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Abstract. The generation of high-power electromagnetic waves is one of the major applications in the field of 

high-intensity pulsed power. The conventional structure of a pulsed power generator contains a primary energy 

source and a load separated by a power-amplification system. The latter performs time-compression of the 

slow input energy pulse and delivers a high-intensity power output to the load. Usually, either a Marx 

generator or a Tesla transformer is used as a power-amplifier. In the present case a system termed MOUNA 

(French acronym for ‘Module Oscillant Utilisant une Nouvelle Architecture’), uses an innovative and very 

compact resonant pulsed transformer to drive a dipole antenna. The paper describes the ultra-compact multi-

primary winding pulsed transformer developed in common by Université de Pau and Hi Pulse Company that 

can generate voltage pulses of up to 0.6 MV, with a rise time of less than 270 ns. The transformer design has 

four primary windings, with two secondary windings in parallel and a Metglas® 2605SA1 amorphous iron 

magnetic core with an innovative bi-conic geometry used to optimize the leakage inductance. The overall unit 

has a weight of 6 kg and a volume of only 3.4 litres and the paper presents in detail its design procedure, with 

each of the main characteristics being separately analysed. In particular, simple but accurate analytical 

calculations of both the leakage inductance and the stray capacitance between the primary and secondary 

windings are presented and successfully compared with CST-based results. Phenomena such as the core losses 

and saturation induction are also analysed. The resonant power-amplifier output characteristics are 

experimentally studied when attached to a compact capacitive load, coupled to a capacitive voltage probe 

developed jointly with Loughborough University. Finally, an LTspice-based model of the power-amplifier is 

introduced and its predictions are compared with results obtained from a thorough experimental study. 
 

 

1. Introduction 

For the last few years, the Intentional Electro-Magnetic Interference (IEMI) has been developed as a new 

threat to electronic systems.  The aim of the novel directed energy weapons based on High Power Microwave 

(HPM) technology [1][2][3][4][5] is to try to interact with today’s modern increasingly complex combination 

of software and hardware electronics. Basically, there are two types of IEMI threats having either narrowband 

or wideband waveforms. Whereas the narrowband waveform threats (in the domain of a few and up to tens of 

GHz) use vacuum technology sources, the wideband and ultra-wideband (UWB) waveform threats (in the 

domain of a few hundreds of MHz and up to a few GHz) are based on high-power fast switching technologies 

[6][7]. Related to the wideband threats, simple short duration oscillating power systems [8] are very useful 

tools to investigate the susceptibility of electronic systems using unprotected wiring (Ethernet cables and/or 

power cords). The conventional design of such a type of directed energy weapon consists of a primary energy 

source and an antenna, separated by a power-amplification system that forwards the conditioned energy 

impulse from the source to the antenna, such as a Marx generator [9] or an air-core Tesla transformer [10]. The 

present arrangement however (described in [11]), uses an innovative ultra-compact 0.6 MV resonant magnetic 

core transformer which allows an important volume-saving when compared with similar pulsed power 

generator topologies previously described in open literature. The aim of the present paper is to present in detail 

the development of the resonant magnetic core pulsed transformer. The design procedure, the calculations of 
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leakage inductance and stray capacitances and an LTspice-based study [12] will all be discussed. Finally, 

experimental results are compared with software predictions. 

 
Figure 1: MOUNA electromagnetic source 

Upper: arrangement of main components inside the dipole antenna; Lower: overall view of the metallic dipole 

antenna in which all components are integrated, with the dark volume on the far right side being an oil 

reservoir. 

 

2. MOUNA electromagnetic source and the requirements imposed on the pulsed transformer 

The study of the novel ultra-compact 0.6 MV resonant magnetic core transformer described below was part of 

part of a much larger project related to the design, manufacturing and testing of an autonomous and compact 

electromagnetic pulse source termed MOUNA [11]. Fig. 1 presents a schematic diagram of the overall 

MOUNA system housed inside a dipole antenna having a length of about 1 m, a diameter of about 22 cm and 

corresponding to a volume of about 38 litres. The MOUNA energy source is based on a magnetic core pulsed 

transformer powered by a battery-charged HV DC/DC converter charging a capacitor Cp to an initial voltage 

Vp. The capacitor is mounted in the primary winding circuit discharged using a triggered closing switch Sw. 

Fig. 2 presents the equivalent electrical scheme of the MOUNA circuit, highlighting the resonant energy 

transfer principle. When the switch closes, the energy stored in the capacitor is transferred to an oil-filled 

output transmission line (having a capacitance included in the overall load equivalent capacitance Cs of Figure 

2) via the high-voltage pulsed transformer, having a winding ratio n and a total primary winding circuit self-

inductance Lp, which includes a leakage self-inductance Lσ. The output transmission line has a peaking switch 

operated under oil and mounted at its input and a dipole antenna connected at its output. When the 

transmission line is crowbarred by the peaking switch, the remaining circuit is equivalent to a damped 

oscillator, the energy of which is radiated by the dipole antenna. 

