − N p N s I s )

(3.8)

( N p N s I p − N s2 I s ).

(3.9)

and also
NsΦ =

µA
l
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Once again we assume that the same flux Φ passes both circuits. Further, using (3.8) and
(3.9) in (3.4) and (3.5) we obtain the system
dI p

U p = Lp

Us = M

dt
dI p
dt

−M

dI s
dt

(3.10)

− Ls

dI s
dt

(3.11)

where
Lp =
Ls =
M =

µA
l

µA
l

µA
l

N p2

(3.12)

N s2

(3.13)

N p Ns.

(3.14)

L p and Ls are the self-inductance of the primary and the secondary winding respectively,
while M is the mutual inductance between the two circuits. Since equations (3.12), (3.13) and
(3.14) assumes no leakage flux the calculated inductances will be too high. The ideal
transformer has no leakage flux and
M = L p Ls

(3.15)

However, in the real transformer we have [1], [2], [3], [12]
M = k L p Ls ,

k <1

(3.16)

where k is called the coupling coefficient.
Another way to calculate the self inductance of a helical coil is to use
10µπRn2
N n2
Ln =
9 Rn + 10l n

(3.17)

this is the Wheeler’s formula [14] where n is referred to as primary and secondary index.
Equation (3.17) gives an approximate inductance estimation, if the core length to winding
radius has the ratio
ln
4
> ,
Rn 5

(3.18)
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where l n is the solenoid length and Rn is the winding radius. The constants in the denominator
(3.17) compensate for field changes at the boundarys of the solenoid as well as for some
leakage flux. Note that the presumption µ → ∞ for an ideal transformer also implies infinite
inductance.
The real transformer losses can be summarised accordingly,

•
•
•
•

the existence of leakage flux k < 1
finite inductance
nonzero winding resistance
hysteresis and eddy current losses (magnetic materials)

3.3 Leakage inductance
The coupling between the primary and secondary coils is not ideal and requires the
consideration of two unique coefficients of coupling. We let LLn , LMn represent the leakage
and magnetizing inductance respectively. Such a system can be modeled as shown in Fig. 8.

Figure 8. Leakage and magnetizing inductance.
The magnetizing inductance is defined as [8]
LMn = k n2 Ln .

(3.19)

Further, the leakage becomes
LLn = Ln − LMn = Ln (1 − k n2 ).

(3.20)

From (3.20) the coupling factor is solved as
kn =

Ln − LLn
.
Ln

(3.21)

17

3.4 Modified coupling theory
The following theory is a modification of sec. 3.3 regarding the analysis of the measured
inductance values. This is done to get the electric circuit simulation models (e.g., P-spice) to
agree closer with the real circuits. The primary and secondary inductance is measured with
respective counterside open, see Figs. 9-13. The primary inductance is measured according to
Fig. 9.

Figure 9. Primary inductance measurement.
Since the secondary side is open the equivalent measured inductance becomes
L p = LLp + LMp

(3.22)

Note that the resistance may be neglected since the measurement is performed at high
frequency, i.e. the major voltage drops is due to inductance. There will also be some mutual
coupling effects to the secondary leakage, but this part is also neglected. Further, if the
secondary side is grounded as in Fig.10 then according to [8] the magnetizing inductance
LMs would effectively short circuit LMp leaving us with only LLp , but this will probably not be
the case since there is a potential over LLs .

Figure 10. Primary leakage inductance measurement.
The secondary inductance can be transformed to the primary (Fig.11) in proportion to the
inverse square of the winding ratio N.

18

Figure 11. Transformed secondary inductance.
The equivalent measured inductance with the secondary short-circuited will be
Lmeasprim = LLp +

LMp ⋅ LLs
LLs + N 2 ⋅ LMp

(3.23)

.

The secondary inductance measurement (Fig.12) is performed with the primary open.

Figure 12. Secondary inductance measurement.
This gives the following equivalent secondary inductance
Ls = LLs + LMs

(3.24)

The same procedure is applied when the secondary leakage measurement is performed
(Fig.13), though this time with the primary short-circuited.

Figure 13. Secondary leakage inductance measurement.
The primary inductances is transformed to the secondary side (Fig. 14) as the square of N.
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Figure 14. Transformed primary inductance.
The equivalent measured secondary inductance with the primary short-circuited will be
Lmeas sec = LLs +

LMs ⋅ LLp ⋅ N 2

(3.25)

LMs + LLp ⋅ N 2

Now this measurement procedure will yield four inductances (3.22-25) which are used to
calculate the four unknowns. This will lead to two different coupling parameters which can be
expressed in schematic form according to Fig. 15, where
LLp = L p (1 − k p )

(3.26)

LMp = k p L p

(3.27)

LLs = Ls (1 − k s )
LMs = k s Ls

(3.28)
(3.29)

