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1. Preface

With funding from a large donation in the 1930:s the Division for Electricity 
and Lightning Research had been focused on lightning and electric dis-
charges, and was under a long period an institute and not part of the univer-
sity. Besides the traditional lightning and discharge researchers there is today 
a new research group, which study renewable power generation, power stor-
age and pulsed power. 

In September 2000 PhD Mats Leijon, until then head of the high voltage 
electromagnetic systems at ABB Corporate Research and achiever of a large 
number of scientific distinctions for inventing the first high voltage genera-
tor (Powerformer), took a newly defined professorship in Electricity (a com-
bination of the professorship in Plasma Physics and the professorship in 
Lightning Research) at Uppsala University. 

In March 2001 Ass. Professor Hans Bernhoff initiated the research area 
Pulsed Power at The Division for Electricity and Lightning Research, Upp-
sala University. The research applications focused on inductive pulse gen-
erators and water capacitors.  

The work presented here started off by a master thesis project at FOI, 
which lead to an investigation of the demands on a pulse generator used as 
power source in high power microwave (HPM) generation. Results from the 
investigation pointed at transmission lines as an interesting option. Modern 
transmission lines are attracting to use because the HPM generation requires 
medium to high voltage pulse sources. High voltage cables can offer good 
insulation and light metal conductors may be chosen in order to reduce 
weight. Taking these options into consideration lead to the construction of 
more than 300 m coaxial cable that was used in various pulsed power set-
ups.
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3. Introduction

The radical development in power electrics such as the PowerformerTM [1] is
based on the principle that the generated electric field is efficiently enclosed 
by modern PEX insulation over the conductor. In an electrical power genera-
tor the stator is wound with high voltage cables, which enables high voltage 
generation directly to the national grid. The main advantage with high volt-
age generation is that high currents are eliminated when large powers are 
delivered from the machine. The generators pre Powerformer had a maxi-
mum voltage level of 36 kV [2] and power delivery exceeding 100 MW 
requires stator currents of several kA. High currents introduce conductor 
losses and large forces. The side effect to the conductor loss is the necessity 
to use large conductor cross-section areas.  

The high voltage cable technology has improved associated insulation prob-
lems. This means that high voltage can be used in a variety of ways in elec-
trical machines. The voltage is no longer the limiting factor when electrical 
machines are designed, instead the machine can be optimized thru magnetic, 
mechanic and thermal properties. Cable technology can obviously be used in 
other machines than generators, i.e. such as transformers [3], and windmills 
[4, 5]. The cable technology has also proven to be well suited for Pulsed 
Power applications. Pulsed Power is not an alternative to traditional ac or dc 
power engineering; instead it is used in special applications. The applications 
can be electron accelerators, sterilisation and purification of impure air and 
water, as units of medical x-ray apparatus and in material property modifica-
tion equipment. Pulsed electric fields (PEF’s) can be used in deactivating 
microbiological populations contained in liquids [6, 7]. Thermal processing 
of liquids such as pasteurisation is normally used in the food industry to 
deactivate bacteria. Pasteurisation is a proven treatment against bacteria but 
it can change the taste, flavour and nutritional index for food [6].  

This section describes inductive pulse generators in general and modern 
cable technology. The specific components described are transformers, clos-
ing switches, opening switches and pulse forming lines (PFL’s).  
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3.1 Thesis Aim
The aim of this thesis is to understand the challenges involved in construct-
ing a compact repetitive 500 kV pulse generator. The pulse generator is in-
tended as the source in high power microwave (HPM) generation. Power 
levels of 25 GW will be injected into a HPM radiator during 200 ns. The 
source generator has to deliver a 50 kA current at 500 kV for the specified 
time into the HPM device. Further, electrical power systems will be a key 
component in future weapons and systems [8]. The applications described in 
Table 1 all include pulsed power. The analyzed generator may be well suited 
for some of the presented alternatives.

Table 1. Types of electrical power systems that are im-
portant for future weapons and system. 

Vehicles and systems Hybrid electrically powered combat vehicles 
Onboard active protection systems 
Electromagnetic armour 
Electromagnetic vehicle suspension 

Potential new weapons Electromagnetic guns 
Electrothermal chemical guns 
High power microwaves 
Directed energy weapons 

Man portable and alternative 
power 

Batteries
Ultracapacitors 
Fuel cells 
Thermoelectric generators 
Solar cell arrays 
Magnetic flux compressors 
Superconducting generators 
Flywheels

3.2 Inductive Pulse Generator 
In a basic inductive pulse generator the electric energy could be applied from 
a magnetic flux generator, flywheel, capacitor or other electric source. Fig. 1 
shows a inductive pulse generator with a low voltage capacitor bank as pri-
mary electric energy storage. The electric energy is discharged into the in-
ductor by a closing switch. The magnetic energy increases in the inductor 
and the electric energy decreases in the capacitor bank during the first quar-
ter period of the sinusoidal LC-current that occurs. The magnetic energy is 
largest when the sinusoidal current is maximal. The opening switch (Fig. 1) 
is activated as the maximum magnetic energy is stored in the inductor.  
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The switch opens and the current is abruptly interrupted and thereby produc-
ing a large magnetic flux change in the inductor. The large change in mag-
netic flux induces a voltage over the inductor. The magnetic energy is dis-
charged into the load as the voltage over the inductor reach the breakdown 
threshold for the spark gap. The main drawback with this relatively simple 
but robust circuit are the serious demands this design puts on the opening 
switch. Usually, opening switches must be given some time to recover after 
the current is switched off. However, the opening switch shown in Fig. 1 has 
to withstand the full load voltage and no time for recovery is given. The 
most suitable opening switch for this circuit design is a fuse.  

The next step in pulse generator architecture is to use a capacitor on the high 
voltage side of the inductor, as shown in Fig. 2. The capacitor in combina-
tion with the inductor enables the opening switch to recover due to the lim-
ited rate of recovery voltage (RRV) introduced. The reduced RRV enables 
the usage of other types of opening switches such as vacuum interrupters and 
plasma opening switches. The circuit shown in Fig. 2, still have drawbacks, 
e.g. the opening switch has to withstand the full load voltage. A further step 
is to reduce the voltage over the opening switch. This is done by the intro-
duction of a transformer, as shown in Fig. 3. The opening switch is located 
on the primary side of the transformer and enables a reduction of the switch 
voltage proportional to the winding ratio.  

The opening switch is usable for limited primary voltage. However, if a 
transformer with a high winding ratio (Tesla transformer type) is used; the 
opening switch is not necessary. The opening switch shown in Fig. 3 has 
been removed and the magnetic energy storage is modified with a high 
winding ratio transformer. This type of pulse generator represents a simple 
and robust construction as it only relies on two closing switches (Fig. 4).      

Fig. 1. Simple inductive pulse generator. 
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Fig. 2. Inductive pulse generator with high voltage ca-
pacitive energy storage. 

Fig. 3. Inductive pulse generator with transformer and 
high voltage capacitive energy storage 

Fig. 4. Inductive pulse generator with Tesla type trans-
former. 

3.3 Cable Technology 
The cable shown in Fig. 5 is a modern high voltage cable normally used in 
power distribution or power transmission. The cable has an inner conductor 
consisting of aluminium or copper strands. A first resistive layer (semicon) 
is surrounding the inner conductor and is followed by a cross linked poly-
ethylene (XLPE) insulation. A second resistive layer completes the cable. 
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Every separate strand has a small radius that forms voids when bunching of 
the strands are made during manufacture. The voids result in an intense elec-
tric field if a potential is applied. The resistive layer fill up the voids between 
the strands and reduces the electric field from the inner conductor. Fig. 5 
shows a high voltage cable with resistive semicon layers on the inner con-
ductor and on the surrounding insulation. The semicon DC conductivity is 7 
S/m for the specific cables used in this thesis. 

Fig. 5. High voltage cable  used in electrical machines 
as well as in pulsed power applications. 

3.4 Transformers and Pulse Forming Lines 
Transformers and Pulse Forming Lines (PFL’s) have traditionally been used 
in Pulsed Power for decades. The transformer is used when the voltage or 
current has to be altered. The pulse forming line is used when square pulses 
with high power are needed. This section describes pulse forming lines and 
two different types of air core transformers.

3.4.1 Transformers
The transformer can be used as intermediate magnetic energy storage in 
pulse generators [9 - 11]. The coaxial transformer uses a high voltage trans-
mission line as winding and the common laminated ferro magnetic core is 
replaced with an air core [12 - 17]. In general, air cores offers both advan-
tages and drawbacks: the advantage is that an air core reduces weight [18, 
19] and the magnetic flux density is not limited as in ferro magnetic cores. 
The stored energy density is proportional to the square of the magnetic flux 
density. The upper limit for the magnetic flux density is determined by envi-
ronmental field limitations. Transformers having laminated steel core en-
closes most of its field in the core as opposed to the air core transformer. 
Furthermore, the steel-core has a limited energy transfer capability due to 
core saturation.   
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3.4.1.1 Coaxial Transformer 
A step up coaxial transformer uses the inner conductor of a coaxial cable as 
secondary winding and the screen as primary winding. The transformer can 
be designed in a single layer or multi layer fashion. The multilayer trans-
former generally has slower rise time due to the larger size and higher induc-
tance compared to single layer transformers. Therefore the multilayer is not 
suited for generating rapid pulses directly into resistive loads. However, the 
multi layer transformer is well suited for intermediate charging of capacitors 
or transmission lines. The winding of the transformer can be made in several 
different ways. The technique used in this thesis is alternating Archimedean 
spirals, i.e. the transformer is wound in horizontal layers. The left part of 
Fig. 6 shows the primary terminal connections and their location inside the 
solenoid. To the right is the coupling arrangement for the coaxial cable 
where the screen is cut at three places and connected in parallel. 

+-

Us

Up- Up

Fig. 6. Cross section of a coaxial transformer with a 
step-up ratio of 4. The right figure shows the coupling 
arrangement for the coaxial cable.   

3.4.1.2 Conventional Transformer 
The conventional transformer shown in Fig. 7 is wound in Archimedean 
spirals. The illustration shows the primary terminals where the outer terminal 
is connected to ground and the inner to the capacitor bank. Each layer on the 
primary winding has an adjacent secondary layer, this affects the size of the 
transformer which is close to 200 % larger than the coaxial transformer. The 
advantage with this type of transformer is that it allows for an easy primary 
terminal insulation.  
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Fig. 7. Conventional transformer 

3.4.2 Pulse Forming Lines 
Pulse Forming Lines theoretically allows the formation of rectangular pulses 
without tails from which the amplitude exceeds the charge voltage [20 - 28]. 
There are features of transmission line discharges that are inconvenient for 
high-voltage work. First, the matched pulse has an amplitude only half that 
of the charging voltage. Second, the power transfer switch must be located 
between the high-voltage center conductor and the load, which makes trig-
gering difficult. These problems are solved by the Blumlein pulse forming 
line [29]. The circuit consists of two (or more) coupled transmission lines. 
The output pulse produced has the same amplitude as the DC charge voltage. 
Materials with a high dielectric constant make the pulse forming line more 
compact and lightweight [30 - 32].  