Dipole antenna

22cm

1m
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Figure 2: MOUNA simplified circuit highlighting the principle of resonant energy transfer 

 

For a resonant transformer the transfer is optimal when[13]: 

𝐶𝑝  =  𝑛²𝐶𝑠 (1) 
with the corresponding maximum output voltage Vs given by: 

𝑉𝑠 = 𝑛𝑉𝑝 (2) 
The transformer load capacitance Cs includes the capacitance of the transmission line Cline, the capacitance 

between primary and secondary windings Cps, the capacitance between the secondary winding and the 

magnetic core Csc and other stray capacitances that will be detailed later. 

As the antenna includes all components, its size is fixed by the overall volume constraints of the MOUNA 

project. In such conditions CST Microwave Studio [14] simulations were used to obtain the optimum value of 

the transmission line capacitance Cline as 80 pF [13] for which, at a 600 kV charging voltage, the maximum 

amount of energy is transferred (coupled) to the dipole antenna. This essential result is actually imposing both 

limits and requirements to the design of the entire transformer-based pulsed power generator. The pulsed 

transformer is required therefore to amplify the initial voltage of 10 kV up to 600 kV and be capable to charge 

an 80 pF capacitive load. At the same time, the transformer has to minimise its volume, but still preserve its 

electrical integrity under very high electric field stress. 

Same type of CST simulations [11], showed that the closure time of the peaking switch has an influence on the 

antenna radiation gain and it was found that this time can be reduced if the time-to-peak, also termed transfer 

time, of the output voltage signal generated by the transformer is made shorter. 

Taking into account all the results obtained during the preliminary study of the MOUNA source, it was 

decided that the main electrical performance required from the pulsed transformer is the generation on Cs of a 

voltage impulse of 0.6 MV with a transfer time less than 500 ns. As an immediate consequence and according 

to Eq. 2, because the charging voltage Vp of the primary capacitance Cp is limited by the DC/DC converter to 

10 kV, the transformer winding ratio n must be 60. If the primary winding is chosen to be a single-turn coil 

(i.e., Np=1), the secondary winding will have a number of turns Ns=n. 

 

3. Pulsed transformer design procedure, its geometry and the magnetic core characteristics 

The procedure to design of the transformer is detailed below. The starting point is to fulfil the required 

electrical parameters Vp, Vs, Cline, tpeak (defined below). The need for a certain magnetic core saturation 

characteristic Bsat and a particular magnetic core geometry are both clearly explained below. The required 

dimensions of the magnetic core i.e., its inner core radius (Rin_core), cross section (S) and height (h) are roughly 

estimated. These values were used to help in choosing a particular magnetic core from the manufacturer’s 

catalogue. Once the precise geometry of the core is thus established, including its square shape core section, 

the next steps are to calculate the transformer stray elements: its leakage inductance (Lσ) and both transformer 

capacitances: primary to secondary (Cps) and secondary to core (Csc). Firstly, simple techniques are established 

to estimate analytically these essential parameters, followed by their benchmarking against very precise, but 

time consuming, calculations using a state-of-the-art software package (CST). Finally, an optimization process 
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is described that helps to improve the transformer characteristics that are then used with a circuit solver 

(LTSpice) to simulate the final electrical performance of the pulsed transformer. 

 

The transfer time (or time-to-peak, 0% to 100%) of the transformer output voltage can be expressed as: 

𝑡𝑝𝑒𝑎𝑘 = 𝜋√𝐿𝑝
𝐶𝑝𝑛²𝐶𝑠

𝐶𝑝 + 𝑛²𝐶𝑠
 (3) 

As easily noticed the transfer time depends on Lp which includes, apart from the leakage self-inductance Lσ, 

other parasitic self-inductances related to wires, capacitors, switches, connections, etc. The leakage self-

inductance depends mainly on the volume between the primary and the secondary windings [16] and therefore 

this volume must be kept as low as possible. A conical form for the secondary winding (see Figure 3), in 

contrast to the standard cylindrical winding, maintains the electric field (approximated as the ratio of voltage 

by radius) at a relatively constant value along the z axis and therefore can better accommodate the high-

voltage insulation requirements. As a consequence, the volume is reduced and interestingly, as demonstrated 

later, the leakage inductance value is also lowered. 

 

 
Figure 3: Winding strategies for the secondary winding 

 

Figure 4 shows the transformer magnetic circuit consisting of two separate D-shaped circuits designed to fit 

inside the 200 mm diameter cylindrical volume required by MOUNA. In the transformer center the magnetic 

core, which is made from the two D pieces touching, has an overall square cross section S. Due to mechanical 

requirements for inserting the windings and the bi-conical electrical insulation, each circuit is broken into two 

parts and the assembly is compressed by a conductive clam collar. The secondary consists of two conical 

windings, connected in parallel for halving the leakage inductance and although this feature results in an 

increased parasitic capacitance, it will be later proved that this design reduces the transfer time. 