Figure 15. Two unique coupling parameters.
Equations (3.26) and (3.28) can be solved as
kp =
ks =

L p − LLp

(3.30)

Lp
Ls − LLs
.
Ls

(3.31)

These values are only used for the P-spice models. The calculation procedure is not
referenced but it gives a valid solution for all transformer designs used here.
20

3.5 Capacitance
Ordinary coaxial cables have capacitance between the ground and inner conductor. It can
often be found in tables or it can be calculated. Consider the cross section in Fig. 16.

b
a

c
d

εr

Figure 16. Coaxial cross section with inner conductor radius a, ground conductor inner and
outer radius b, c respectively and outer isolation radius d.
This cable design has the capacitance [1]
C=

2πε 0 ε r l c
ln(b / a)

(3.32)

where ε 0 is the permittivity of free space, ε r is the relative permittivity, l c is the length of the
cable and a is the inner conductor radius. The ground conductor has the inner and outer radius
b, c respectively while the outer isolation radius is d.

3.6 Transmission line transformer
When the transformer is used in pulsed applications transmission line theory based on
reflection should probably be used [19]. However, Holmberg [4] uses approximately the same
coupling scheme as the one which will be used for this design, but for continous mode. He
conclude that the transmission line model is incomplete since it does not take mutual
inductance into account, which is a very important factor when determining resonance
frequencies.
In a step up transformer of this kind the primary winding consists of the outer shielding, i.e.
the ground conductor, while the secondary winding is the inner insulated conductor.
The advantage of this design is that the windings become automatically insulated to each
other, and since the secondary winding is located in the middle we can achieve a high
coupling factor even though the design uses an air core. The characteristic impedance of a
transmission line can be estimated as

21

Z0 ≈

L
C

(3.34)

where C is the capacitance and L is the self inductance, but since the cable is wound in a
helical fashion L becomes the coil inductance in (3.34) according to Holmberg [4].
The winding ratio N may be made rather arbitrary in this design. Consider a system that has a
winding ratio N = 4 . The outer insulated conductor (ground conductor) of the coaxial cable is
cut in three different locations with equal spacing, leaving the inner conductor and plastic
shielding unbroken. Schematically the different primary inductance L px is connected
according to Fig.18.

Figure 18. Principal coupling scheme with N = 4 .
The cut outer conductor is connected in parallel (Fig. 18) and the total equivalent primary
inductance simply becomes
Lp =

L px
N

.

(3.35)

The inner unbroken winding is consequently a series circuit and therefore the secondary
inductance is
Ls = N ⋅ Lsx .

(3.36)

A separation between L px and Lsx has to be made since they seem to have a small difference
in inductance even though they have a common center radius and equal number of turns. This
difference is probably possible to calculate with the use of (2.13) and the modification of
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filamentary currents to a current density that varies with frequency in the cross-section of the
windings. However, this seem to become very complicated. To simplify let’s call it x and
Lsx = x ⋅ L px .

(3.37)

Then if (3.35), (3.36) and (3.37) are combined, we have
Ls = xN 2 L p .

(3.38)

During construction this winding ratio N was slightly modified since the primary terminal
distance according to Fig. 21 had to be taken into account. Thus N is not necessarily a rational
number.
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4 Construction of transmission line transformer
Two transformers have been constructed. The first one was made of a commercial RG-58
coaxial cable while the second high voltage transformer was made with a special cable from
ABB.

4.1 Test transformer
A small transformer was made for testing purposes, to get some relations between primary
and secondary inductance and to see if the design worked. The coupling factor and the voltage
response of the transformer were investigated using an ordinary commercial RG-58 coaxial
cable. The cable was wound in a helical fashion on a cylindrical plastic core according to
Fig. 17. Some transformer data are shown in Table 1.
Np

Ns
N
Rcyl

9.25
37
4
30 mm

Table 1. RG-58 transformer data.

Figure 17. RG-58 transmission line test transformer.

4.2 Semicon cable
In the test transformer we used a commercial coaxial cable. For the high voltage design a
different type of cable was used as shown in Fig. 18. The inner conductor is made with a
resistive (semicon) layer with resistance 25 kΩ / m covering the inner seven copper wires and
also the outer plastic shell. The cross section area of the inner conductors is 1.3 mm 2 .
Semicon
Copper
Plastic

Figure 18. The semicon cable.
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The semicon layer is intended to decrease the risk for dielectric breakdown. If the outer
plastic-shell has a small defect for a normal coaxial cable there will be an intense electrical
field at this point that may cause breakdown. But if we have a small defect in this design with
a semicon cable, the semicon has the ability to distribute the electrical field intensity since it is
resistive.