3.5 Closing Switches 
The closing switch of the pulse forming line is a critical component in order 
to receive a fast rise time of the load voltage. There are several interesting 
options such as magnetic switches, pulsed power thyristors, thyratrons, 
photoconductive semiconductor switches (PCSS) and spark gaps. The 
switches mentioned above will be discussed further below based on litera-
ture references. 

3.5.1 The magnetic switch 
Magnetic switches [33 - 37] are typically passive circuits that take advantage 
of the non-linear characteristics of inductors wound upon cores consisting of 
ferro or ferri-magnetic material. The non-linear characteristics of the mag-
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netic switch can effectively change the impedance of the circuit and thus 
resemble the operation of a high power switch. The passive magnetic 
switches do not suffer from many common limitations associated with dis-
charge devices such as long recovery time and electrode erosion. Drawback: 
Low energy transfer capability as the magnetic core volume is proportional 
to the energy transfer.  

3.5.2 The thyristor 
The thyristor is a triggered solid state semiconductor switch. The develop-
ment of thyristors with operating voltages of several kilovolts and switching 
times of microseconds goes back to the 1960s [38]. The trigger gate of a 
thyristor is commonly shaped like a snowflake [39, 40]. Gate trigger signals 
are not satisfactorily distributed for the snowflake design if the current de-
rivative di/dt is too large. The lack in proper distribution causes large current 
to occur at small areas in the substrate having the effect of local hot spots 
and breakdown in the material. However, there are new pulsed power thyris-
tors that can handle larger di/dt’s. These thyristors does not use the snow-
flake gate but instead have an involutes design of the gate [41]. The invo-
lutes design enables a better trigger charge distribution. An adequate trigger 
charge distribution partly eliminate intense hot spots. Thyristors have the 
advantage of easy maneuver and also no electrode wear occurs. The draw-
back is the limited di/dt capability and series connection of several devices 
are necessary if the switch shall handle high voltages. 

Fig. 8. Thyristors may be used as closing switches, fig-
ure from [40]. 

3.5.3 The spark gap  
The spark gap switch [23, 31, 32, 42] often use air as dielectric but other 
gases or liquids can be used. The spark gap can be triggered by a extra elec-
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trode in order to force the switch to close even if the threshold voltage is not 
exceeded. Spark gaps are very durable and can be designed for a general 
threshold voltage. The drawback is the limited repetition rate and electrode 
lifetime. The electrodes are usually shaped like Rogowski profiles [62] in 
order to produce the highest electric field where the spark is wanted. To date 
PFL’s using spark gaps have produced high power waveforms with rise 
times and repetition rates in the range 5 –50 ns and 1 – 200 Hz respectively. 
There are spark gaps with several series connected electrodes called spark 
peakers [43]. These multi electrode spark gaps can be used as pre pulse sup-
pressors or load voltage rise time enhancers.  

Fig. 9. Single electrodes commonly used in spark gap 
switches. The electrode profile is usually of a 
Rogowski[62] type.  

3.5.4 The thyratron 
The thyratron [21, 24] resembles a spark gap but the gas inside the thyratron 
is hydrogen [44]. Low gas pressure gives the tube a higher voltage hold-off 
capability and decreases recovery time. High gas pressure gives better rates 
of rise of current, but lowers the hold-off voltage and increases the tube re-
covery time. Thyratrons are fast acting high voltage switches suitable for a 
variety of applications including radar, laser and scientific use. A plasma 
forms in the grid-cathode region from electrons when a positive triggering 
pulse is applied to the grid (c.f. Fig. 10). The plasma passes through the ap-
ertures of the grid structure and causes electrical breakdown in the high-
voltage region between the grid and the anode. This is also called commuta-
tion. Once the commutation interval has ended, a typical hydrogen thyratron 
will conduct with nearly constant voltage drop on the order of 100 V regard-
less of the current. Thyratrons open (recover) via diffusion of ions to the 
tube inner walls and electrode surfaces, where the ions can recombine with 
electrons. This process takes from 30 s to 150 s depending on the tube 
type, fill pressure, and gas (hydrogen or deuterium). The theoretical maxi-
mum pulse repetition rate is inversely proportional to the recovery time. 
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Fig. 10. Thyratron commutation, figure collected from 
[44], a) Trigger pulse applied to control grid. b) Grid 
cathode breakdown. c) Electrons from grid-cathode re-
gion create a dense plasma in the grid-anode region. 
The plasma front propagate toward the cathode via 
break down of gas. d) Closure.   

Fig. 11. Hydrogen thyratrons may be used as closing 
switches, figure from [44]. 

3.5.5 Photoconductive semiconductor switch 
The photoconductive semiconductor switch [20, 25, 26] is used as closing 
switch in Blumleins when waveforms with sub-nanosecond rise time and 
kilohertz repetition rate are required. The switch usually consists of GaAs 
and it is triggered with a laser system. The surface on the switch may be 
coated with amorphous diamond in order to enhance the lifetime. The advan-
tage for this type of switch is that it has a fast rise time and high repetition 
rate. The drawback is that the energy transfer capability is very limited. 

a. b. c. d.

Control
grid

K

A
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3.6 Opening Switches 
The circuit breaker of inductive pulse generators are the most challenging 
component to accomplish, the opening switch must be able to handle large 
currents, have a fast repetition rate and be durable. Normal opening switches 
in power systems switch off the current as the current passes zero, this can 
be done with vacuum interrupters. Pulsed power applications are different in 
the sense that the current must be switched off at some amplitude, often at 
maximum. A fuse switch may be dimensioned so that the wires in the fuse 
evaporate at current maximum and thereby interrupting the current. Other 
opening switches that can be used are plasma opening switches or hybrid 
switches.

3.6.1 Hybrid switch 
The hybrid switch [45 - 50] combines the properties of vacuum interrupters 
and components such as semiconductors or resonance circuits. Vacuum in-
terrupters are commonly used in commercial AC power systems as circuit 
breakers. However, switching a DC-current requires a commutation to pro-
duce a synthetic zero-crossing. Two types of commutation will be described: 
commutation by Insulated Gate Bipolar Transistors (IGBT:s) and by LC-
resonance. Both commutation types involve a mechanical operation of the 
movable contacts in the vacuum interrupters (Fig. 12).

3.6.1.1 IGBT commutation 
A hybrid opening switch with vacuum interrupters and IGBT:s are shown in 
Fig. 13. The current is commutated during a short interval thus limiting the 
energy absorption in the relatively sensitive IGBT:s. The lower vacuum in-
terrupter Sw1 deionize (Fig. 13) as the IGBT:s commutates the current. The 
upper vacuum interrupter Sw2 deionize in approximately 5-30 s [51] as the 
IGBT:s are switched off. The transient recovery voltage must be kept low 
during the deionization of the upper vacuum interrupter or a second arc igni-
tion may occur.  
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Fig. 12. Vacuum interrupters used in hybrid switch. 

Fig. 13. a) The vacuum interrupters are closed and the 
current is flowing uninterrupted. b) The vacuum inter-
rupters are opened and arcs are formed between the 
contacts, the IGBT:s are switched on for a short time 
and the current commutates since this circuit has lower 
impedance, Sw1 is deionized. c) The IGBT:s are 
switched off and vacuum interrupter Sw2 is deionized.   

Discrete IGBT:s are mounted in series and parallel combination in order to 
increase the maximum voltage and current level. The gate signal for transis-
tor G2 has to be controlled relative to the potential +E as shown in Fig. 14. 
An external current Ix is applied in order to induce trigger voltages in the 
ferrite cores L. As the voltage is induced over L the zener diodes Zd keeps a 
stable potential over the gates G1 and G2. Fig. 15 illustrates the gate voltage 
of transistor G1, the gate voltage G2 is similar but with a relative voltage +E.
Then as the current Ix is switched off a negative voltage is induced over the 
L:s and the zener diodes keeps a stable negative potential, this helps the 
IGBT:s to switch off the main current Ic effectively.  
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Fig. 14 The series combination of discrete IGBT:s (par-
allel not shown) are controlled by the external control 
current Ix.

Fig. 15 The measured gate potential G1 is held positive 
as the current Ix is switched on and negative as the cur-
rent is switched off, the gate potential G2 has a relative 
voltage of +E.

3.6.1.2 LC-resonance commutation 
The LC-resonance system works in a similar way as the IGBT commutation 
but is more durable. LC-resonance circuits introduce a high frequency on the 
current and as the current passes zero amperes the vacuum interrupters deion-
ize. As the vacuum interrupters deionize the switching is completed. However, 
the LC-circuit has to be matched to the rest of the circuit in order to keep a 
high efficiency. A restriction for the upper LC switching frequency is set by 
the deionization time for the vacuum interrupters. The repetition rate of the 
switch is determined by the mechanics [46] involved in separating the mov-
able contacts in the vacuum interrupters. In order to describe the LC-resonance 
circuit completely a total system approach is necessary (cf. section 4.4). 
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3.6.2 Fuse opening switch 
The fuse opening switch is constructed using conductors made of copper or 
similar material surrounded by a quenching material. As a large current is 
lead through the wires an ohmic heating occurs [52 - 54]. The conductors 
cannot withstand the fast heating and therefore evaporates into metallic 
plasma. The plasma is efficiently quenched by surrounding material usually 
consisting of quartz sand. As the plasma quench the current interruption 
process occurs. The conductor lengths are dimensioned to withstand the 
transient recovery voltage that normally occurs after switching inductive 
loads. These switches are robust and can handle large transient recovery 
voltages. Further, they are well suited for single shot circuits similar to the 
circuit shown in Fig. 1. The wires must be replaced after each operation, 
which is a drawback when used in repetitive systems. 