 

 

z 

r r 

z 

Secondary winding 

Primary winding 

Cylindrical winding Conical winding 
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Figure 4: Sectional view of the transformer geometry 

 

As both the transformer and the crowbar peaking switch operate under oil, tests were performed to 

experimentally determine the oil pulsed electrical field breakdown for conditions close to the present 

application. The oil chosen is a high-quality transformer oil type Mobilect 39 [17], produced by the Mobil 

Company, and the tests consisted of applying voltage impulses with a time-to-peak of 500 ns to the oil-filled 

peaking switch. For obtaining the required performance at 0.6 MV, a gap distance of about 4 mm was found to 

be necessary. For conditions inside the transformer, the electric field FBD (in kV/cm) for which there is a 50% 

probability of electric breakdown, depends on the area under electric stress A (in cm
2
) and the effective stress 

time teff  (in µs) by the expression [18]:  

𝐹𝐵𝐷 = 480 𝑡𝑒𝑓𝑓
−
1
3 𝐴−0.073          (4) 

valid for uniform field configurations. For the specific working conditions the FBD is estimated around 

1000 kV/cm, a value very close to 1100 kV/cm determined experimentally [19]. 

 

The magnetic circuit is made of Metglas 2605SA1 [20]. The advantages of using this material are: low 

losses, a good behaviour at high frequency and a large value for the saturation induction Bsat of 1.56 T. This 

material, with characteristics provided in [15], is commonly used in power transformers and coils operated at 

high frequency. The magnetic circuit must be designed with a cross-section large enough not to allow 

saturation during the energy transfer. In the case of resonant transfer, the variation of the magnetic induction 

B = Bsat during tpeak= T/2 is related to the integral of the output voltage by the following equation: 

∫𝑉𝑆(𝑡) 𝑑𝑡

𝑇
2

0

= 𝑁𝑆 ∙ 𝛥𝐵 ∙ 𝑆 (5) 

where T is the period and f=1/T is the corresponding frequency of the output voltage impulse. The cross 

section can be straightforwardly estimated from: 

∫
𝑉𝑆𝑚𝑎𝑥
2

𝑇
2

0

[1 − cos (
2𝜋

𝑇
𝑡)] 𝑑𝑡 =

𝑉𝑆𝑚𝑎𝑥𝑇

4
 (6) 

For VSmax = 600 kV, T/2 = 500 ns, NS = 60 and B = 1.56 T, the cross section S is obtained as: 

𝑆 =
𝑉𝑆𝑚𝑎𝑥𝑇

4 𝑁𝑆 ∆𝐵
 1600 𝑚𝑚2 

(7) 

As a consequence, as the central magnetic material has a square cross section, the side of the square is 

c = 40 mm and therefore each D shaped piece in Fig. 4 has a thickness c/2. 

 

Primary winding 

Secondary 

windings 

Magnetic circuit 
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The circular single-turn primary winding, made from a 0.5 mm thick copper foil, has to be mounted as close as 

possible to the magnetic circuit. The minimum inner diameter 𝐷𝑖𝑛_𝑝𝑟𝑖𝑚  of the primary winding can be 

calculated as: 

𝐷𝑖𝑛_𝑝𝑟𝑖𝑚 = 𝑐√2 + 2𝑒 (8) 

where e is the thickness of the cylindrical primary winding dielectric mandrel. The dielectric material used to 

mechanically hold the winding and provide insulation to the magnetic core is made of Polyoxymethylene 
(POM). The DC dielectric strength of POM is in excess of 20 kV/mm and therefore a 1 mm thickness is 

sufficient but, to ensure sufficient mechanical strength, its thickness has been chosen 2 mm. In these 

conditions and using Eq. (8 𝐷𝑖𝑛_𝑝𝑟𝑖𝑚 is about  60.5 mm. 

Each secondary winding is wound on a conical shaped mandrel. The dielectric strength of the oil is close to the 

dielectric strength of the material used to manufacture the mandrel and the electric field can be considered as 

homogeneous. In such a case the best solution is to position the last turn of the secondary winding (which is 

raised at the highest voltage) at an equal distance from both the magnetic circuit and the primary winding. 

 

 

To meet this requirement and in reference to Figure 5, for Rin_core = 80 mm and Rout_prim = 31 mm, it is 

necessary that: 

𝑅𝑜𝑢𝑡_𝑠𝑒𝑐 =
𝑅𝑖𝑛_𝑐𝑜𝑟𝑒 + 𝑅𝑜𝑢𝑡_𝑝𝑟𝑖𝑚

2
≈ 55.5 𝑚𝑚 (9) 

The height h in Fig. 5, valid for both the primary and the secondary winding, can be estimated as: 

ℎ ≈ √𝑅𝑖𝑛𝑡_𝑐𝑜𝑟𝑒
2 − 𝑅𝑜𝑢𝑡_𝑝𝑟𝑖𝑚

2 ≈ 74 𝑚𝑚 (10) 

Once the conical mandrel is defined, in order to wind the 60 turns for each of the two parallel-mounted 

secondary windings, it is necessary the pitch p to be less than a value estimated as: 

𝑝 =
√ℎ2 + (𝑅𝑜𝑢𝑡_𝑠𝑒𝑐 − 𝑅𝑜𝑢𝑡_𝑝𝑟𝑖𝑚)

2

𝑛
≈ 1.3 𝑚𝑚 

(11) 

The selected wire is a single strand of copper with an insulating sheath made of Teflon. Its outer diameter is 

1.25 mm and the diameter of the conductor of 0.65 mm (AWG 22). The main advantages of a Teflon sheath 

are very good dielectric properties but even more importantly its good resistance to mineral oil attack. As the 

transformer is operated at a frequency f of about 1 MHz, the skin effect plays a significant role, but these 

losses are negligible when compared with the magnetic core losses and therefore the use of Litz wires would 

not bring an improvement. The resultant secondary winding design is presented in Figure 6. 