4.3 Making the semicon cable coaxial
The disadvantage with a conducting outer layer is that an insulation has to be applied outside
the semicon. Otherwise it would have been necessary to remove the outer conducting layer on
different places between the primary terminals to prevent short-circuits. This would have
resulted in a cable that is no better than an ordinary coaxial conductor. However, outside the
insulation a ground conductor was applied and on top of that another insulation layer
according to Fig. 19. The dimensions are shown in Table 2 with the lowest index starting at
the left in Fig. 19.
Semicon

r1
r2
r3

Copper
Plastic

r4
r5

r6
r7

7 × 0.25 mm 0.66 mm mean
≈ 1 mm
≈ 2.8 mm
3.0 mm
3.3 mm
4.3 mm
4.6 mm

Table 2. Dimensions of semicon
coaxial cable.
Figure 19. Semicon coaxial cable used in highvoltage transmission line transformer.

4.4 Coil parameters
Since the high voltage pulse-system [5] has been used with a storage inductance (cf. Sec. 7)
and all the earlier measurements were based on this specific inductance value, we wanted
some reliable reference curves for currents and voltages. The design criterion for the
transmission line transformer was that the primary inductance L p should have the same value
as the storage inductor. The winding ratio was chosen as N and the solenoid radius was set to
Rcyl . Further, the cable radius was r. From these four inputs several parameters of the design
can be calculated, see Fig. 20.
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lp
2r
r

R

Np turns

Rcyl

Figure 20. Cross-section of solenoid.
The relation between the primary turns, cable radius and the coil length, is
Np =

lp
2r

.

(4.1)

Further, the total coupled coil length is
l = N ⋅lp.

(4.2)

The coupled length (4.2) is the length of the solenoid that have a primary conductor, i.e. the
terminal gaps (Fig. 21) are excluded, also
R = Rcyl + r

(4.3)

We now combine (3.17), (3.38), (4.1), (4.2) and (4.3) and solve for the solenoidal length l p .

lp =

2 NxL p r 2

µ 0πR 2

 2 xNL p r 2
± 
 µ πR 2
 0

2

 18 xL p r 2
 +

5µ 0πR


(4.4)

Note that this is the solenoidal length due to 1/N set of primary windings. The significant
square root is the positive one since the solenoidal length cannot be negative. From this result
we can solve N p from (4.1). This calculation procedure arises because the four input
parameters were determined in advance.
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4.5 Helical geometry
The helix [11] can be described in parametric form as
x(θ ) = R cos(2πθ )
0 ≤θ ≤ Np

y (θ ) = R sin(2πθ )
z (θ ) = 2rθ

(4.5)

where the parameters R and r are defined as in Fig. 20. Further, differentiation of (4.5) gives
dx(θ ) = −2πR sin( 2πθ )dθ
dy (θ ) = 2πR cos(2πθ )dθ
dz (θ ) = 2rdθ

(4.6)

Then an integration is performed to get the helical primary cable length l Hp ,
Np

l Hp =

∫

dx(θ ) 2 + dy (θ ) 2 + dz (θ ) 2 dθ = 2 r 2 + π 2 R 2 ⋅ N p .

(4.7)

0

Note that this is the cable length of one primary winding set, i.e. a total of N. All this can be
done with Matlab, the m-file is found on the enclosed CD. Now a small correction according
to Fig. 21 needs to be done when the secondary cable length is calculated.

χ
Figure 21. Distance between primary terminals.
Since the distance χ between different primary windings cannot be neglected if the winding
ratio N is large, the secondary cable length is
l Hs = N ⋅ l Hp + ( N − 1) ⋅ χ .

(4.8)

From (4.7) and (4.8) we can now solve for the secondary total turns
N s −tot =

l Hs
2 r 2 + π 2R2

.

(4.9)

Further, the total solenoid length or the length of the transformer is
ltot = 2rN s −tot .

(4.10)
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The distance χ results in a new winding ratio, where the uncoupled secondary filaments are
taken into account, though the coupled winding ratio, i.e. the ratio with surrounding primary
conductor N (Eq. (3.1)) still holds. Finally, a modification of (3.38) with (4.1) and (4.9) gives
the following secondary inductance where χ is taken into account:
N
Ls = x ⋅  s −tot
 N
p


2


 ⋅ Lp .



(4.11)

4.6 Electrical breakdown prevention
The end of the secondary cable has to be carefully made to prevent dielectric breakdown. The
idea is to taper the end as shown in Fig. 23, i.e. remove the semicon layer for approximately
20 cm and then apply a capacitive layer. This layer has the ability to distribute the electrical
field lines equipotentially. By this intense field strengths are avoided which may prevent a
breakdown to the outer semicon layer. The electrical properties of the capacitive layer can be
found in [13].
Copper
Semicon
Plastic
Capacitive layer

Figure 23. Cross-section of the secondary high voltage cable end.
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5

Measurements

5.1 Inductance measurement
The measurement of the primary and secondary inductance was performed with a Hewlett
Packard HP4263B LCR-meter where the equivalent coupling schemes according to Figs.
9, 10, 12 and 13 were used. The measurements were performed well below the frequency of
the resonance peaks, since measuring the inductance at the peak will surely give erratic values
[15]. Three different frequencies were applied. The calibration technique of the instrument
can be found in [6].