3.6.3 Plasma opening switch (POS) 
The plasma opening switch may consist of two conducting coaxial shells 
with a vacuum in between [55, 56].  A plasma is injected into the vacuum 
between the coaxial shells and a conduction current is established. When the 
circuit is to be opened an external magnetic field B  is applied, the magnetic 
field redistributes the conduction plasma that eventually thins and the con-
duction current ceases [54]. This switch can interrupt several mega amperes 
effectively with no moving parts involved. 
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4. Theory

This section treats the theory of the components used in the inductive pulse 
generators described in the experimental section. The theory begins with the 
equations used to model a pulse forming line. Next comes coupling factor 
theory for air core transformers and a lumped electric circuit model describ-
ing a cable transformer. Furthermore, a cable using multiple layers with dif-
ferent permittivity is described. Last is the electric circuit approach of an LC-
resonance opening switch.   

4.1 Pulse Forming Line 
The pulse forming line is used when a square pulse is required [20]. The 
square pulse can be achieved by replacing the high voltage capacitor shown 
in Fig. 16 with a transmission line. A common RC- discharge will produce a 
large tail that represents poor pulse quality. The characteristic impedance of 
a transmission line is determined by the capacitance and inductance. The 
characteristic impedance Z0 for a unit length of a coaxial cable [57] is deter-
mined using eq. (1).   

)/ln(
2
1

0 abZ      (1) 

where ,   are the permeability and permittivity respectively and a, b are the 
inner and outer conductor radii. Fig. 17 illustrates a transmission line dis-
charge set up. The load voltage will be 50 % of the charge voltage when the 
transmission line is discharged into a matched load, however, it is possible to 
lower the impedance of the transmission line by coupling several cables in 
parallel. Parallel coupling of transmission lines will increase the load voltage 
but a mismatch is introduced. A mismatch between the load and transmis-
sion line produces pulse reflections. The number of transmission lines n
coupled in parallel will lower the effective impedance to Z/n.
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Fig. 16. Capacitive discharge into resistive load. 

Fig. 17. Transmission line discharge into matched load. 

Multiple strips of transmission lines can be employed in order to receive 
higher load voltage than charge voltage [21, 22]. Fig. 18 illustrates a PFL 
using double transmission lines and the set-up is normally referred to as a 
Blumlein [29]. This design has equal load and charge voltage when it is dis-
charged into a matched load. The impedance Zj of each strip of transmission 
line j is determined with eq. (2) 

1,...,2,1,)1(
2

njR
n
jjZ Lj   (2) 

where j is the transmission line counted from the left (Fig. 18) and n is the 
total number of transmission lines. The last transmission line equipped with 
the load as shown in Fig. 18 and Fig. 19 have the impedance according to 
eq. (3)

.
n

RZ L
n         (3) 

The load voltage UL will be 

sL UnU
2

        (4) 
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where Us is the charge voltage and if n = 2 then Z1 = Z2 = RL/2.

Fig. 18. Discharge into matched load from transmission 
lines in a Blumlein configuration.  

Fig. 19. This set-up has n = 4 and delivers a square load 
pulse with an amplitude that equals the double charge 
amplitude. 

4.2 Air Core Transformer 
An air core transformer has no ferro or ferri materials in its core. The lack of 
core material usually affects the coupling factor negatively. Hence, calculat-
ing the coupling factor is important when designing air core transformers. 
The method described here is based on a FEM solver [58]. The energy of the 
magnetic field created when a current flows through a transformer is calcu-
lated as a volume integral (eq. 5). The method used here is static magnetic 
analysis and constant permeability [58]. Air core transformers can use con-
stant permeability due to absence of a ferrite core. The total energy of the 
magnetic field in a volume V is

V

dVW 2

02
1 B       (5) 

  Z1       

Z1 = RL /8        Z2 = 3RL/8           Z3 = 3RL/4           Z4 = RL/4

Z2
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Here B is the magnetic flux density and 0 is the permittivity of space. FEM 
solvers uses a boundary box outside the geometry of the transformer. The 
boundary box must be large enough and have correct boundary conditions. 
The boundary conditions are defined by equations (6) and (7), the magnetic 
field outside the box (region 2) is zero. Equation (6) describes the behaviour 
of the tangential components and equation (7) states that the normal compo-
nent is continuous. 

fn KB 01ˆ       (6) 

.0ˆ 1Bn         (7) 

Where Kf  (eq. 6) is a surface current on the boundary box and B1 is the 
magnetic flux density inside the box. The magnetic vector potential A is 
introduced, where BA  and the magnetic flux density B is finite in the 
transition layer and we use the gauge condition: 0A . This procedure 
simplifies equation (6) and (7) to [57]   

0)(ˆ 12 AAn       (8) 

.0)(ˆ 12 AAn        (9) 

Thus stating that the tangential and normal components of A are continuous 
and A2 = A1 = 0 may be chosen at the boundary. This boundary condition is a 
Dirichlet condition and is used as definition of infinity and axisymmetry in 
Ace [58]. The total magnetic energy [57] for the transformer is given by 
equation (10). 
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where M is the mutual inductance and Lp, Ls are the self inductances of the 
primary and secondary windings. The coupling coefficient k is defined 
through [57] 

.spLLkM        (11) 

The primary inductance Lp is calculated with a current flowing in the pri-
mary conductor while the secondary circuit is open, and vice-versa for the 
secondary inductance Ls. The mutual inductance is calculated using eq. (12) 
where the indexes M+ means positive and M- negative secondary current Is.
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When the difference between WM+ and WM- is calculated the first two terms 
in eq. (12) cancels and the mutual inductance can be solved for 

sp

MM

II
WWM

2
      (12) 

It is then straightforward to calculate the coupling factor from equation (11). 

4.3 Electric Circuit Model 
A coaxial or conventional transformer can be simulated quite accurately 
using lumped inductances, capacitances and resistances. Fig. 20 shows how 
the discrete components are lumped for a transformer with a winding ratio of 
four. The primary inductance Lp consists of four inductors L11 to L44 coupled 
in parallel. The secondary inductance Ls consists of L55 to L88 coupled in 
series. Since Lp and Ls share a common magnetic flux  the inductance ma-
trix with the lumped inductors become 
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Furthermore, the transformer is assumed reciprocal [59], i.e. Lij = Lji and the 
number of coupling factors are 
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The square indicated in the matrix of equation (14) is the primary to secon-
dary coupling factors kps and the upper triangle is the primary to primary 

kpp

kps

kss
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coupling kpp. The lower triangle shows the secondary to secondary coupling 
kss. The coefficient values for the coupling factors in the triangles are very 
close to unity due to the strong coupling. The model is implemented into P-
spice [60] and the lumped capacitance (15) are used with the inductance L11
to L44 and L55 to L88 from equation (13). 

N
CCps 2

        (15) 

Here C  is the total capacitance of the coaxial cable and N is the winding 
ratio. A more accurate simulation model should have a very fine distribution 
of the inductance and capacitance to give a better resemblance of a transmis-
sion line. The primary and secondary resistances Rp1 to Rp4 and Rs1 to Rs4 are 
approximated with respect to the skin effect at the LC resonance frequency 
of each winding. The LC resonance frequency is determined by the self 
resonance between the primary inductance and capacitance and vice versa 
for the secondary circuit.  

Fig. 20. Lumped electric circuit model used in spice 
simulations. 
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4.4 Analysis of Pulse Generator with Hybrid Opening 
Switch

Fig. 21 shows a schematic of a pulse generator using a LC resonance open-
ing switch. The components Cp, Rp, Lp represents the primary capacitance, 
resistance and inductance. Cs, Rs, Ls the secondary capacitance, resistance 
and inductance. Cd, Rd, Ld forms a resonance circuit. The first switch S1 con-
tains a thyristor and switch S2 contains 3 vacuum interrupters in series. The 
movable contact in the vacuum interrupters is operated mechanically; having 
the mean velocity 7 m/s. The specific velocity of the movable contact allows 
a full stroke ( 7 mm ) in 1ms. The last closing switch S3 is a triggered 10 kV 
spark gap. 

The operating principle for the pulse generator is illustrated in Fig. 21: The 
primary capacitive energy storage is discharged through the primary winding 
Lp and the resonance inductance Ld by closing switch S1. The movable con-
tacts in S2 are operated shortly after switch S1 and stable arcs are formed in 
the vacuum interrupters. When the third switch S3 is closed at current maxi-
mum, the pre charged capacitor Cd forms a resonance circuit with the energy 
stored in inductor Ld. The current switches from the slow 200 Hz sinusoidal 
to 25 kHz as resonance occurs. The high Q-value of the 25 kHz resonance 
gives a resulting zero crossing of the primary current. As the amplitude of 
the current passes zero for some microseconds the arcs are deionized in the 
vacuum interrupters and the current is switched off. The stored magnetic 
energy in the transformer is converted to a high voltage across the secondary 
capacitor Cs as the current is interrupted. 
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Fig. 21. a) Pulse generator design with a coaxial trans-
former and a secondary high voltage capacitor Cs. The 
resonance circuit consists of Ld, Cd and is used for 
achieving zero current crossing. b) Table with compo-
nent values used in the simulation of the simplified cir-
cuit.  

The input impedance is calculated with the primary capacitor Cp removed 
and all switches closed. The transformer is modeled with an equivalent re-
ciprocal two-port network [59]. This common procedure is applied as it 
makes the circuit calculations easy. Fig. 22 shows a simplified version of the 
circuit used in the simulation program [60]. The transformer model used in 
the simulations is presented in section 4.3.   
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Fig. 22. The input impedance is calculated with the 
switches closed and the primary capacitor Cp removed. 

The transformer network is assumed reciprocal and the T model is used [59]. 
The input impedance is solved for the circuit shown in Fig. 22 giving 
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where k is the coupling factor (kps in (eq. 14)) of the transformer and  is the 
angular frequency. The real roots of equation (16) can be solved analytically 
when the resistance is assumed to be zero. The easiest way to get an over-
view of the circuit impedance is to run the circuit in a electric circuit simula-
tion program. However, the analytical solution gives an overview of the 
components that significantly affect the impedance. Fig. 23 shows the 
modulus of the input impedance with switch S3 closed and opened. The pri-
mary current and resonance current superimposed is shown in Fig. 24 where 
switch S3 is operated at ~1.5 ms. Switch S2 is closed which results in a re-
established current at t >1.5 ms as shown in Fig. 24. This result shows that if 
the vacuum interrupter contacts (switch S2) would have been open at ~1.5 ms 
then the arcs deionizes and the current is switched off at  ~1.5 ms.  
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Fig. 23. The impedance changes as switch 
S3 are operated and resonance occurs at 25 
kHz. 