 

Figure 5: Definition of the main transformer dimensions 
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Figure 6: 3D drawing of the two, parallel-mounted, secondary windings 

 

The average magnetic path LC of the two D-shaped circuits can be calculated as: 

𝐿𝑐 = 2(𝑅𝑜𝑢𝑡_𝑐𝑜𝑟𝑒 −
𝑐

4
) tan−1

(

 
√(𝑅𝑜𝑢𝑡_𝑐𝑜𝑟𝑒 −

𝑐
4)
2
− (
𝑐
4)
2

𝑐
4⁄

)

 + 2√(𝑅𝑜𝑢𝑡_𝑐𝑜𝑟𝑒 −
𝑐

4
)
2

− (
𝑐

4
)
2

 (12) 

In Eq.(12) Rout_core = 100 mm is the outer radius of the magnetic core and the resultant Lc is estimated as 

442 mm. The magnetic core mass MC can be also estimated as: 

𝑀𝑐 = 𝐿𝑐 ∙ 𝑆 ∙ 𝜌  (13) 

and, for the magnetic material density ρ=7.18 g/cm
3
, the results is MC  5.1 kg. 

To have an idea of the energy efficiency of the magnetic core transformer, we use the Steinmetz empirical law 

[21] for an accurate estimation of the magnetic core power density losses Pw at a sinusoidal resonant frequency 

f (defined above) as:  

𝑃𝑤 = 𝑘𝑓
𝛼�̂�𝛽 (14) 

where �̂�=Bsat. Using the values for the coefficients as provided in [22]: k=6, α=1.51 and β=1.74, the result is 

obtained as Pw  445 kW/kg. During a pulse, the energy 𝐸𝑗 lost in the magnetic core can be calculated as: 

𝐸𝑗 = 𝑃𝑤. 𝑡𝑝𝑒𝑎𝑘. 𝑀𝑐  (15) 

with the result, Ej≈1 J, representing only 2.5% of the total initial stored energy in the primary winding 

capacitance. 

 

4. Leakage inductance calculation 

As already indicated, the transformer total leakage inductance Lσ is one of the parameters which influences the 

rise time of the transformer and therefore it is essential to minimize its value. For convenience, an analytical 

calculation of leakage inductance gives in most cases an acceptable estimate to be used in the design of 

transformers. For one of the two identical and parallel-mounted secondary windings of the transformer, the 

leakage inductance lσ is related to the total energy 𝑊𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 stored by an imperfect flux coupling in the non-

magnetic regions between primary and secondary windings. This energy can be estimated as [23]: 

𝑊𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 =
1

2
𝑙σ𝐼𝑝

2 (16) 

where 𝐼𝑝 is the primary current. For the present design, both the primary and the secondary windings represent 

only thin layers, occupying small volumes as compared with the volume between primary and secondary 

windings [24]. In such conditions it is reasonable to consider a constant magnetic field H generated in the 

space between the two windings [16]. With this assumption, the total energy stored is calculated as: 

𝑊𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 =
𝜇0|𝐻|

2

2
𝑉𝑜𝑙 =  𝜇0

(
𝑁𝑝𝐼𝑝
ℎ
)
2

2
𝑉𝑜𝑙 

(17) 
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for which the corresponding leakage self-inductance can be estimated as:  

 𝑙σ =
𝜇0𝑁𝑝

2

ℎ2
𝑉𝑜𝑙 (18) 

where Vol is the dielectric volume between the coils, measured as 290 cm
3
. For the dimensions calculated 

previously and Np=1, the estimated leakage self-inductance is about 67 nH, in good agreement with 

measurements performed with a HIOKI IM3536 LCR bridge at 1 MHz providing values between 64 nH and 

66 nH. We note that the leakage inductance value for a cylindrical winding strategy for this transformer 

(Figure 3.a.) is about 113 nH making obvious that the conical winding strategy is advantageous, allowing a 

41 % reduction of this unwanted parameter. As the transformer has two secondary windings mounted in 

parallel, its total leakage self-inductance was approximated as Lσ≈33 nH. Estimates were also obtained for the 

self-inductance of the primary capacitor as about 67 nH and for all electrical connections including the closing 

switch as about 50 nH, allowing the total self-inductance of the primary winding circuit Lp to be estimated as 

150 nH. 

