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Abstract  
In this project, a design of an oil type medium frequency transformer for offshore wind farm 

applications is proposed. The design is intended for applications when series coupling of the output 

of the DC/DC converters of the wind turbine on their secondary side is done to achieve a cost-

effective high voltage solution for collecting energy from offshore wind parks. The focus of the work 

is on the insulation design of the high voltage side of the medium frequency transformer where the 

magnetic design constraints should also be satisfied. 

Above all, a proof of concept is made demonstrating a possible solution for the design of the 

transformer for such a DC/DC converter unit. The transformer suggested is using oil/paper as 

insulation medium. Furthermore, characterisation of an eco-friendly biodegradable transformer oil 

for this type of HVDC transformer application is made. Moreover, an introduction of reliable high 

frequency characterisation test methods to medium frequency transformer designers is made. In 

addition, the Non-Linear Maxwell Wagner (NLMW) relations are further developed to form a method 

for the development of an HVDC MFT transformer. All in all, the DC series concept has been further 

developed one step closer to pre-commercialization, i.e. from TRL 1 to about 2.  
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1 Introduction  

1.1 Background  
Offshore wind power has an enormous potential for global electricity production according to the 

International Energy Agency IEA [1]. It is a potential that needs to be exploited to counteract the 

trend of rising CO2 emissions from electricity generation worldwide. IEA estimates that over 120 GW 

of offshore wind power will be available in Europe by 2040. With a capacity factor that generally is 

better than that of onshore wind power stations and better than solar power, offshore wind 

contributes to the security of supply and a stable electricity system. In addition to having stable 

policy frameworks and the ever-increasing size and number of wind turbines, continued technology 

development is needed in all parts of the wind energy chain to reduce costs. There is an extensive 

installation of wind energy parks taking place in the North Sea, as well as at other offshore areas. The 

main reason is that wind condition is better at sea as well as the fact that it is becoming more and 

more difficult to find locations on land where wind turbines can be installed without causing 

environmental disturbances.  

Today, when a sea-based wind park reaches a size of some hundreds of MWs or more, a platform (or 

several ones), acting as the hub in the collection grid and a point of connection for the cable to land 

is needed. Among other equipment the platform carries a transformer (typically 30/230 kV), an 

example is the Lillgrund (110 MW) wind park, south of the Öresund bridge. Since ordinary AC cables 

becomes inefficient over approximately 100 km [2], it has become necessary to move over to DC-

transmission for some of the new wind parks, an example is the Borwind wind park north-west of the 

German North sea coast. However, within the wind park, still a collection grid running at 50 Hz AC is 

used and two platforms of gigantic sizes are needed for 50 Hz AC/AC and AC/DC conversion 

increasing the cost substantially for the wind energy installation. 

A possibility here is to use the DC-technology also for the energy collection grid within the wind park. 

To do that, a key component is missing, the high-power DC/DC converter, that can produce a DC 

output voltage from the wind turbines of sufficient voltage level. Such a device can transform the 

voltage from the wind turbine to a high DC voltage using a much smaller converter unit compared to 

a 50 Hz transformer. An idea is to fit the converter system into a container on the outside of a wind 

turbine, thus utilizing the existing foundation out in the sea (See Figure 1-1); however, a location 

inside the tower or nacelle is also an option. 

 
Figure 1-1: Wind turbine- mounted DC/DC converter 
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A highly interesting solution is then to connect the output of the wind turbines in series, and in this 

way making the voltage level to reach 100 or even 200 kV. The idea would then be to continue the 

connection directly to shore without the need of a large transformer platform. A cable can transport 

up to 2000 A, and using a bipolar set-up, 800 MW can be reached without a platform, for the 200kV 

case. This is a huge investment saving. However, here comes a highly important factor: The wind 

turbine that is located closest to the DC-transmission cables going away to shore must take up the 

full insulation on its high-voltage side, and the duty falls on the output DC/DC converter. Today, the 

DC/DC converter technology is far away from such capabilities. This is where the proposed project 

comes in.  

The proposed design approach that will be developed within this thesis, was introduced earlier in a 

Ph.D. work [3] where it was applied on two down-scaled 50 kW, 1/3 kV, 5 kHz prototype Medium-

Frequency Transformers (MFTs). These designs have later been manufactured (in a joint effort 

between Chalmers and RISE), and successfully tested, fulfilling the efficiency, power density and 

leakage inductance requirements that the prototypes were designed for [4]. The efficiency has been 

verified experimentally to be 99.67 % and a power density of 12.2 kW/l which is nearly 13 times 

more than a normal 50 Hz transformer, was found.  