Fig. 24. Electric circuit simulation showing the slow 200 
Hz primary current and the strong resonance generating 
25 kHz as switch S3 (Fig. 21) is closed at ~ 1.5 ms. The 
current remains un-switched at t > 1.5 ms since the 
movable contact in the vacuum interrupter (switch S2) is 
closed.
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4.5 Cable Capacitance Calculation 
The capacitance for coaxial cables can be determined by the use of tabular 
values for the relative permittivity and the knowledge of the coaxial geome-
try. However, involving several materials requires a different approach. The 
modern high voltage cable normally combines the insulation with resistive 
layers as was explained in the introduction. The resistive layers have a high 
relative permittivity. The effective relative permittivity res for the mixture 
between n different materials can be determined by equation 17, [62]. 
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where v and  are the volume and permittivity respectively. Further, the vol-
ume used in equation (17) is normalized  

n

i
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1         (18) 

The energy method [57] can be used when calculating the relative permittiv-
ity for a coaxial structure. Fig. 25 illustrates a high voltage cable with resis-
tive layers having the relative permittivity 1 and the XLPE insulation with 

2. The resistive layer has a very high relative permittivity compared to the 
XLPE insulation. The calculation below shows how to determine the capaci-
tance of a coaxial cable using the energy method. 

Fig. 25. The capacitance of a cable with two different 
dielectrics.

Gauss law is used to determine the displacement field D
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the D-field for cylinder geometry is 
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where Q is the charge and r, L is the radius and length respectively. Further, 
the energy density is determined for each region  
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And the total energy [57] is calculated using a volume integral and respec-
tive energy density (21).  
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Using the total energy and solving for the capacitance gives the result 
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4.6 Relative permittivity and loss tangent 
The relative permittivity and loss tangent for cross linked polyethylene may 
be determined by the use of a parallel plate capacitor. The relative permittiv-
ity can be calculated using Cd/A for a parallel plate capacitor. C and d are 
the capacitance and plate thickness while A is the area. The loss tangent [59] 
tan  for the insulation is calculated using  = ’ - j ’’ = ’(1 - jtan ) where

'
''tan         (24) 

and ’’ for the rectangular parallel plate capacitor is given by 
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w
Gd''         (25) 

where G is the conductivity per meter, and w is the angular frequency 
and width of the capacitor respectively. Further, ’’ for the coaxial cable is 
given by 

2
)/ln('' 14 RRG        (26) 

where the inner and outer conductor radius is given by R1 and R4 respec-
tively. The loss tangent for the samples were calculated using (24) and (25) 
for the parallel plate capacitor and (24), (26) for the semicon cable. The re-
sults are presented in section 6.2.3. 
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5. Experimental Inductive Pulse Generators 

This section describes different types of pulse generators, each with its own 
advantages and drawbacks. The pulse generators presented have been used 
as an experimental exercise for building a high performance system. The 
first experimental design has an opening switch while the second and third 
have only two closing switches.  

5.1 Pulse Generator With Hybrid Opening Switch 
The pulse generator with hybrid switch was the first tested in this work. The 
original design included an inductor combined with the IGBT opening 
switch (c.f. Fig. 2). A step up transformer [61] with ratio 1:4 was imple-
mented as an attempt to lower the opening switch voltage (c.f. Fig. 3). Fur-
ther, the IGBT switch was replaced with a LC-resonance circuit. The pulse 
generator with opening switch is shown in Fig. 26. The primary capacitor 
bank (A) consists of 60 electrolytic capacitors1 where 10 are used in series 
and 6 in parallel. The transformer and the opening switch are located in the 
box (B). The secondary high voltage capacitors are located at (C). The elec-
tric circuit for the pulse generator is presented in Fig. 21 with component 
values included. The efficiency of this pulse generator is ~ 30 % considering 
the energy transport from the primary to the secondary capacitor. However, 
including the energy required to maneuver the vacuum interrupters lowers 
the efficiency to 18 %.  

1 RIFA 3.3 mF, 500 V 



37

Fig. 26. Pulse generator with opening switch, A shows 
the primary capacitor bank, B shows the transformer 
and opening switch while C is the secondary high volt-
age storage. 

The transformer shown in Fig. 27 is of the coaxial type with a winding ratio 
1:4. The primary and secondary inductance is 0.45 mH and 9.4 mH respec-
tively. The total length of the coaxial winding is 200 m. The advantage of 
using an opening switch is that the primary energy storage can be a current 
or low voltage type generator. The disadvantage is that the opening switch is 
difficult to design with high repletion rate.   

Fig. 27. The coaxial transformer used in the pulse gen-
erator (Fig. 26)) has the step up ratio 1:4. The primary 
and secondary inductance is 0.45 mH and 7.4 mH re-
spectively.

A

B

C
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5.2 An 100 MW Inductive Pulse Generator 
The inductive pulse generator shown in Fig. 28 has a 1:10 step up single 
layer coaxial transformer (A) with a capacitor bank located inside. The trans-
former generates 85 kV when the secondary winding is open and the primary 
capacitors are charged to 10 kV. The 50  pulse forming line (C) consists of 
2x5 m coaxial high voltage cable. Further, as the transformer is connected to 
the pulse forming line it generates 70 kV using 10 kV in the primary capaci-
tor bank. The air operated spark gap (B in Fig. 28) closes and a load pulse 
appears as the 70 kV charge voltage is reached. The load (D) consists of low 
inductance wire resistors, shown in Fig. 28. The resulting efficiency of this 
pulse generator is 20 % comparing primary energy to load energy. The elec-
tric circuit for this pulse generator is presented in Fig. 29. The pulse forming 
line consists of a single 2x5 m long coaxial cable. Further, the cable endings 
use insulating tape as electric stress reliever. This pulse generator was a 
predecessor to the 700 MW model presented below. The measured load 
voltage is shown in Fig. 56.   

Fig. 28. Pulse generator with a single layer1:10  coaxial 
transformer(A) and 2x5 m pulse forming line (C). (B) is 
a 70 kV spark gap and (D) is a 80  load.  

A

B

C D
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Fig. 29. The electric circuit for the 100 MW pulse gen-
erator.  

5.3 An 700 MW Inductive Pulse Generator
The inductive 700 MW pulse generator was the last one designed and tested 
in this work. Fig. 30 illustrates the experimental design. The pulse generator 
has a 1:10 step-up transformer and a 25  pulse forming line. The high volt-
age cable from the transformer and pulse forming line are terminated in the 
spark-gap S2 as illustrated in Fig. 31. The spark gap S2 is located in a water 
tank as illustrated to the right in Fig. 30. The water tank has two purposes: 
the first is to supply refractive field grading [64] at the cable endings and the 
second is to reduce the gap length of S2. Further, the pulse forming line relies 
on air insulation between each layer in order to reduce the load voltage rise-
time.

Fig. 30 Picture and construction drawing (right) of 
pulse generator with 25  pulse forming line.  



40

Fig. 31 illustrates the electric circuit of the pulse generator where the com-
ponents Cp, Rp, Lp are the primary capacitance, resistance and inductance. Rs,
Ls are the secondary resistance and inductance. The switches S1 and S2 are 
both self-closing spark gaps with threshold voltages of 18 kV and 170 kV 
respectively. The operating principle for the pulse generator is: the primary 
energy storage Cp is discharged through the primary winding Lp by S1. The 
magnetically stored energy in the transformer is converted to electric energy 
in the pulse forming lines T1 and T2. The spark-gap S2 closes at maximum 
charge energy and a square load pulse is formed.  

Fig. 31. Schematic of the pulse generator with a 1:10 
step-up transformer and a 25  pulse forming line. 

5.3.1 Capacitor bank with closing switch 
The capacitor bank consists of two 1 F capacitors in parallel. The capaci-
tors can be charged to 30 kV or 900 J. The capacitors are based enclosed in a 
welded steel casing. Fig. 32 shows the inside of the capacitor bank with the 
self-closing spark gap S1. The spark gap S1 is connected directly to the pri-
mary winding of the transformer. The gap distance is possible to adjust and 
enables the operation at different threshold voltages. A high voltage power 
supply charges the capacitor bank with a mean output power of 20 W at 20 
kV. The charging supply enables a repetition rate of 0.06 Hz at 18 kV.  
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Fig. 32. Capacitor bank with closing switch. 

5.3.2 Transformer
The transformer used in this pulse generator is of the conventional type as 
described in the introduction. The transformer is wound in Archimedean 
spirals with a 1:10 step-up ratio. The layers in the transformer are fixed to 
each other by double sided adhesive tape. The adhesive tape is seen as white 
markings on the transformer body in Fig. 33. The length of each primary 
winding is 5 meter. The secondary cable length is 50 meters in total. The 
primary terminals are located as illustrated in Fig. 7 in the introduction. Fur-
ther, the primary and secondary inductance is 6.1 H and 610 H respec-
tively. 

Fig. 33. Conventional transformer with 1:10 step-up 
winding ratio, the table to the right shows the dimen-
sions.  

The transformer shown in Fig. 33 uses a 24 kV high voltage semicon cable 
with the outer diameter 16 mm. The performance for this type of transformer 
was investigated by the construction of a scale transformer. The scale trans-
former was constructed using a 10 kV semicon cable with the outer diameter 
6 mm. The inner and outer radius of the transformer was 38 mm and 110 
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mm respectively. The inductance of the primary and secondary winding was 
20 H and 2 mH respectively. A frequency response measurement for this 
transformer (Fig. 34) is shown in section 6.2.2. 

Fig. 34. Shows a predecessor to the transformer pre-
sented in Fig. 33. The transformer was built with a step 
up ratio of 1:10. 

5.3.3 Pulse Forming Line 
The pulse forming line shown in Fig. 35 has two separate coaxial lines T1

and T2 with an impedance of 12.5 . Each line T1 and T2 consists of two co-
axial 25 cables in parallel, as illustrated in Fig. 31 and Fig. 35. The lines 
T1 and T2 are wound on plastic cylinders with diameter 200 mm and height 
1000 mm. The air insulation reduces the capacitance between the coaxial 
screen and ground, which must be kept low in order to effectively deliver the 
power into the load.

The cable used in the PFL is designed for AC 24 kV r.m.s at an electric field 
of 8 kV/mm next to the inner conductor. The high voltage test reaches 
170 kV (c.f. section 6.5.1). The electric stress is more than 5 times the de-
signed electric field. The load consists of CuSO4/water mixture having the 
resistance 30 . The contact electrodes in the mixture are designed so that 
the load have a small capacitance. The resistive mixture is kept in a Plexi-
Glass pipe. 
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Fig. 35. The 25  pulse forming line consists of air 
wound solenoids(left) and  the 30  load composed of a 
CuSO4/water solution in  a Plexi Glass pipe shown in 
the middle of the figure. 