A study made using CST EM Studio [25] confirmed all these simple estimates. The results in Figure 7 show 

that, apart from a slight field enhancement just visible near the primary windings, the intensity of the magnetic 

field is indeed constant in the material between the primary and secondary windings, as assumed above (with a 

value around 160 kA/m). In addition, CST EM Studio evaluates the total magnetic energy stored in this space 

at about 9 J, a value that validates the above estimate of the total leakage inductance Lσ. 

 

 
Figure 7 : CST EM Studio simulation of transformer magnetic field intensity 

 

5. Capacitances calculation 

In high frequency transformers, there are four different types of capacitance [26]: capacitance between the 

turns in a winding, capacitance between the layers of a winding, capacitance between windings and stray 

capacitance between the windings and the magnetic core. In the present case the first two can be neglected in 

respect to the last two. In what follows the most important capacitance, that one between the primary and 

secondary winding will be evaluated, followed by an estimate of the stray capacitance of the secondary 

winding to core. 
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In analogy with the technique used to estimate the leakage inductance, the primary-secondary capacitance 𝐶𝑝𝑠 

will be calculated using the electric energy 𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 stored between the two windings: 

𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 =
1

2
𝐶𝑝𝑠𝑛

2𝑉𝑝
2
=
1

2
𝜀0𝜀𝑟 ∫ �⃗� 

2

𝑉𝑜𝑙

𝑑𝑣 (19) 

where ε0 is the permittivity of free space, εr=3.7 the relative permittivity of the POM and �⃗�  is the electric field 

vector generated between windings. 

The primary coil is mounted very close to the beginning of the secondary coil, so that Rout_prim  Rin_sec. The 

distance Dps between the two coils and the electrical potential between them, they both vary linearly with axial 

distance z: 

𝐷𝑝𝑠(𝑧) =
𝑅𝑜𝑢𝑡_𝑠𝑒𝑐 − 𝑅𝑜𝑢𝑡_𝑝𝑟𝑖𝑚 

ℎ
𝑧 (20) 

𝑉𝑝𝑠(𝑧) =
𝑛

ℎ
𝑉𝑝𝑧 (21) 

As a consequence the electric field is practically constant: 

𝐸𝑝𝑠(𝑧) =
𝑛𝑉𝑝

𝑅𝑜𝑢𝑡_𝑠𝑒𝑐 − 𝑅𝑜𝑢𝑡_𝑝𝑟𝑖𝑚 
= 𝐸𝑚𝑎𝑥  (22) 

In these conditions the calculation is straightforward: 

1

2
𝑛2𝑉𝑝

2
𝐶𝑝𝑠 =

1

2
𝜀0𝜀𝑟 ∫ 𝑟 𝑑𝑟∫ 𝑑𝜃∫𝐸𝑝𝑠

2(𝑧)𝑑𝑧

ℎ

0

2𝜋

0

𝑅𝑜𝑢𝑡_𝑠𝑒𝑐

𝑅𝑜𝑢𝑡_𝑝𝑟𝑖𝑚

 (23) 

𝐶𝑝𝑠 =
𝜋𝜀0𝜀𝑟ℎ(𝑅𝑜𝑢𝑡_𝑠𝑒𝑐 + 𝑅𝑜𝑢𝑡_𝑝𝑟𝑖𝑚)

𝑅𝑜𝑢𝑡_𝑠𝑒𝑐 − 𝑅𝑜𝑢𝑡_𝑝𝑟𝑖𝑚
 30 𝑝𝐹 (24) 

This value corresponds to only one of the two identical secondary windings. As the two secondary windings 

are mounted in parallel, the transformer primary to secondary capacitance is double. 

A CST EM Studio simulation of the transformer provided for one winding an admittance of 195 µS at 1 MHz, 

which corresponds to 31 pF, in excellent agreement with the simple analytical estimate of Eq. (24). 

The stray capacitance 𝐶𝑠𝑐  between the secondary winding and the external core can also be analytically 

estimated. In order to simplify the calculus of capacitance in cylindrical coordinates, the two surfaces of the 

capacitor 𝐶𝑠𝑐 are chosen somehow arbitrary as being segments of a semicircle of angle  90° (as in Fig. 8). 

Therefore the distance 𝐷𝑠𝑐 and the voltage between the secondary winding and the core 𝑉𝑠𝑐 are calculated as:  

  
 

Figure 8 : Upper view of one-half of the transformer. The gray area represents the magnetic core, while the 

semicircle represents the secondary winding. For simplicity of calculus, to obtain a rough estimate of the 

capacitance between the secondary winding and the magnetic core (C) the surface area of the capacitor ‘plates’ 

is approximated by a segment of the semicircle having an angle α≈π/2 

 

α



10 

 

𝐷𝑠𝑐(𝑧)  √𝑅𝑖𝑛_𝑐𝑜𝑟𝑒
2 − (𝑧 − ℎ)2 −

𝑅𝑜𝑢𝑡_𝑠𝑒𝑐 − 𝑅𝑜𝑢𝑡_𝑝𝑟𝑖𝑚

ℎ
𝑧 − 𝑅𝑜𝑢𝑡_𝑝𝑟𝑖𝑚 (25) 