Figure 24. Inductance measurement of semicon transformer.
The capacitance of the transformer was not measurable. Tables 3-5 show the measured values
starting with the RG-58 transformer. The measurement was only performed at f = 100 kHz .
Also the primary leakage inductance was to small to be measured.
f
[kHz]
100

Lp
[µH]
2.0

Ls
[µH]
28

LLs
[µH]
6.6

LLp
[µH]
< 0.5

Table 3. RG-58 measured data.
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f
[kHz]
1
10
100

Lp
[µH]
4.34
4.0
3.7

LLp
[µH]
2.43
1.24
1.0

Qp
3.6
27.3
61

Xp
[mΩ]
28
250
2350

Zp
[mΩ]
29
251
2350

θp

Xs
[mΩ]
344
3375
32900

Zs
[mΩ]
420
3387
32910

θs

Rp
[mΩ]
7.5
9.25
40

[°]
75
88
89

Table 4. Primary semicon transformer data.
f
[kHz]
1
10
100

Ls
[µH]
54.8
53.7
52.4

LLs
[µH]
13.8
12.6
12.0

Qs
1.4
11.8
46

Rs
[mΩ]
241
287
710

[°]
55
85
89

Table 5. Secondary semicon transformer data.
The different quantities are calculated directly by the instrument. Note that all values are
inductively measured. The parameters are calculated as

ω = 2πf
ωLn

(5.1)

Q=

(5.2)

Rn
X = ωLn

(5.3)

Z n = Rn2 + X n2
 Xn
 Rn

θ n = arctan

(5.4)

.


(5.5)

If we use (3.21) to calculate the coupling factor from the measured leakage inductance, we get
the results shown in Tables 6 and 7.
f
[kHz]
100

ks
0.874

Table 6. Secondary coupling coefficient for the RG-58 transformer.
f
[kHz]
1
10
100

kp

ks

0.663
0.830
0.852

0.865
0.875
0.878

Table 7. Semicon transformer coupling-coefficients for different frequencies.
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As shown in Table 7 the coupling factors k p and k s are almost equal for f = 100 kHz . Since
the transformer will be used with even higher frequency the following approximation can be
done
k ≈ k p ≈ ks .
The mutual inductance at 100 kHz according to (3.16) was calculated using the mean value of
k from Table 7 as
M = 0.865 ⋅ 3.7 ⋅ 52.4 ≈ 12 µH.

5.2 Measured compared to calculated inductance
From the RG-58 transformer the relation between primary L px and secondary inductance
Lsx was estimated to
x≈

7
8

(5.6)

This value is based on the measurement in Tab. 3 as illustrated in Fig. 22. Equations (3.353.37) are used to determine (5.6). In this relation the primary terminal distance χ is
neglected, however relation (5.6) needs to be further investigated to determine its frequency
dependence.

Figure 22. Relation between primary and secondary inductance for the RG-58 model.
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If equation (4.11) and relation (5.6) are applied, the calculated values becomes as in Table 8.
Quantity
Secondary inductance Ls

Calculated
28.3 µH

Measured
28 µH

Table 8. Calculated vs measured values for RG-58 transformer.
Since these equations seem to work well for estimation of the inductance, relation (5.6) was
transferred to the semicon transformer giving the calculated values according to Table 9.
Quantity
Primary windings

Name
Np

Calculated
5.737

Measured

Secondary total windings (incl. uncoupled)
Winding relationship (Ns/Np).(input)
Solenoid length
Total length inner conductor (incl. uncoupled)
Helical length per primary winding set

N s −tot
N
ltot
l Hs
l Hp

23.118
4.000
0.213 m
12.290 m
3.050 m
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Cable capacitance
Primary resistance

C
Rp

1.9922 nF
8.8 mΩ

40 mΩ

Secondary resistance
Secondary inductance (incl. uncoupled)
Primary inductance (input)

Rs
Ls
Lp

154 mΩ
52.284 µH
3.7 µH

700 mΩ
52.4 µH
3.7 µH

0.22 m

Table 9. Calculated vs. measured values for semicon transformer.
As seen, the calculated inductances are quite accurate so the relations from the test
transformer seem to perform well when translated to the semicon transformer. The
transformer was made with the cable lengths given in Table 9. The calculated resistance
values are too low, probably since the skin effect was not considered. For a more detailed
discussion of the skin effect see Holmberg [4].