1.2 Previous work & research gap 

1.2.1 MFT for high voltage applications  

Heinemann et al. (ABB) in their work published in 2002 [5] have presented a design for a shell type 

coaxial windings 350 kW, 3/3 kV, 10 kHz prototype transformer. The transformer is designed to be 

used in a multilevel converter and be coupled to a 15 kV, 16 2/3 Hz line. A 95 kV Lightning Impulse 

(LI) test is also performed. This transformer is not claimed to withstand HVDC voltage to ground and 

moreover, at AC 50 Hz, and its PD-free insulation level is 28 kV to ground for a one-minute 

application of voltage. This is an example of the highest voltage that a dry type MFT can deliver for a 

PD-free application. 

Steiner et al. (Bombardier) in their work published in 2007 [6] have presented a design for a core 

type and hallow conductor windings 350 kW, 1/1 kV, 8 kHz prototype transformer. The transformer 

is designed to be used in a multilevel converter and be coupled to a 15 kV, 16 2/3 Hz line. A 100 kV 

Lightning Impulse (LI) test is also performed. The high voltage DC insulation to ground is not 

investigated and even at the AC 50 Hz, its PD-free insulation level is 33 kV. This design also has the 

same PD inception level as the previous dry type transformer. 

STS Transformers in 2015 has presented a design for a core type cast resin windings 450 kW, 1.8/1.8 

kV, 8 kHz prototype transformer. The transformer is designed to be used in a multilevel converter 

and be coupled to a 15 kV @ 16 2/3 Hz & 25 kV @ 50 Hz. At AC 50 Hz its PD-free insulation level is 37 

kV to ground [7]. However, no information regarding the performance of the transformer under 

HVDC stress is presented. 

Bahmani (Chalmers) in his work published has in 2016 [9] has presented a design for a shell type 

coaxial windings 666 kW, 1/2 kV transformer as one stage of 15 series connected DC/DC converters. 

The total rating of the turbine is 10 MW, the turbineΩǎ output voltage is 1 kV and the output voltage 

of the farm is 30 kV (see Figure 2-2). The insulation level of the high voltage side to ground is 

designed to be 60 kV. However, the insulation design is only based on a kV/mm high voltage strength 

figures of the insulation materials used as coil-former and a safety factor of 2. He has also designed 
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and manufactured a 50 kW, 1/3 kV, 5 kHz prototype transformer which has not been designed or 

proved to withstand a high DC voltage to ground which is supposed to be applied to the winding in a 

series DC wind farm configuration. Other parameters like insulation design for a combined insulation 

systems and non-uniform electric fields were not included in the scope of the study. 

Figure 1-2 presents the manufactured prototypes.  

  
350 kW, 3/3 kV, 10 kHz  

Heinemann et al. (ABB), 2002 [5] 
Claimed HV insulation to ground 15 kV @16 2/3 Hz 

PD free AC 50 Hz 28 kV 

350 kW, 1/1 kV, 8 kHz  
Steiner et al. (Bombardier), 2007 [6] 

Claimed HV insulation to ground 15 kV @16 2/3 Hz 
PD free AC 50 Hz 33 kV 

  
450 kW, 1.8/1.8 kV, 8 kHz  
STS Transformers, 2015 [7] 

Claimed HV insulation to ground 15 kV @ 16 2/3 Hz 
PD free AC 50 Hz 37 kV 

50 kW, 1/3 kV, 5 kHz  
Bahmani, Kharezy (Chalmers), 2014  [4] [8] 
Claimed HV insulation to ground 3 kV DC 

No information about PD test 

  
0.4/14.4 kV, 10 kHz  

Jaritz et al. (ETH), 2017 [9] 
Claimed HV insulation to ground 115 kV DC  

PD free AC 50 Hz in oil 110 kV 

240 kVA, 0.6/0.9 kV, 10 kHz  
Gradinger et al. (ABB), 2017 [10] 