𝑉𝑠𝑐(𝑧) =
𝑛

ℎ
𝑉𝑝𝑧 (26) 

Using (25) and (26), it is easy to determine the axial variation of the electric field: 

𝐸𝑠𝑐(𝑧)  

𝑛
ℎ
𝑉𝑝𝑧

√𝑅𝑖𝑛_𝑐𝑜𝑟𝑒
2 − (𝑧 − ℎ)2 −

𝑅𝑜𝑢𝑡_𝑠𝑒𝑐 − 𝑅𝑜𝑢𝑡_𝑝𝑟𝑖𝑚
ℎ

𝑧 − 𝑅𝑜𝑢𝑡_𝑝𝑟𝑖𝑚

 (27) 

In these conditions, Csc is obtained by numerically solving the equation: 

 

𝐶𝑠𝑐 =
𝜀0𝜀𝑟1 ∫ 𝑟 𝑑𝑟 ∫ 𝑑𝜃 ∫ 𝐸𝑠𝑐

2(𝑧)𝑑𝑧
ℎ

0



0

𝑅𝑖𝑛_𝑐𝑜𝑟𝑒
𝑅𝑜𝑢𝑡_𝑠𝑒𝑐

𝑛2𝑉𝑝2
≈ 6𝑝𝐹 (28) 

Note that in Eq.(28) 𝜀𝑟1 = 2.25 is the relative permittivity of the oil in which the transformer is immersed. As 

above, because the transformer is composed of two secondary windings in parallel, the total secondary-core 

capacitance is multiplied by two. The same CST Microwave Studio simulation provided a value of 6.5 pF, 

again in excellent agreement with the simple estimate. 

The above calculations highlight the fact that the stray capacitances cannot be neglected in respect to Cline, and 

this obviously affects the energy transfer efficiency. There are also other stray capacitances between: 

- the secondary winding and the structure in which the transformer is enclosed (the antenna strand) 

- the secondary winding and the spark gaps of the primary winding 

- the secondary winding and the output spark gap 

- the two secondary windings 

but unfortunately these cannot be estimated by simple analytical calculations. Using CST modelling however, 

these were evaluated at a total of about 50 pF. 

All the above analysis shows that the total capacitive output load of the transformer has a value of: 

𝐶𝑠 = 𝐶𝑙𝑖𝑛𝑒 + 2𝐶𝑝𝑠 + 2𝐶𝑠𝑐 + 50 𝑝𝐹 ≈ 200 𝑝𝐹 

 

6. Design optimization and practical realization 

Based on the calculated value for Cs and the requirement for an optimal resonant transfer (Eq.1), the value for 

the corresponding primary capacitance Cp=n
2
Cs is about 720 nF. This value is too large because it will increase 

the transformer transfer time (time to peak, Eq.3(3)) to about 725 ns, which in turn will induce core saturation 

during the rise time of the input voltage. Two solutions are possible: 

 increase the cross-section of the magnetic circuit 

 decrease the self-inductance of the primary circuit so that the transfer time remains less than 500 ns. 

Increasing the magnetic circuit will result in an increase of transformer’s mass and a decrease in the volume 

available for the windings, while the isolation constraints and the stray capacitances will also increase. The 

solution therefore consists in reducing the transfer time by decreasing the primary self-inductance using 

several windings mounted in parallel. In case of a number X of parallel mounted primary circuits, the time-to-

peak and the rise time are: 

𝑡𝑝𝑒𝑎𝑘(𝑋) = 𝜋√(
𝐿𝑝 − 𝐿𝜎

𝑋
+ 𝐿𝜎) ∙

𝐶𝑝𝑛²𝐶𝑠

𝐶𝑝 + 𝑛²𝐶𝑠
 (29) 

𝑡𝑟𝑖𝑠𝑒(𝑋) = 0.295 × 2𝜋√(
𝐿𝑝 − 𝐿𝜎

𝑋
+ 𝐿𝜎) ∙

𝐶𝑝𝑛²𝐶𝑠

𝐶𝑝 + 𝑛²𝐶𝑠
 (30) 

and Erreur ! Source du renvoi introuvable.9 presents the dependence of these time characteristics on the 

number of parallel-mounted primary windings. This solution brings as a bonus the advantage of reducing the 

current switched by each synchronized primary spark gap [15], thus enabling a higher pulse repetition 
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frequency (PRF) operation to be envisaged. The total current flowing in the primary circuit can be determined 

from: 

𝐼𝑚𝑎𝑥(𝑋) = √

𝐶𝑝𝑛²𝐶𝑠
𝐶𝑝 + 𝑛²𝐶𝑠

(
𝐿𝑝 − 𝐿𝜎  
𝑋 + 𝐿𝜎)

 𝑉𝑝 (31) 

while Fig. 10 shows the variation of both this current and of the current in each winding as a function of the 

number of windings. 