5.3.4 Water Tank with Spark-Gap and Cable Endings 
The cables from the transformer and pulse forming line enter the water tank 
and terminate in the spark-gap as shown in Fig. 36. The outer resistive layer 
of each cable was removed for 300 mm at the end. The surface of the re-
vealed XLPE was grinded smooth. Special care was taken to taper the inter-
face between resistive layer and XLPE. The taper is made to avoid electric 
field stress at the interface. Further, the XLPE surface is wound tight with 
insulating tape since the surface still contains small voids and cracks that the 
adhesive fill up. Moreover, the water exerts refractive field grading at the 
cable endings due to the high dielectric constant [64] of water. The plastic 
tank containing the water, spark-gap and cable endings is grounded on the 
outside using copper and aluminium sheets. 
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Fig. 36. Water tank utilizing the cable endings from the 
PFL and transformer. The 170 kV spark-gap is seen in 
the middle (brass electrodes). 
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6. Measurement Results 

This section presents selected measurements mainly from the experimental 
pulse generators described above. The first result is a comparison between 
measured and calculated magnetic flux density in the coaxial transformer 
shown in Fig. 27. Section 6.2 shows results from a frequency domain analy-
sis of the coaxial and conventional transformer. Further, the cable used in the 
transformer and pulse forming line of the 700 MW set up is analyzed. Sec-
tion 6.3 to 6.5 contains high voltage results from all pulse generators.    

6.1 FEM compared to B-field Measurement 
A magnetic calculation of the coaxial transformer with a finite element 
solver (FEM) [58] has been made. Equation (5) to (12) in the Theory section 
was used to determine the magnetic energy and coupling factor. The mag-
netic flux density in the mid-plane and top of the transformer has been calcu-
lated. A comparative measurement of the B field has been made at the top 
level of the transformer. Further, the mesh is refined inside each conductor 
to properly resolve the current density and skin effect. Fig. 37 a) shows the 
mesh distribution and b) illustrates the calculated current density J at 100 
kHz. The simulated transformer models a circuit that has an isotropic copper 
pipe with conductivity = 5.814x107 S/m for the outer and inner conductor. 
The calculated current density with zero current in the inner conductor is 
shown in Fig. 37 b). The resulting non-uniform current distribution or skin 
effect comes from the constrained magnetic flux density in the area between 
the conductors. The magnetic flux density is constrained between the con-
ductors because the current is flowing in Archimedean spirals. The total 
number of windings n in the transformer is 260 and therefore the total num-
ber of mesh elements becomes moderately high. Further, the mutual induc-
tance can be calculated by the total energy as the primary and secondary 
inductance are calculated separately.  
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Fig. 37. a) The geometry is refined with mesh inside 
each conductor to take care of the skin effect. b) The 
current density at 100 kHz is shown, the dark areas rep-
resent high current density J.

The coupling factor decreases as the winding ratio is increased. This behav-
ior can be seen in Fig. 38 and Fig. 39 where the magnetic flux density B for 
two different winding ratios is shown. The field distribution changes when 
the winding ratio is altered from 1 to 4. Fig. 38 shows the B field with unity 
winding ratio and Fig. 39 have N=4. The inductance of the primary and sec-
ondary winding for different winding ratios is shown in Fig. 40. The primary 
inductance has been multiplied by the square of the winding ratio in order to 
facilitate comparison. The calculated coupling factor k from equation (11) is 
shown in Fig. 41.  

The B field measurement was restricted to the top of the transformer ap-
proximately 25 mm above the symmetry axis. The measurement was made 
using a sinusoidal 1 kHz current with Irms= 0.608 A and Irms= 0.362 A for 
N=1 and N=4 respectively. The calculated fields (BMIDPLANE and BTOP)
shown in Fig. 38 and Fig. 39 were derived using the measured rms currents. 
The magnetic field measurement was made with a Tesla meter2.

2 F.W. Bell Model 7010. 
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Fig. 38. The magnetic flux density B and the lines of B
for unity winding ratio (left), the calculated compared to 
measured flux density at the top, 25 mm above the trans-
former. Also shown is the calculated flux density in the 
midplane of the transformer. 

Fig. 39. The magnetic flux density and the lines of B
with a winding ratio of 4 (left), the right figure shows B
with respect to the radius. 
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Fig. 40. Primary and secondary inductance at different 
winding ratios, the primary inductance is multiplied by 
N2 to facilitate comparison.  

Fig. 41. The coupling factor is shown at different wind-
ing ratios. 
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6.2 Frequency domain measurements 
This section present results from frequency domain measurements for the 
coaxial transformer (Fig. 27) and the conventional transformer shown in Fig. 
34. Furthermore, this section shows a frequency domain measurement for 
the semicon cable used in the transformer presented in Fig. 33. The relative 
permittivity was analyzed for the semicon cable. The frequency behaviors of 
the transformers were measured with a function generator in cascade with a 
1.5 kW power amplifier3. The frequency response for the semicon cable was 
measured with a lock-in amplifier4 controlled by a PC. The PC uses an algo-
rithm based on a parallel circuit for a resistor and capacitor.   

6.2.1 Coaxial Transformer 
The frequency response of the coaxial transformer (shown in Fig. 27) was 
measured with different winding ratios. The frequency response was meas-
ured for frequencies between 1 Hz and 60 kHz. Fig. 43 shows the measured 
primary and secondary impedance for the winding ratios N=1 and N=4.
Measurements for N = 4 introduced high contact resistances because the 
primary parallel connections were tightened with copper threads without 
soldering. The increased contact resistance had a negative influence on the 
measured short circuit currents because the contact resistance entered di-
rectly into the primary circuit. Fig. 45 shows the phase with open and short-
circuited secondary winding. The short-circuited phase dips to 10 degrees at 
600 Hz indicating that the coupling factor is very high. Step responses 
shown in Fig. 46 were measured using capacitive and resistive load. The 
measured primary and secondary voltage from the step response was used 
for the model presented in [65].  

3 MAX 2500 
4 EG&G 7265, preamp EG&G 5182 
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Fig. 42. The measured impedance of the primary and 
secondary winding for the coaxial transformer with 
winding ratio N = 1. 

Fig. 43. The measured impedance of the of the primary 
and secondary winding for the coaxial transformer with 
winding ratio N = 4. 
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Fig. 44. The measured impedance for the primary wind-
ing with winding ratio N = 4. The secondary winding is 
open and short circuited. 

Fig. 45. The measured phase angles for open and short-
circuited secondary winding. 
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Fig. 46. Step-response of coaxial transformer with resis-
tive and capacitive load respectively, the winding ratio 
is N=4. 

6.2.2 Conventional Transformer 
The first conventional transformer presented in Fig. 34 was built with a step 
up ratio of 1:10. The frequency response was measured for frequencies be-
tween 100 Hz and 300 kHz.  Fig. 47 shows the measured primary impedance 
for the transformer with three different set-ups. The first set-up had open 
secondary and the second had a 150  load mounted on the secondary side. 
The third set up had the secondary winding short circuited. Fig. 48 shows the 
corresponding phase for each set up. The conventional transformer shows 
similar behavior as the coaxial transformer considering the impedance and 
phase.
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Fig. 47. The impedance of the primary winding with 
open and short circuited secondary winding.  

Fig. 48. The phase for the transformer with winding ra-
tio 1:10. 

6.2.3 Dielectric Constant for Cross Linked Polyethylene 
The relative permittivity and loss tangent were determined for two different 
cases: a parallel plate capacitor containing only cross linked polyethylene 
(XLPE) and a cable containing XLPE with semicon layers. The cable had 
semicon layers on the inner conductors and on the outer insulation. The 
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XLPE sample was extracted from the cable that was used in the 700 MW 
pulse generator presented above.

The relative permittivity for XLPE was determined by taking a slice from 
the semicon cable. The slice was 1.35 mm thick and formed into a rectangu-
lar parallel plate capacitor 7.5 mm x 19.5 mm. Silver contacts were painted 
on each side. Furthermore, equation (24) and (25) was used to determine the 
loss tangent for the sample. The relative permittivity was calculated using 
Cd/A where C is the measured capacitance and d, A is the thickness and area 
respectively. An electrostatic FEM simulation was used to calculate the edge 
effects for the parallel plate capacitor. The result from the FEM simulation 
shows that ~ 80 % of the energy is occupied in the XLPE insulation. The 
measured capacitance C was calibrated for edge effects and the relative per-
mittivity was calculated. The result is shown in Fig. 49.  

The effective relative permittivity for the semicon cable was determined by 
the use of a 550 mm long sample. The cable sample had embedded elec-
trodes in the inner conductor and on the outer screen. The loss tangent was 
calculated using equations (24) and (26). The relative permittivity was calcu-
lated using C0ln(r4/r1)/2 0 where C0 is the capacitance per meter. The radius 
of the inner conductor is r1 and the inner radius of the screen is r4. Table 2 
shows the dimensions for the semicon cable used. Fig. 25 illustrates the dif-
ferent radii of the cable. 

Table 2. The dimensions for the semicon cable used. 

Fig. 50 shows the measured relative permittivity r for the 550 mm semicon 
cable sample. Comparing Fig. 49 and Fig. 50 shows that the relative permit-
tivity increases from 2.3 to 3.5 when semicon layers are present. The loss 
tangent is a factor 220 larger for the cable with semicon layers. An electro-
static FEM model was used to model the 550 mm long cable and the simula-
tion shows that 99.7 % of the energy is occupied in the cable. However, the 
simulation cannot explain the measured r = 3.5 shown in Fig. 50. The simu-
lation used r = 2.3 for XLPE and r = 1000 for semicon. Further, using 
equation (17) or equation (23) to calculate the relative permittivity gives 
approximately the same result as the FEM simulation. The result is r = 2.7 
for the combination of XLPE and semicon using FEM or equation (17), (23). 
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Reference [66] reports a relative permittivity for the outer semicon layer of 
r = 8000 at 100 kHz. The measurement was made for a 110 kV XLPE cable 

while [67] report r = 1000 on a similar set-up. The relative permittivity for 
non-degraded and water-treed XLPE was measured by reference [68] report-
ing r = 2.3 for non-degraded and 2.5 – 7 for degraded XLPE.  

Fig. 49. The measured relative permittivity and loss tan-
gent for pure XLPE insulation. 

Fig. 50. The measured relative permittivity and loss tan-
gent for XLPE insulation with semicon layers. 
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6.3 Pulse Generator with Opening Switch 
Two opening switch set-ups have been tested. The first had (IGBT:s) and the 
second had an LC-resonance system c.f. hybrid switch in section 3.6.1. A 
selection of the measured results is presented here. All measurements were 
made using Tektronix oscilloscopes5. The primary current and voltage of the 
transformer (Fig. 27) was measured with Pearson6 and Tektronix7 probes. 
The secondary voltage of the transformer was measured with a high voltage 
probe from Ross Engineering Corporation8. Further, the load current in the 
pulse forming line was measured with a fast Pearson9 current probe.  