Claimed HV insulation to ground 50 kV DC 
PD free AC 50 Hz 35 kV 

Figure 1-2. Examples of MFTs having high HV to ground withstand strength 
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Jaritz et al. (ETH) in their paper, published in 2017, have explained the design of an MFT having a high 

voltage isolation of 115 kV [9]. The transformer is 0.4/14.4 kV, 10 kHz. The unit is designed to be used 

in a system of 8 series 14.4 kV converters (totally 115 kV DC to ground). The transformer has passed 

a 110 kV r.m.s. (136% of 115kV/Ҟ2) 5 minutes AC PD test inside a synthetic Ester oil. However, all the 

insulation design is for an AC stress and only based on a kV/mm high voltage strength and 

primitivities values of the material used. No information about the long-term effects of oil to plastic 

materials used as coil-formers and barriers are presented. Furthermore, no study has been done 

regarding behaviour of the transformer under HVDC stress. 

Gradinger et al. (ABB) in their work published in 2017 [10] have presented a design for a core type 

cast resin winding, 240 kVA, 0.6/0.9 kV, 10 kHz prototype transformer. A 150 kV Lightning Impulse 

(LI) test is also performed. This transformer is claimed to withstand 50 kV HVDC voltage to ground 

but this has not been considered in the design process nor a DC test has been performed on the 

manufactured prototype.  Even at AC 50 Hz, the transformers PD free insulation level has been found 

to be only 35 kV. 

Only a few have studied a proper winding configuration considering high voltage stresses. Huang et 

al. have compared foil type winding with Litz windings and explained how an interleaved winding 

structure can lower the maximum electric field intensity and what is the limitations to do this in their 

work published in 2017 [11]. Jaritz et al. (ETH) in their paper, published in 2017 [9], have explained 

how different winding configurations can help with achieving minimum insulation stress. However, 

none of these have considered a lower breakdown and higher aging under a high frequency square 

wave regime. 

According to Ortiz in his PhD thesis published in 2014 [12] there is a research gap in isolation 

strategies implemented in designing. There are other challenges regarding the insulation design of an 

MFT and some of them are mentioned in a tutorial given by Dujic in [13]. 

There are only a few works that have claimed a high insulation voltage to ground at their 

ǘǊŀƴǎŦƻǊƳŜǊǎΩ I± ǎƛŘŜΦ Insulation designs is based on a kV/mm high voltage strength values of the 

insulation materials. In most of the cases a safety factor of 2 is used. None of the papers have 

presented an HVDC voltage to ground design.  

Jaritz has presented a list of possible solid insulation materials that can be used as barriers in 

different places in the transformer [9]. However, the comparison is limited to the AC situation based 

on permittivity of the materials as the voltage distribution at DC steady state is based on 

conductivities. Information on chemical interaction of the materials with the insulation fluid and on 

the thermal properties of the materials at high transformer temperature is missing.  

1.2.2 High voltage insulation under HVDC stress 

Gäfvert et al. used an ion drift diffusion model to investigate a composite oil/paper insulation in the 

converter transformers and compared it with the conventional Maxwell-Wagner model. They also 

used the optical Kerr effect measurement technic to verify the accuracy of their model. Comparing 

the measured electric fields inside a two-electrode test object with the ones obtained by simulations, 

they have deduced that the ion drift diffusion model results in a better estimation of the electric field 

compared with the Maxell-Wagner model [14]. In the ion drift diffusion model, they have noticed 

that there is a polarity effect in electric field distribution. They found that their simulation results 

have a relatively tight coincidence with the measurement [15].  
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Different parameters are used in this complex model which are the positive and negative ions 

mobilities, their diffusion constants, and also particles dissociation and recombination constants. It 

seems that the accuracy when measuring such parameters as well as its complexity are the 

bottleneck of this model [14], [16]. Some non-linear dependency of the material properties is ignored 

to simplify the used model. The simulation results have coherence with the measurements, but 

several deviations are observed. After performing some experiments on oil/paper insulation 

structures that resemble real transformers, finally [14] concludes that in steady state the traditional 

MW model delivers reasonable results and can be used for transformer dielectric design, although it 

cannot represent the physical phenomena take place inside the dielectrics. 