 
Figure 9: Variation of the time to peak and of the rise time with the number of primary windings  

 (a)  (b) 
Figure 10: Variation with the number of primary windings of the: a) total primary current; b) current in each 

winding 

 

The only drawback of operating X parallel circuits is the need for synchronization between the X spark-gaps. 

A compromise has to be found between the difficulty of mechanical realization, the current switched by each 

spark gap and the time-to-peak of the transformer output voltage. A reasonable choice is to have four parallel 

primary circuits that allows reducing the overall self-inductance of the primary circuit (Lp) to 62 nH and, as 

required, brings the theoretical time-to-peak to 469 ns i.e., less than the required 500 ns. A small-size Marx 

generator is used to synchronize the four switches [15]. At the same time, this design limits the current 

switched by each primary spark gap to only 6.2 kA and thus reduces the erosion of the electrodes of the spark-

gaps, allowing a higher PRF operation of the overall MOUNA system. 

Unfortunately, for practical reasons related to component availability, only capacitors having a capacitance of 

200 nF, a stray self-inductance of 64 nH and capable of delivering a current of about 10 kA were available to 

be used as power sources in each winding circuit. Because of this the total primary capacitance is raised to 

800 nF i.e., larger than the 720 nF requested by Eq. (1) and such conditions the efficiency of the energy 
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transfer is slightly reduced but the higher capacitance allows the generation of a larger output voltage. The 

time-to-peak and the rise time are 482 ns and 285 ns respectively, while the maximum primary current is 

25 kA. 

The single-turn primary windings loops are each made from a 0.5 mm thick, 20 mm wide copper sheet 

(Figure 111(a)). For optimizing the magnetic coupling, it immediately follows that the dimensions of the 

single-turn should be as close to the magnetic core as allowed by the required insulating properties of the 

mandrel. A POM support is used both as a mandrel and as a primary winding-magnetic circuit insulator 

(Figure 111(b)) and transformer Nomex paper is used to insulate the individual windings.  

 

To conclude, the theoretical analysis of the resonant transformer and the optimization procedure provides the 

following final design characteristics as: 

• Four single-turn, parallel-mounted primary windings 

• Two parallel-mounted secondary windings each having sixty turns 

• Total primary capacitance: 800 nF (four parallel-mounted primary capacitors each of 200 nF) 

• Total secondary capacitance: 200 pF 

• Output voltage rise time: 285 ns 

• Output voltage time-to-peak: 482 ns (less than 500 ns required to avoid saturation) 

• Total primary current: 25 kA 

• Total secondary current: 417 A 

 

Figure 11 shows the final 3-D CAD drawings and Figure 12 presents a photo of the assembled magnetic core 

pulsed transformer. 

 
(a) 

 
(b) 

 

Figure 11: 3-D CAD views of (a) the four single-turn primary windings and (b) their POM mandrel  
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Figure 12: Final 3-D CAD design: (a) transformer exploded; (b) overall view 

 

 
 

Figure 13: Picture of the completed resonant magnetic core pulsed transformer 

 

7. LTspice modeling 

The numerical simulation of the resonant pulsed transformer was carried out using the LTspice free software 

(Figure 14), having as load a capacitor simulating the antenna, with a specially developed voltage probe [27] 

mounted in parallel. 

The resistance of one secondary winding is about 0.85  for a DC current, but raises to 2.33  for a pulsed 

current injected at the transformer’s resonant frequency. This last value, divided by 2 to take into account the 

parallel coupling of the two secondary windings, was used in numerical simulations. The results show the 

resistance lowers the peak voltage value by only 0.05 %. It is therefore reasonable to be neglected from the 

electrical equivalent circuit. 

The model for the hysteresis cycle of the transformer core magnetic material is adopted from [28]. The 

magnetic model is defining the hysteresis cycle of the material using only three parameters, Hc, Br and Bsat, 

which respectively represent the coercive magnetic field, the remanent and the saturation magnetic flux 
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density. For the Metglas® 2605SA1 the values are: Hc = 4A/m, Br = 1.2 T and Bsat = 1.56 T and the theoretical 

hysteresis cycle thus obtained is very close to the real curve obtained from the manufacturer (Figure 15). 

Figure 16 presents theoretical predictions: the transformer output peak is predicted to be 0.6 MV with a rise 

time of 268 ns with the core magnetic induction reaching the saturation value just before the end of the 

resonant transfer. Therefore, this unwanted phenomenon has a small influence on the amplitude of the output 

voltage. 

 
Figure 14: LTspice pulse generator simulation scheme 

 

 

 
Figure 15: Hysteresis cycle for Metglas® 2605SA1 

 

8. Experimental results  

The transformer was tested having the same ultra-compact arrangement as when mounted inside the dipole 

antenna, with a polymer skeleton holding the various elements together (Figure 17). The term ‘ultra-compact 

arrangement’ is for the fact that components are coupled with the shortest possible connections. The pulsed 

transformer based generator was tested in a steel tank filled with oil (Mobilect 39) and degassed under 

vacuum. The antenna is simulated by a capacitive load of 80 pF and the measurement of the output voltage is 

carried out using a homemade fast 0.6 MV voltage probe described in [27]. The electrical circuit and the 

overall experimental arrangement are both shown in Figure 18. 