5.3 Transformer analysis set-up
The RG-58 transformer was tested with two different coupling schemes, the first was done
with a 0.15 µF capacitor that was charged to approximately 1 kV. The energy was
subsequently released into the primary winding with the use of a fast triggering tyristor. The
second test was done with a DC-current device and the use of a switching field-effect
transistor, for which schematics can be found in appendix A and on the CD. The HV
transformer with semicon cable was tested with a 1 µF capacitor, though it was also charged to
approximately 1 kV. The analysis of the primary and secondary voltage was done with the
aid of Matlab and its System Identification toolbox [10]. The equivalent circuits are designed
with the electronic simulator program called P-spice [9]. When adding a lot of different
capacitors and stray inductances the circuits becomes complex and difficult to analyse
manually, making Pspice an excellent and fast tool.
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5.4 Transfer function analysis
The voltages at the primary and secondary terminals of both transformers were measured with
LeCroy oscilloscopes (Fig. 25). These instruments have the ability to record the signals and
save them on a portable disk.

Figure 25. LeCroy oscilloscopes.
A locally produced Matlab program was then used to convert the signals to vectors. The
primary current was measured with a Tektronix current probe. Further, the input to Matlab is
independent of the risetime of the source since the program only compares primary to
secondary values. The most important factor is though to adjust the start time of the pulses so
that they become syncronous. The secondary current is given since the load resistance is
known and assumed to be linear. The models are based on a simulation estimation/prediction
method based on the degree of explanation, see Matlab [10] for a further description. A
typical measurement with the semicon transformer and tyristor-coupling scheme is shown in
Fig. 26.

Figure 26. Semicon transformer measurement showing primary voltage U p , primary current
I p and secondary voltage U s .
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This specific configuration has a load resistance R L = 100 Ω. . Using the System Identification
tool and applying a parametric model produces a simulated output. The measured and
simulated output can be seen in Fig. 27.

Figure 27. Measured and simulated output.
The fitted model in Fig. 27 was calculated with equation (5.2)

Us − Uˆs

Degree of explanation = 1 −
Us − mean(Us)





 ⋅100 = 94.93%



(5.2)

where
Us = measured output
Ûs = simulated output.

The parametric model gives the opportunity to calculate the unit step-response, Bode plot and
other diagrams. Figs. 28 and 29 show the step-response and a Bode plot of the gain.

Figure 28. Unit step response with risetime (10-90%).
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Figure 29. Bode gain plot with corresponding phase.

5.5 Electric circuit simulation models
Two simulation models have been used, schematics can be found in appendix A (Figs. 60 and
61). The first model was based on ordinary linear transformers and was given the name LT.
The input and output voltages agreed well with the measured and can be found on the CD.
The transformer models are modified to run in AC-sweep mode, i.e. the system capacitor and
generator inductance are replaced with an AC source. Performing the sweep shows that the
linear transformer model does follow the measured transfer function to some extent as seen in
Fig. 30

Figure 30. Bode amplitude plot with linear transformers.
The dips of the curve in Fig. 30 can probably be explained by resonance coupling between the
different transformers and capacitors since they are lumped.
In the second model the linear transformers were replaced with transmission lines and were
given the name TLT. The input and output signals did also agree well with the measured and
can be found on the CD. The transmission line model was also modified to run in AC-sweep
mode, Fig. 31 shows the result.
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Figure 31. Bode amplitude plot with transmission line model.
As can be seen, when comparing this transfer function with the measured one they are in good
agreement. The next challenge for the models will be to test the step response, with the only
difference that the AC source is replaced with a pulse generator.

Figure 32. Measured step response vs spice simulations.
As can be seen in Fig. 32, the TLT seems to be a slightly better model. The TLT model is
compared to different load resistances in Fig. 33, the LT curves is supplied on the CD.
However, it is important to remember that according to Holmberg [4] the TLT models does
not take care of mutual inductances and this is very important when resonance frequencies are
determined. There is also a possibility to get the P-spice models in better agreement with the
measured ones by distributing the capacitance more and add some parasitic resistances.
However this procedure will only result in schematics that are intractable and difficult to
understand.
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Figure 33. Measured vs. simulated frequency response.
As seen in Fig. 33 the amplitude is a bit too high for the P-spice models, especially with
RL = 2 Ω . This can be due to inner losses in the primary circuit since the transformed
primary load according to (3.7) is nearly a short-circuit.

5.6 Power and Energy
The input and output power can be calculated from Ohm’s law as
Pin = U P ⋅I P ,
Pout =

(5.3)

U s2
.
RL

(5.4)

The energy is given as
E = ∫ P ⋅ dt

(5.5)

Figure 34 shows the input and output power calculated from (5.3) and (5.4). The load
resistance is also linear and has the value R L = 100 Ω . As seen in Fig. 34 the transformer
delivers some reactive power back to the source which become an important factor to
consider if sensitive sources are used.
The integration (5.5) of the power is shown in Fig. 35. This is simply the input energy
compared to the output were some of the energy is delivered back to the source and the rest
become losses.
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Figure 34. Input and output power from transformer.