6.3.1 IGBT commutation 
The first opening switch was a hybrid utilizing a combination of IGBT:s10

and vacuum interrupters. The total number of discrete transistors in the 
switch was 50 with 5 in series and 10 in parallel. Fig. 51 illustrates the pulse 
generator using transistors as commutating device in the opening switch. The 
closing switch S1 is a thyristor. The secondary load is the 50 m PFL. Further, 
the resistor R accelerates the commutation of the primary current to the tran-
sistors. The measured primary current and transistor current is shown in Fig.
52. The conduction time for the transistors is in the range of 100 s and the 
absorbed energy is low. A IGBT conduction time that is set longer stresses 
the transistors more while a shorter time will be to short for the vacuum in-
terrupters to deionize. 

Fig. 51. The pulse generator with IGBT commutating 
switch and pulse forming line. 

5 Tektronix 430 oscilloscopes, 100 Ms/s 
6 Pearson, Model 101, rise time 100 ns 
7 Tektronix P6015 A, 20 kVDC 
8 Ross Engineering Corporation Model, VMP120, 120 kVDC 
9 Pearson, Model 2878, rise time 5 ns 
10 Philips, BUK800A, 800 V, 50 A 
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The transformer (Fig. 27) had a winding ratio of N = 2 and the voltages 
reached a level of Up = 6 kV and Us = 12 kV. The transistor switch could 
turn off 160 A while an increased current lead to individual short circuit of 
the discrete transistors.  

Fig. 52. Measured primary current (left) and IGBT cur-
rent (right), the IGBT:s are turned on for 100 s.

6.3.2 LC-resonance commutation 
The second opening switch was a combination of an LC-resonance circuit 
and vacuum interrupters. Fig. 53 illustrates the electric circuit where S1 and
S3 are triggered spark gaps. Further, three vacuum interrupters are used in 
series and the set up can hold theoretically off 90 kV when the switch is 
open. The switching rate during the tests was 300 A/ s. The transformer 
(Fig. 27) had a winding ratio of N = 4 and the current was peaking at 1.8 kA 
prior to switch off. The left part of Fig. 54 shows the primary current while 
the right part shows and the primary and secondary voltage. 

Fig. 53. The pulse generator with LC-resonance open-
ing switch. 
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Fig. 54. The measured primary current (left) and the in-
duced transformer voltages (right), a 0.25 F high volt-
age capacitor was used on the secondary side. 

6.3.3 Pulse Forming
The first tested pulse forming line had a length of 50 m and was wound as a 
multilayer solenoid. Fig. 51 shows the electric circuit for the system used. 
The load was a solution of NaCl/water. Changing the load resistance maxi-
mized the power output of the PFL. The load resistance was changed by 
using a different concentration of NaCl. The need for resistance calibration 
was necessary as the NaCl concentration was changed. The voltage and cur-
rent was measured using two multimeters11 simultaneously each time the 
load concentration was changed. A 10 V DC source was used as source. Fig.
55 shows an experiment made with three different types of load resistances. 
The maximum load power occurs at 110 .

Fig. 55. Power into varying loads with a voltage rise 
time of ~ 40 ns and pulse length of 700 ns. 

11 FLUKE multimeters 
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6.4 100 MW Pulse Generator 
The 100 MW pulse generator is presented in section 5.2, see Fig. 28 and Fig. 
29. The measurement on this pulse generator was done using a Tektronix12

voltage probe and Tektronix oscilloscope13. The load voltage was measured 
in the middle of the array of resistors (c.f. Fig. 28) to maintain the voltage in 
rated limits of the probe12. The load resistors are cross wound and have low 
inductance. Fig. 56 shows the measured load voltage where three different 
gap distances was used in the 70 kV spark gap (cf. Fig. 29). 
The load voltage amplitude shows little difference even though the spark gap 
distance was changed. The first quarter period of the charge voltage in the 
PFL has a sinusoidal appearance. The flat top of the sinusoidal charge volt-
age causes the small deviation in load amplitude. The load power is calcu-
lated using U2/R and is shown to the right in Fig. 55. Further, the output 
voltage peaks at 90 kV at a pulse length of 80 ns. 

Fig. 56. The measured voltage over the 80  load 
reaches ~ 90  kV with a pulse length of 80 ns. The PFL 
spark-gap distance was changed in each pulse. 

6.5 700 MW Pulse Generator 
The 700 MW pulse generator is presented in section 5.3, see Fig. 30 to Fig. 
36. The oscilloscope used in the measurements was a Tektronix14 type hav-
ing 4 channels. Each measurement was made with the oscilloscope running 
on grid power. Tests were made with the oscilloscope running on battery 
power in order to investigate if the ground potential was elevated. However, 
no difference was found. The current monitors were grounded at the oscillo-

12 Tektronix P6015 A, 20 kVDC 
13 Tektronix 430 oscilloscopes, 100 Ms/s 
14 Tektronix Tds3034, 300 MHz, 2.5 Gs/s 
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scope by the coaxial cable. The capacitive coupling to local ground next to 
the probes is believed to have less effect on the measurements. The primary 
and secondary current of the transformer was measured with Pearson 
probes15. The load current were measured with a fast Pearson probe16. The 
spark-gap current was measured using the same type of probe as for the 
transformer currents. The secondary charge voltage was measured with a 
capacitive probe17. The capacitive probe was calibrated using a high voltage 
probe18.

6.5.1 Charging and switching pulse forming line 
The charge voltage of the pulse forming line presented here is limited to two 
cases. The first measurement shown to the left in Fig. 57 has a charge volt-
age Us of -130 kV. The left part of Fig. 57 shows the primary transformer 
current Ip and the charge voltage Us of the PFL. The PFL charge voltage is 
equivalent to the secondary transformer voltage. The right part of Fig. 57 
shows the spark-gap S2 current and the secondary transformer current. The 
spark-gap S2 closes at ~ 2.9 s and the peak shown in the secondary current 
Is comes from a capacitive discharge from the secondary winding.  

The second measurement is shown in Fig. 58 and has a charge voltage Us of 
-170 kV. The left part of Fig. 58 shows the secondary voltage Us and load 
voltage UL. The load voltage is calculated thru the product between the 
measured load current and load resistance. The right part of Fig. 58 shows 
the load current with a 10-90 % rise-time of 20 ns. The pulse length at 50 % 
amplitude is 150 ns.  

The mean electric field between the electrodes in the spark-gap S2 is ~ 33 
kV/mm at closure. The electric field is calculated using the gap distance 5.2 
mm and voltage 170 kV, moreover, the breakdown field strength shows 
similar results as obtained by other authors [63]. The conductivity of the 
water in the tank is measured to 60 nS/cm using a conductivity meter19.

15 Pearson, Model 101, rise time 100 ns 
16 Pearson, Model 5046, rise time 20 ns 
17 Capacitive probe, ratio 73:1 
18 Ross Engineering Corporation Model, VMP120, 120 kVDC 
19 Orion Research, Model 115 
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Fig. 57. The primary current peaks at 15 kA and the 
secondary transformer voltage reaches - 130 kV (left), 
the right figure shows the spark-gap and secondary cur-
rent of the transformer (filtered version). 

Fig. 58. The pulse forming line is charged to - 170 kV as 
the spark-gap S2 (Fig. 31) closes.  The 150 kV load volt-
age is calculated from the measured current times the 
30   load. The right figure shows the measured load 
current having a 10 to 90 % rise-time of  ~ 20 ns. 

6.5.2 Efficiency
A typical test with 18 kV in the primary capacitor Cp charges the Blumlein to 
170 kV. Table 3 presents data for the capacitive energy stored in different 
parts of the pulse generator. The secondary winding of the transformer con-
sists of 50 m cable and the voltage is linearly distributed. The capacitive 
energy stored in the secondary winding of the transformer is 
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where C0 is the capacitance per meter of the cable and U is the charge volt-
age and l is the winding length respectively. The left part of Fig. 59 shows 
the input and output power for the pulse forming line and the right part 
shows the energy. The charge energy WCHARGE (Fig. 59 right) consists of the 
capacitive energy WT stored in the transformer and the capacitive energy 
WPFL in the pulse forming line. The charge energy WCHARGE is calculated 
from the cumulative sum of the power input, which is calculated as the 
product of the measured secondary current and voltage. The load energy is 
calculated from the cumulative sum of RI2, where R is the load resistance.

The load is linear and the total energy discharged into the load is called 
WLOAD1. The energy WLOAD1 includes the negative reflection of the pulse as 
shown to the right in Fig. 58. WLOAD2 only includes the energy in the main 
pulse as shown in Fig. 59 (right). The capacitive energy stored in the secon-
dary winding of the transformer is calculated using equation (27). The en-
ergy of the primary capacitor WP is calculated using CpUp

2/2 where Cp is the 
primary capacitance and Up the charge voltage. The energy in the PFL is 
calculated using

2
210 UllCW TTPFL       (28) 

where lT1 and lT2 is the length of the lines. The capacitance per meter C0 for 
the semicon cable may now be determined by the energy stored in the pulse 
forming line and the secondary winding of the transformer. The measured 
charge energy illustrated in the right graph of Fig. 59 is calculated as 
WCHARGE = WPFL + WT . Combining equation (27) and (28) and solving for the 
capacitance gives 
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Further, calculating the capacitance with equation (29) gives 235 pF/m. The 
relative permittivity can be calculated using C0 = 2 ’/ln(r4/r1) and gives 

r = 3.3 which deviates 6 % from the value ( r = 3.5) measured  in section 
6.2.3.  
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Table 3. Capacitive energy in the primary capacitor, 
transformer and PFL, the load energy is calculated us-
ing the measured power shown in Fig. 59. 

The energy transfer efficiency from the primary capacitor to the pulse form-
ing line is summarized in Table 4. The efficiency is calculated at different 
stages in the pulse generator and the least loss is found between the PFL and 
load. The loss in the PFL is only 4 % while the loss of 45 % is located in the 
primary winding of the transformer.  

Fig. 59. Input and output power for pulse forming line, 
the energy is shown to the right.  
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Table 4. The efficiency for the pulse generator is deter-
mined for different sections. 
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7. Simulation of Inductive 25 GW Pulse 
Generator

This section describes two possible designs of a high performance inductive 
25 GW pulse generator. The simulation results are based on electrical limits 
such as the opening switch current and the electrical fields in high voltage 
cables. The other limiting factors are the longevity of the spark gaps and the 
opening switches.   