One of the challenges of the MOUNA project is the generation of signals of short duration (500 ns) and very 

high voltage (0.6 MV) in a very limited volume (less than 4 litres). As the tests described here are carried out 

without the output peaking spark gap switch, the very high voltage output signal has a duration approaching 

5 μs, with multiple voltage inversions making the electrical stress conditions much more demanding than those  
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(a) 

 
(b) 

Figure 16: LTSpice results: (a) transformer output voltage; (b) magnetic flux density inside magnetic core 

 

 

 
Figure 17: Ultra-compact arrangement of the pulsed transformer based generator 

 

 

 
(a) 

 
(b) 

Figure 18: (a) Electrical scheme of the test and (b) photo of the real experimental arrangement without oil 
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Figure 19: Time-variation of transformer output voltage for input voltages in the range 5 kV to 10 kV 

 

 
Figure 20: Variation of the transformer output peak voltages for an input voltage in the range 4.5 kV to 10 kV 

 

encountered during operation with the transformer based generator placed inside the MOUNA assembly. This 

issue required a very careful monitoring of the degassed oil. 

Results obtained in single-shot mode 

Figure 19 presents the measured time history of the output voltage for input voltages with a constant rise time 

around 265 ns in the range between 5 kV to 10 kV. At 0.6 MV, the transformer still operated normally but 

unfortunately an electrical breakdown was noticed inside the 80 pF capacitor simulating the Cline capacitance. 

As shown in Figure 20, the output voltage increases linearly as a function of the input voltage up to 0.5 MV. 

For higher voltages, as predicted by the LTSpice model, the magnetic core begins to saturate before the end of 

the energy transfer. It is possible, at least theoretically, to overcome this saturation by pre-magnetizing the 

magnetic circuit with a DC voltage of opposite polarity to the input voltage, in order to cover the entire 

amplitude of the hysteresis cycle of the magnetic material. To date this solution has not been tested, because it 

would at best increase the peak voltage by a few percentages, while adding a demanding complexity to the 

compact system. 

 

Results obtained in repetitive mode 

It is well-known that the high-intensity electric stress issue becomes much more demanding in a high PRF 

mode and therefore it was necessary to limit the time duration the dielectrics are stressed by performing the 

tests under conditions closer to those of the MOUNA prototype. In order to do this, a pressurized gas spark 

gap was installed to crowbar the output voltage impulse on a 50 Ω resistor, when the output voltage impulse  
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Figure 21: The record of a burst of 100 voltage impulses at a PRF of 20 Hz 

(vertical sensitivity 50 kV/div; time interval 160 ns/div) 

 

 
Figure 22: Typical pulsed transformer output voltages, for 9 kV input, measured and simulated 

 

reached a value close to its peak. It is important to note that the crowbar also eliminates the dangerous polarity 

reversal. Fig. 21 presents data obtained from a burst of 100 pulses at a PRF of 20 Hz. After crowbarring, the 

measurement is unfortunately not very accurate, because the frequency of the resulting oscillations is higher 

than the 50 MHz bandwidth limit of the 0.6 MV probe. 

The reproducibility of the output pulses generated by the transformer is very good, showing no sign of 

magnetic core saturation. The PRF was limited by the power of the capacitor chargers, but the tests 

nevertheless allowed assessing the reliability of the oil degassing, an important issue related to maintenance 

operation of the overall MOUNA prototype. 

 

9. Comparison between experimental data and thoretical predictions 

Figure 22 compares the experimental results for an initial charging voltage of 9 kV with predictions made 

using the LTspice modelling. The small differences noticed after 1 µs are due to the imperfect modelling of 

the magnetic core losses, but this issue is not important for the present project as it happens after the peak 

voltage is reached and when most of the energy is already transferred to the antenna. The peak output voltage 

impulse is 560 kV, with a rise time of 265 ns and a time-to-peak of 440 ns, well inside the values of 

parameters required by the MOUNA project. 

 

10. Summary 

The paper presented the study, characterization and the practical implementation of a high-voltage, magnetic 

core, resonant pulsed transformer. For final testing operations, a 0.6 MV voltage probe and a capacitive load 

were also necessary to be designed, manufactured and calibrated which in itself they were the subject of an 
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extensive supplementary study. The pulsed transformer, which occupies an overall volume of less than 

3.5 litres, generates voltage impulses with a peak up to 0.6 MV amplitude with a rise time of 265 ns on a load 

of 92 pF (the capacitive load has 80 pF, with a supplementary 12 pF introduced by the high-voltage probe). 

Calculation of the various parasitic inductive and capacitive elements made possible the development of an 

LTspice model for the transformer and therefore to very accurately predict and control the most important 

experimental results. 

Finally, a very important lesson for the community was learnt: the simple analytical estimates presented in this 

work can be trusted when designing magnetic core pulsed transformers with the consequence that complex 

numerical studies using expensive software like CST are not really required! 
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