Figure 35. Input and output energy from transformer.
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6 Magnetic field simulation
6.1 Current density
The field simulations [16] was done with the equivalent semicon transformer geometry, in
Figs. 36 and 37 the current density of the cross section at different frequencies is seen. In Fig.
36 the frequency is 1 kHz and the current is quite evenly distributed. In Fig. 37 the frequency
is increased to 100 kHz with a significant difference in the current density.

R
Figure 36. Simulation of current density in solenoidal cross section at 1 kHz.

R
Figure 37. Simulation of current density in solenoidal cross section at 100 kHz.
The current density of Fig. 37 probably explains the relation (5.6), however this will not be
further analysed here. The secondary circuit was open, i.e. no load, even though there seems
to be a small current flowing according to Figs. 36 and 37.

6.2 Solenoidal field appearance
Only one side of the solenoid is drawn in Fig. 38 since it is rotationally symmetric. The figure
shows the magnetic flux density B [16]. The use of equation (2.9) and (2.27) enables the
calculation of the self inductance. The current in the primary windings was conveniently set to
1 A. The most intense field positions is shown as yellow/red.
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Figure 38. Magnetic flux density B in solenoid at 100 kHz.
The average B-field at the primary radius was calculated and used in (2.27) giving the
primary inductance L p ≈ 4 µH. Since the secondary circuit was open, another simulation with
a current flowing in the secondary had to be performed. However, this was not done since
there was no time and consequently the secondary inductance was not calculated. This
simulation is though only meant to show the fields and their appearance. Figure 39 shows the
magnetic vector potential A [16].

Figure 39. The magnetic vector potential A at 100 kHz.
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7 The high voltage system
The high voltage system at FOI is equipped with a 67.2 µF capacitor bank. The bank can be
charged to voltages between 12 kV and 22 kV. The system is equipped with an energy storing
inductor in series with exploding copper wires [5] according to Fig. 40. The next section
contains a spark gap which is used to sharpen the risetime of the pulse. The measurement of
the load voltage is made with a capacitive probe [18] (cf. Sec. 8).

Figure 40. High voltage system at FOI.
When the remotely controlled ignitron located in the capacitor bank is switched on, the
charged capacitors become connected to the inductor. A current flows through the inductor
and the copper wires since the spark gap is effectively an infinite resistance. The current
through the copper wires become large so fast that the wires cannot sustain the ohmic heating
vaporises, i.e. this vaporizing scenario is so fast that the wires are litterally exploding.
Consequently, the term “exploding wire”.
This abrupt current switching means that the time derivative of the current becomes large and
a voltage is developed over the inductor according to
UL = L

di
.
dt

(7.1)

When the potential is high enough an dielectric breakdown occurs over the spark gap and the
stored energy in the inductor is very rapidly discharged into the load. A typical measurement
when the fuse is equipped with 18 copper wires AWG-36 and the capacitor bank charged to
17 kV is shown in Fig. 41 gives an voltage of 130 kV across the 15 Ω load. This system
cannot produce higher voltage than about 130 kV since dielectric breakdown occurs within
the system.

41

Capacitor bank current and load voltage
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Figure 41. Typical measurement showing capacitor bank current (red) and load voltage
(blue)
The transformer replaced the spark gap in the system (Fig. 42). The primary low voltage side
of the transformer was connected to the fuse section and the secondary high voltage side was
connected to the load. The capacitor bank was connected to the fuse section and the storage
inductor was removed from the circuit.

Figure 42. Transformer mounted in high voltage system.
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The original energy storage inductor was replaced by the primary winding of the transformer.
The spark gap was removed and the capacitor bank was directly connected to the fuse section
(Fig. 42). A simulation of the expected currents and voltages was done with P-spice (Fig.43).
The fuse was equipped with 18 copper wires AWG-36 and the capacitor bank was charged
with 17 kV. The induction voltage becomes negative when the wires evaporate (Fig. 43) since
the fuse section is connected in series with the primary winding of the transformer.

Capacitor bank current, primary voltage and
secondary voltage
40
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25

Figure 43. P-spice simulation results for primary voltage (green) and current (red), and
secondary voltage (blue).
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8 High voltage measurement
Measurements of high voltages and currents puts certain demands on the equipment. The
current is measured with a Rogowski probe (Fig. 44). This device detects the magnetic flux
density surrounding the conductor and from this field the current can be calculated. A more
detailed description of the Rogowski probe can be found in [20].