7.1 Simulation With Opening Switch 
The simulation model with opening switch has a 1:4 step-up transformer 
model (Fig. 20) implemented in the pulse generator. The pulse generator is 
designed to keep the primary current low in order to easily switch it off. The 
drawback with a low primary current is that the inductance of the trans-
former must be high. A high inductance makes the air core transformer 
bulky and thus relatively uninteresting for lightweight applications. The 
electric circuit is shown in Fig. 60 where S1 and S2 are closing switches and 
S3 is an opening switch. The working principle is the same as the one de-
scribed in the introduction (Fig. 3). Moreover, the left part of Fig. 61 shows 
the simulated primary current in the transformer while the right part shows 
the primary and secondary voltages. The drawback with this set-up is the 
300 s required to charge the PFL. The relatively long charge time results in 
extra stress on insulations such as cables and cable endings. Fig. 62 shows 
the induced voltages as well as the load voltage (right) as the spark gap on 
the pulse forming line closes. The full electric circuit model is illustrated in 
Fig. 75, Appendix C. 
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Fig. 60. Schematic model for high power 25 GW pulse 
generator using opening switch. 

Fig. 61. Simulated primary current for full scale 500 kV 
generator (left), the induced transformer voltages (Us is 
the same as the Blumlein charge voltage) is illustrated 
to the right.   
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Fig. 62. The induced voltages reaches zero as the spark-
gap closes in the left part of Fig. 60. The right part 
shows the load voltage for 10  and 15  load.

7.2 Simulation Using High Winding Ratio 
The pulse generator using a high winding ratio poses an interesting option 
for a full scale construction. The concept is based on the same idea as the 
700 MW model presented in section 5.3. The transformer model used in this 
simulation has the same structure as the one used for the opening switch (c.f. 
Fig. 20). The transformer is extended so that it has a winding ratio of 1:10. 
The full simulation model is not presented here due to its complexity. The 
electric circuit for this pulse generator is illustrated in Fig. 63 where S1 and 
S2 are closing switches. The primary capacitor bank C is charged to 50 kV. 
The secondary voltage reaches 500 kV as the capacitor bank C is discharged 
into the transformer.  
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Fig. 63. Shematic model for a high power 25 GW pulse 
generator. 

The simulation of the operation is shown in Fig. 64 to Fig. 66. Results for 
the primary voltage and current is presented in Fig. 64. The primary voltage 
reverses 60 % maximum if the switch S2 is passive. The secondary voltage 
(or PFL charge voltage) is presented to the left in Fig. 65. The right part of 
Fig. 65 shows the load voltage as switch S2 is activated at 13 s. The switch 
S2 is activated when the PFL contains maximal energy which occurs at 13 s.
The impedance of a space charge HPM radiator such as a Vircator [69] var-
ies during the pulse. It normally starts high and ends up low. Fig. 66 shows 
the voltage delivered from the PFL to varying resistive loads. The reflections 
are minimized at 10  because this resistance value is matched to the PFL. 
The load voltage and the amplitude of the reflections increase as the load 
resistance is changed from 10  to 50 . There are two advantages with this 
type of pulse generator. The first is the short time required to charge the PFL 
which gives a minimal stress on the cable and cable endings. Secondly, the 
voltage is limited to 50 kV on the primary side of the transformer compared 
to 125 kV for the set-up using opening switch.  
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Fig. 64. The primary voltage and current when the clos-
ing switch S2 is passive. 

Fig. 65. The PFL charge voltage and load voltage when 
the closing switch S2 is passive (left)  and active (right). 

Fig. 66. The load voltage when three different loads are 
used. 
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8. Summary of Results and Discussion 

The coaxial transformer (c.f. section 5.1) that was used in the pulse generator 
with opening switch has a high efficiency. The measured and calculated 
magnetic flux density in the coaxial transformer corresponds which verifies 
the high calculated coupling factor. The frequency domain analysis of the 
coaxial transformer made in section 6.2 also support that the coupling is 
high. For the test using short-circuited secondary winding the phase dips to 
10 degrees at 600 Hz indicating that the coupling factor is high. The conven-
tional transformer shows similar behaviour as the coaxial as the phase drops 
below 20 degrees at 400 Hz using short circuited secondary winding. The 
combination of a high coupling factor and large energy storage capability 
makes the air core transformer advantageous for charging high voltage ca-
pacitors fast.   

The cable used in the transformer and pulse forming line of the 700 MW set 
up is analyzed. The relative permittivity for pure cross linked polyethylene is 
2.3 according to commercial tables. The parallel plate capacitor measure-
ment (section 6.2.3) gives the same result. However, the measurement in 
section 6.2.3 shows that the relative permittivity is 3.5 for the combination 
between XLPE and semicon. There is a 34 % difference in relative permit-
tivity between pure XLPE and the combination with semicon. The reason for 
the 34 % deviation is unclear and the definition of a relative permittivity for 
semicon may not be valid. The high voltage measurement made in section 
6.5.2 gives 3.3 for the relative permittivity of the semicon cable. The high 
voltage measurement supports the high value (3.5) measured in section 
6.2.3. The high value of the relative permittivity is beneficial in this applica-
tion.

The aim with the pulse generator using LC resonance opening switch (cf. 
section 6.3) was to get familiar with the challenges in switching off currents. 
The opening switch has turned off 1.8 kA and tests switching 2.2 kA have 
been successful.  

The pulse generators with output powers of 100 MW and 700 MW have a lot 
in common; they both have 1:10 step up transformers and pulse forming 
lines as secondary load. The 100 MW pulse generator has a coaxial single 
layer transformer while the 700 MW has a conventional multilayer type. The 
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transformer determines the efficiency of the pulse generator. The efficiency 
relating the pulse forming line and the load is high while the efficiency relat-
ing primary energy storage to PFL is low.  

The pulse forming lines tested in this work has lengths 50 m, 10 m and 5 m 
respectively. The pulse lengths were 700 ns, 150 ns and 80 ns and all pulse 
forming lines were wound on solenoids. The drawback using solenoidal 
windings for the PFL is that reflections occur after the main pulse. Further-
more, it is possible to alternate the load voltage using constant polarity of the 
charge voltage by using two spark-gaps. One additional spark gap is placed 
at the opposite end of the pulse forming line. 
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9. Summary of Papers 

This research work is intended to lead to a PhD diploma. The first part lead-
ing to a Licentiate diploma is mainly focused on high voltage generation and 
current switching techniques. In the first two papers a coaxial transformer 
design is investigated both mathematically and experimentally. The third 
paper involves measurements on a 100 kV pulse generator where the coaxial 
transformer is implemented. Further, with the construction of the 700 MW 
pulse generator one step is taken towards building a full scale generator. 

Paper A:
Pulsed power transmission line transformer based on modern cable tech-
nology

The paper describes the construction, simulation and experimental evalua-
tion of a single layer coaxial transformer that was implemented into a pulse 
condition system. Pulse conditioning systems are necessary to use in order to 
generate high power microwaves (HPM). The system was modified with a 
coaxial transformer and the results of measurements are presented in the 
paper.

The construction of the transformer and all simulation analysis were made 
by the thesis author as well as writing most of the article content. Published 
in IEEE, Transactions on Plasma Science [4]. 

Paper B:
High-Voltage Transmission Line Transformer based on Modern Cable 
Technology

The paper describes the construction, simulation and experimental evalua-
tion of a single layer coaxial transformer that was implemented into a pulse 
condition system. This paper overlaps Paper A. 

The construction of the transformer and all simulation analysis were made 
by the thesis author as well as most of the article content. Published in IEEE, 
International Pulsed Power Conference 2003 [65]. 



73

Poster C:
High-Voltage Transmission Line Transformer based on Modern Cable 
Technology

This conference poster overlaps Paper A and B. The author of this thesis 
made most of the figures. Presented at the International Pulsed Power Con-
ference 2003, Dallas, Texas 

Paper D:
Rotating and linear synchronous generators for renewable electric energy 
conversion – an update of the ongoing research projects at Uppsala Univer-
sity

This conference article presents a survey of the research areas performed at 
this department. A description of the areas, an update of the research and 
future goals are given within the renewable and pulsed power areas.  

The thesis author made all figures and text in the pulsed power section. 
No referred paper 

Paper E:
Calculating the coupling factor for a multilayer coaxial transformer with 
air-core

This paper describes the construction of a multilayer transformer and FEM 
magnetic field modeling. The coupling factor of the multilayer transformer is 
calculated from the magnetic energies. Modeling the transformer is made 
using an isotropic inner and outer conductor. 

All programming and simulation modeling as well as extraction of the calcu-
lated results was made by the author of this thesis. All figures and most of 
the text were made by the thesis author. Further, most of the laboratory work 
was made by the thesis author. Published in IEEE, Transactions on Magnet-
ics [61]. 

Paper F:
Repetitive high voltage pulse generator based on resonance system 

A multilayer transformer is implemented as a part of a pulse generator where 
the current is switched with a resonance circuit. The switch incorporated in 
the generator contains vacuum interrupters in combination with the reso-
nance circuit. A Blumlein is used in the generator in order to deliver a square 
load voltage. 
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All lab work and simulation modeling as well as extraction of the measured 
results was made by the author of this thesis. All figures and most of the text 
were also made by the thesis author. Submitted to IEE Journal of Electrical 
Engineering, March 2006.  

Patent G:
System for high power generation 

The patent comprises a pulse generator design where the current switching 
technique and pulse forming is presented in Paper E. Transformers and 
Blumleins used in the generator contains coaxial high voltage cables. A 
cross-linked polyethylene insulation layer is used outside the coaxial screen 
in order to sustain sufficient insulation when a potential is applied on the 
screen conductor. 

Paper H:
An inductive 700 MW high voltage pulse generator 

A conventional air core transformer is implemented as a part of a pulse gen-
erator where a 1:10 step up transformer charges a 25  pulse forming line. 
The low impedance pulse forming line is used in order to deliver a high 
power into a resistive load.

All lab and construction work as well as the extraction of measured results 
was made by the author of this thesis. All figures as well as all text was writ-
ten by the thesis author. Accepted for publication (revisions needed), IEEE 
Transactions on Plasma Science, October 2006. 

Paper I:
Temperature dependence of hole drift mobility in high-purity single-crystal 
CVD diamond 

Hole transport properties in high-purity single crystal CVD diamond samples 
were studied using the time of flight technique with optical excitation of the 
carriers.  The measurements were taken at different temperatures in the in-
terval 80- 470 K. 

The author of this thesis designed a data extraction software for this publica-
tion (cf. Appendix B). Published in Phys. Sol. Stat. 
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10. Conclusions

The 700 MW inductive pulse generator delivers a 150 kV, 150 ns semi-
square pulse with 20 ns rise-time. The overall efficiency for the pulse gen-
erator is 30 % calculated from the primary energy storage to the effective 
load pulse with reflections excluded. The refractive electric field grading 
used at the cable endings have worked well and no electrical breakdowns 
have been observed. The 24 kV cable have been able to withstand more than 
50 repetitions at - 170 kV while the maximum longevity remains unex-
plored. The electric field in the cable peaks at 60 kV/mm and that is more 
than 5 times the recommended continuous field stress. The resistive layers in 
combination with XLPE contribute to give an effective dielectric constant of 
3.5 compared to 2.3 for pure XLPE. The high value of the relative permittiv-
ity has positive effects on the energy density in the cable. The relative per-
mittivity in the cable for the high voltage measurement gives r = 3.3 and the 
sample measurement gives r = 3.5, the 6 % discrepancy may be explained 
by high voltage measurement errors.   

The pulse generator using opening switch has proven to switch off currents 
of several kilo amperes. The drawback with this type of pulse generator is 
the large number of parts involved and the bulky design. The advantage is 
that the primary charge voltage can be kept fairly low. The low voltage is 
possible because the opening switch produces the necessary current deriva-
tive to induce adequate voltages on the primary and secondary side. This 
pulse generator has moderate efficiency if only electrical components are 
considered. However, including the energy of the mechanical operation of 
the vacuum interrupters into the equation reduces the efficiency.  

The developed electric circuit model has shown to be very accurate for simu-
lations of the presented pulse generators. The inductive high voltage pulse 
generators presented here can be scaled up in order to reach higher perform-
ance. The pulse generator without opening switch is the most robust and 
interesting option for a high performance model. It has least parts as well as 
the simplest construction. It relies only on two closing switches. Further, the 
full charge voltage of the pulse forming line is reached in the microsecond 
regime compared to several hundreds of microseconds for the one using an 
opening switch. A fast charge time is in general an advantage considering 
risk of electrical breakdown of insulation systems. The 500 kV simulation 
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shows similar behavior as the measured data from the 700 MW pulse gen-
erator.



77

11. Suggestions for Future Work 

Further work on pulse generators should be based on more specific details 
such as cable endings and life span for high voltage cables subjected to tran-
sients. A model should be developed that explains the increase in relative 
permittivity for the combination of XLPE insulation and semicon. The clos-
ing switch used in the pulse forming line should be developed into a multi 
gap switch. This is necessary in order to reduce the inductance in the gap and 
receive a fast rise time of the load voltage. If the need for pre pulse suppres-
sion arises, the introduction of spark peakers is necessary. The spark peaker 
is a multi gap switch placed between the load and the pulse forming line. 
The spark peaker can enhance the rise time of the load voltage as well. The 
presented pulse generators have a load voltage rise time of approximately 20 
ns and introducing spark peakers is expected to lower the rise time even 
further.

To date there is no good candidate to an effective opening switch that can 
withstand more than 100 kV, switch currents larger than 10 kA and have an 
opening time of less than 100 ns. Further, the switch must be repetitive. 
Making a switch small and lightweight with the performance described 
above is not an easy task but it would have a large impact on compact Pulsed 
Power accessories.  
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12. Svensk Sammanfattning 

Avhandlingen handlar om ett forskningsprojekt vid namn Generering av 
Pulsad Högspänning (GPH) som bedrivs vid Avdelningen för Elektricitetslä-
ra och Åskforskning i Uppsala. Projektet kan beskrivas inom ramen för 
Pulskraft som är ett stort forskningsområde i bland annat USA. Forsknings-
området behandlar höga effekter och benämns ofta med det engelska namnet 
Pulsed Power. Dagens samhälle är utrustat med mycket elektronik och får 
därmed en viss inbyggd sårbarhet mot starka elektriska och magnetiska fält. 
Som bekant kan radar och styrsystem störas ut med hjälp av strålning från 
högeffektsmikrovågor (HPM). HPM strålning kan bland annat genereras 
med hjälp av en virtuell katod (Virkator), men en mängd andra strålkällor 
kan användas. En Virkator behöver en högpresterande elektrisk källa där 
pulslängd och stigtid är viktiga parametrar. Projekt GPH handlar om att ta 
fram en elektrisk källa som kan leverera den prestanda som krävs för att 
driva en Virkator.

Projektet bygger på att en pulsgenerator konstrueras med hjälp av moder-
na högspänningskablar som normalt används inom kraftdistribution. Kabel-
tekniken kan med fördel användas för korta elektriska pulser där spännings-
nivåerna överskrider märkspänningen flera gånger. 

Kabeltekniken medför att högspänning kan användas på ett friare sätt i 
maskiner: spänningen är inte längre begränsningen utan istället kan en ma-
skin optimeras utifrån elektriska, magnetiska, mekaniska och termiska grun-
der. Denna teknik kan uppenbarligen tillämpas i andra maskiner än generato-
rer, t.ex. i transformatorer och vindkraftverk. Detta gäller även för området 
pulskraft varför fältet nu ligger öppet för en rad tekniska framsteg associera-
de med en mer eller mindre fri användning av högspänning.  

En pulsgenerator avsedd för effekter upp till 1 GW har konstruerats och re-
sultatet visas i denna avhandling. De ingående komponenterna såsom trans-
formator och pulsformering är konstruerade med högspänningskablar. Kab-
larna är avslutade i ett gnistgap som förvaras i en tank med avjoniserat vat-
ten. Vattentanken har två uppgifter: att styra elektriska fältet refraktivt vid 
kabelavsluten och att reducera elektrodavståndet i gnistgapet. Forskningen 
runt denna pulsgenerator har innefattat en mängd konstruktioner av olika 
typer av transformatorer, brytare och slutare. Forskningen har haft som mål 
att samla ett underlag för induktiv pulsgenerering med hjälp av modern ka-
belteknik. Den pulsgenerator som konstruerades och var avsedd för 1GW 
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genererade fyrkantspulser med en effekt på 0,7 GW och pulslängd på 150 ns. 
Vidare så ges en översiktlig teknisk sammanfattning för två högpresterande 
25 GW pulsgeneratorer. Pulsgeneratorerna har dimensioneras för att kunna 
driva en virkator som utgör en lågimpediv last. Virkatorn skall matas med 
500 kV och 50 kA för pulslängder upp till 200 ns. 
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13. Appendix A 

13.1 Archimedean Spirals 
The transformers used described in this thesis were all wound in Archi-
medean spirals. The dimensions of the transformer are determined by two 
main factors: the amplitude of the primary current and the electric field in 
the cable. Small dimensions of the transformer give short cable length and 
low costs. The geometry of the transformer is shown in Fig. 67.  

Fig. 67. Transformer dimensions. 

Here Ri, Ry and H are the inner, outer radius and height of the transformer 
respectively. The number of spiral layers can be calculated by the quote be-
tween the height H of the transformer and the outer radius r of the coaxial 
cable. Calculation of the total number of secondary turns Ns is made using 

)(
2 12 NN

r
HNs .      (30) 

Where N1 is the number of turns of the Archimedean spiral that makes the 
inner solenoidal cylinder hole and N2 is the outer number of turns. The trans-
former is wound from the inner radius and out. An elevation to the next layer 
is made as the outer radius is reached and the next layer is wound from the 
outer radius and in as shown by the two arrows in Fig. 68 
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Fig. 68. The transformer is wound in alternating Archi-
medean spirals. 

Calculating spiral lengths requires inputs such as outer cable radius r, inner 
and outer transformer radius Ri and Ry respectively. The inner spiral turns 
from origin to the centre solenoid is N1 and N2 is the outer number of turns 
and determined using equations (31) and (32). 

r
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21         (31)      
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22        (32) 

The turns N1 and N2 can be non rational numbers as shown in Fig. 69.

Fig. 69.  Spiral dimensions from turn N1 to N2.

The two dimensional spiral can be described by equation (33)  
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  (33) 

and the length of the spiral is determined by the derivative of equation (33) 
inserted into  (34) and integrated 
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14. Appendix B 

This appendix contains information about the programs that was developed 
by the author in order to make fast calculations and optimisations of pulse 
generator constructions. The developed programs use a graphic interface and 
were developed in Matlab.  

14.1 Software for Transformer 
This program uses a lot of input parameters and was developed during a 
construction planning of a 500 kV pulse generator. The program uses the 
dimensions of the transformer, coaxial cable, capacitor bank in order to di-
mension the generator to the limited switching current of the IGBT:s. The 
calculated output is shown in Fig. 70 as the light grey areas and the input is 
the white ones.
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Fig. 70. This program may be used in order to dimen-
sion a high voltage pulse generator equipped with coax-
ial transformer and IGBT hybrid switch.     

14.2 Software for Semicon Cable  
The program enables capacitance calculation based on two different relative 
permittivities. The program was developed in order to account for the thick-
ness of the semicon layers used in the high voltage cable. The semicon layer 
therefore introduces an effective relative permittivity as a combination of 
semicon and polyethylene. 
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Fig. 71. Program developed to calculate the capacitance 
and impedance in a transmission line using two different 
types of dielectric. 

14.3 Software for Trigger Pulses 
This program was developed by the author in order to control and set the 
pulses. The pulse generator used trigger pulses to control the switches S1, S2
and S3, shown in Fig. 21. A timer/counter PCI-card model NI 6601 was used 
and the software were developed in Labview. The PCI-card has 4 inputs and 
4 outputs of which one output was used as trigger for the ouputs 1 to 3. Fur-
ther, the output from the PCI-card is equipped with fibre optics to protect the 
computer from hazardous transients.  
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Fig. 72. Labview program used as trigger software of a 
NI PCI-card. The PCI-card controls the switches in the 
pulse generator via fibre optics. 

14.4 Software Data Handling 
This program was developed by the author in order to handle and view large 
amount of measured data. The program enables extraction of specific data 
and statistical post processing is possible. This program was used to deter-
mine the time of flight statistically from a large amount of measured data.  
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Fig. 73. This program was developed in order to deter-
mine the time of flight in CVD diamond samples.  

14.5 Software Cable Length 
This program was developed by the author in order to calculate the cable 
length when several cables are connected in parallel. The program enables 
extraction of the cable length when the helical winding is conical. The calcu-
lation is important when constructing the pulse forming line.  
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Fig. 74. This program was used to calculate the cable 
length of a 3D Archimedean spiral. 
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15. Appendix C 

Fig. 75. P-spice model used in pulse generator simula-
tion. 
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