Figure 44. Rogowski coil probe.
The voltage is measured with a capacitive probe [18], which is not directly connected to the
conductor potential. Instead the design uses a capacitive voltage divider and from this the
correct potential can be obtained using a scaling factor. Figure 45 shows the capacitive probe
with the load. The load is an electrolyte containing a mixture of CuSO4 and water and giving a
resistance of R = 15 Ω . The load has proven to be linear and resistive.

Figure 45. Capacitive probe (left) with load (right).
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The transformer was mounted as shown in Fig. 46. The exploding copper wires are mounted
in the top section T. A quenching material surrounds the wires to avoid restrikes in the fuse
section, i.e., a following dielectric breakdown caused by a conducting copper plasma [5]. The
primary voltage was measured at A with a high voltage probe and the secondary voltage was
measured with the capacitive probe at B. The current probe is located in the capacitor and is
not visible in the figure.

A

T

B

Figure 46. Transformer mounted in high-voltage system.
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9 High voltage results
The measured quantities were restricted to primary current and the primary, secondary
voltage. The secondary current, proved to be too distorted to get a reliable value since the
transformer produced massive magnetic flux densities. The first measurement was made with
the capacitor bank charged to 17 kV and the fuse was equipped with 18 copper wires AWG36. A fraction of the energy was released to the primary winding during a pulse of
approximately 15 µs , i.e. the time until the wires break. When the current was switched off
the induction voltage in the primary winding resulted in a dielectric breakdown between the
ground terminal and the first positive turn, as shown in Fig. 47.

A

C

B

Figure 47. The electrical breakdown located at C.
The Figure shows the primary positive terminals A and the ground B. The breakdown
occurred at C. This cause of failure was eliminated through an increase of the primary
terminal distance (Fig. 21) which decreased the coupling factor. Just to be on the safe side χ
was increased to approximately 1.1 turns. This distance was removed from the primary
winding leaving the secondary winding unchanged. Also a second outer isolation layer was
added to the primary winding. The terminal ends were insulated with a 4 mm thick rubber foil
according to Fig. 48. The shorter primary winding lengths resulted in new coupling factors
and inductance as shown in Table 8.
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Figure 48. Modified transformer with rubber insulated terminals.
f
[kHz]
100

Lp
[µH]
2.7

Ls
[µH]
49.6

LLp
[µH]
1.1

LLs
[µH]
17

Table 8. Modified transformer inductance measurement.
The new coupling parameters calculated with (3.21) is shown in Table 9.
f
[kHz]
100

kp

ks

0.77

0.81

Table 9. Modified transformer coupling parameters.
The transformer was mounted in the same configuration as before but this time the capacitors
were charged with a lower voltage. The capacitor bank was charged to 12 kV and the fuse
was equipped with 10 wires AWG-36. Figure 49 shows the measured quantities.
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Figure 49. Capacitor charged to 12 kV and fuse equipped with 10 wires AWG-36.
The high primary voltage peak at ≈ 14 µs is probably due to a high primary leakage
inductance. The step response from a parametric model shows that the amplitude ratio before
the negative peak has dropped to
US
= 2 .3 .
UP

This low value probably depends on parasitic effects, i.e. eddy currents in the semicon [4] or
skin effect in the secondary winding. The rise time of the first positive part is
t r = 3.65 µs .

The power and energy consideration in Fig. 50 and 51 show the same appearance as the low
voltage tests did (cf. Figs. 34 and 35).

Figure 50. Power relation with 12 kV bank charge and 10 wires AWG-36.
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Figure 51. Energy consideration with 12 kV bank charge and 10 wires AWG-36.
The transformer was inspected and measured to ascertain that the inductance values had not
changed and no other damage had occurred. Since no dielectric breakdowns could be detected
the capacitor bank was now charged to 17 kV and the fuse equipped with 18 wires AWG-36.
Figure 52 shows the corresponding results.

Figure 52. Capacitor charged to 17 kV and fuse equipped with 18 wires AWG-36.
As seen in Fig. 52 the instrument levels were set too low, i.e. the voltage and current saturated
the scale. A parametric model analysis of the amplitude ratio give the same result as before,
but if the negative peak between 14 µs and 15 µs in Fig. 52 is magnified the important result
shown in Fig. 53 appears.

49

Figure 53. Magnification of wireblast scenario.
As seen in Fig. 53 the primary and secondary voltage at t ≈ 14.4 µs seem to follow the same
process as the 12 kV set-up. But at t ≈ 14.5 µs the secondary voltage drops off the negative
chart and the primary rises back towards the positive side, i.e. the amplification factor is not
unity during the negative peak as in the 12 kV setup. The current begin to oscillate around
≈ 33 MHz at the same time as the secondary drops off, indicating that there may be a
resonance. Probably the current oscillation coincides with the transformers resonant
secondary coil frequency, and an internal capacitive loading takes place having the effect of
almost zero equivalent impedance [15], causing the current rush.
In the next attempt the primary voltage probe was removed since it was specified to a
maximum of 40 kV. The primary current and secondary voltage was measured as before. The
set-up was identical with the exception that the fuse wire was accidentally wound at three
different places with a sharp notch (Fig. 54). This may not have anything at all to do with the
results below, it is just mentioned here since it is the only known difference.

Figure 54. Fuse wire with notch.
The instrument settings were calibrated in order to capture all parts of the curves. The
transformer was again inspected for damage, but no faults were found. The shot gave the
result shown in Figure 55.

50

Figure 55. Capacitor charged to 17 kV and fuse equipped with 18 wires AWG-36, 3 notches.
This massive peak in the primary current (Fig. 55) cannot be seen in the former test (Fig. 52).
The secondary voltage also had a sharp peak down to 200 kV but this could have been a
recorded transient. When the secondary voltage was filtered the peak vanished. The unfiltered
signal is shown on the CD. The power and energy is plotted in Figs. 52 and 53 and they are
showing a significant difference from the 12 kV shot. The input power cannot be displayed
since the primary voltage was not measured. However, the load is assumed to be linear and
purely resistive since (5.4) is used to calculate the output power.

Figure 56. Power consideration with bank charged to 17 kV and fuse equipped with 18 wires
AWG-36, 3 notches.
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Figure 57. Energy consideration with bank charged to 17 kV and fuse equipped with 18 wires
AWG-36, 3 notches.
The amplitude ratio seems to be approximately constant around 2.3, though this ratio is based
on voltages before the fuse wires break. The interesting part was now to investigate the
maximum voltage stress of the secondary semicon cable, so the plan was to charge the
capacitor bank to 22 kV and increase the number of wires. Before the 22 kV test the influence
of the notches were investigated, though this time we deliberately wound nine notches located
at the center of the fuse section. The capacitor bank was charged to 17 kV as before and the
result was according to Fig. 58.

Figure 58. Primary current comparison.
Unfortunately, the test had to be interrupted, since the oscilloscope measuring the secondary
voltage was damaged. Since one of the components damaged in the oscilloscope was its
power unit, one may suspect grounding problems. Anyhow, Fig. 59 shows a magnification of
the wire-blast region.
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Figure 59. Magnification of wire-blast.
If a differentiation of the currents in Fig. 59 are done, the result is that the latter test have
larger peak derivatives, which may indicate that the secondary voltage according to equations
(3.11) and (3.12) was higher. This is however only speculations, since the oscilloscope
measuring the secondary voltage was damaged.
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10 Conclusions
10.1 Summary
Simulations during the low voltage tests show that the P-spice models perform well. The high
voltage simulation is also very accurate for the positive slow peaks, even if the high voltage
generation when the wires break cannot be achieved with P-spice simulations. This may
indicate that the simulation models are not complete for resonance phenomena.
The semicon cable has show very good high voltage characteristics, since it can cope with a
voltage stress of 150 kV with an outer diameter of 6 mm without breakdown. In this test the
pulse width is approximately 1.2 µs during this output voltage.

10.2 Suggestions for improvements
A better terminal insulation should be applied so that the primary winding enclose as much as
possible of the secondary cable, resulting in a better coupling factor. The solution may be to
add a high performance insulation for a complete turn between the grounded and the first
positive turn on each terminal. Experimental work is needed to investigate how the diameter
of the solenoid influences the coupling factor. The design could be equipped with modern
ferrite core to achieve better coupling.
Another interesting simulation is made with the coupling scheme shown in appendix A
Fig. 62. In this set-up the transformer was equipped with the exploding wires on the
secondary side. The use of a capacitor between the primary and secondary terminal works as
an efficient energy buffer. The capacitor is charged during the time of voltage build-up on the
secondary. Then, as the spark gap strike, the transformer deliver its energy and on top of that
the capacitor leaves its charged energy. The result is a very rapid pulse with high energy. The
main problem with this design is the excessive force on the capacitor since the energy is
delivered very fast. Therefore the use of a water capacitor made of some strong material may
be an alternative. The capacitor can also be directly connected from the secondary terminal to
ground giving an even faster pulse. However, this procedure has the effect of an increasing
voltage stress in the capacitor [9], since it is connected directly to ground. In this model the
values of the capacitance can vary between 10 nF and 30 nF. The water capacitor is described
in [17].
Further tests of the twisted copper wires should be performed to see if there is any possibility
to achieve higher time derivative of the current.
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Appendix A
The low voltage capacitor test was done with equivalent linear transformer circuit (Fig. 60)
and transmission line transformer (Fig. 61).

Figure 60. Simulation model with linear transformers.
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Figure 61. Simulation model with transmission lines.
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Figure 62. Simulation model with water capacitor between primary and secondary terminal.
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