[17] used Kerr electro-optic technique to study electric field in oil/paper dielectrics. They have 

applied high DC voltage to two bare electrodes inside various oil insulations and observed that the 

electric field distribution is uniform for fresh oils and non-uniform for aged oil; having a maximum 

value close to the electrodes. Also, they have observed a time and polarity dependent stress in 

oil/paper composite dielectrics. Although these facts show the non-linear behaviour of the 

dielectrics, they have used a linear Maxwell-Wagner (MW) model which is ōŀǎŜŘ ƻƴ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ 

dielectric constants and conductivities. In a linear MW model, the voltage distribution at the instant 

of the DC voltage application is capacitive, which gradually changes to resistive distribution. The rate 

of change in electric fields depends on the time constants of the dielectric materials. Although this 

model cannot represent the non-linear behaviour of dielectrics, but it was shown in [18], [17], [19] 

that it has an acceptable degree of accuracy. This level of the accuracy has caused the MW model to 

be the prevalent method in the HVDC dielectric design of transformers [20] , [19], [21] and  [22]. 

A summary of some important activates regarding oil-Barrier insulation system under HVDC stress is 

presented in Table 1-1. 

Table 1-1. A summary of research activities regarding oil-Barrier insulation system under HVDC stress 

Authors Theoretical Method Validation 
Method 

Modelling 

U. Gäfvert,  
O. Hjortstam  
Y.V. Serdyuk 

Ion drift Method (Onsager theory) Kerr effect measurement, 
Maxwell-Wagner simulation 

Transformer 
Oil-barriers system 

A. Küchler,  
M. Libschner  
F. Schober 

Equivalent RC circuit PDC measurement,  
Maxwell-Wagner 
simulation  

Transformer Bushing 
Oil-barriers system 

H. Okubo,  
K. Kato  
R. Nakane  

Maxwell-Wagner Kerr effect measurement, 
DC Breakdown, 
Maxwell-Wagner simulation 

Transformer 
Oil-barriers system 

G. Chen,  
B. Huang  
M. Hao 

 PEA space charge,  
Maxwell-Wagner simulation 

Oil-barriers system 

K. Backhaus,  
T. Gabler  
R. Fritsche 
H. P. Öftering 

Ion drift Method  
(Poisson-Nernst-Planck) 

DC Breakdown 
PDC 

Oil-barriers system 

Y. Ebisawa  
S. Yamada 

Linear Maxwell- Wagner DC Breakdown Transformer 
Oil-barriers system 

1.2.3 Importance of measurement of electrical conductivity  

The physical performance of insulation oils under HVDC stress cannot be explained just by their 

conductivity features. Ion drift and diffusion, and space charge has a great influence on the voltage 

distribution in this case and can be of use when analysing the time dependent conductivity values 

[19], [23].    
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When an HVDC voltage is applied to the MFTΩǎ I± ǿƛƴŘƛƴƎ ǘƘŜ ǾƻƭǘŀƎŜ stress over the insulation 

layers it is not simply calculatable considering a constant conductivity figures for the materials used 

as insulation layers. Among others, parameters like Temperature of oil and paper, field strength, 

prestressing of insulation system and duration of application of voltage should be considered [24]. 

These parameters affect the ion mobility and density and consequently change the resistivity of 

materials and the time of stabilization of the coordinated insulation system when HVDC is applied.  

Additives like inhibitors, pour-point depressants, antioxidants or antistatic agents are added to the 

mineral or synthetic oils to make them as a reliable medium for a long-time application of power 

transformers as possible. Dissolution of these additives, or oil and cellulose oxidation products has a 

considerable effect on the conductivity of insulating oil or oil immersed cellulose [25]. That is why, 

even for the same type of oil, there is a vast spreading in the conductivity values depending on 

difference in producers, production facilities, markings or even periods of production. 

Wahlström has presented an equation for dependency of transformer oil and paper board resistivity 

to the temperature [26] and Beletsky has presented an expression for dependency of transformer oil 

to electric field intensity[27]. However, one cannot rely completely to these expressions and as 

mentioned earlier, there are several parameters that can affect conductivity values at the same time. 

 To sum up, for a successful insulation design, a set of measurements on oil and OIP electrical 

conductivity values are required. 

1.2.4 High voltage insulation under high frequency stress 

Not only an MFT, but also 50Hz power transformers designed to be used as step-up transformers in 

wind farms are subjected to high frequency transients and high voltage stresses which is a result of 

resonance. At the moment, to design an MFT, one can rely on insulation materials datasheets for 50-

60 Hz frequencies and use a conservative safety factor, however in this way the final design can be 

far from optimized, and also the failure rate will be unknown and finally the designs will not be 

comparable with each other. Heinemann who has designed one of the high voltage prototypes of 

MFTs explains the importance of paying attention to effect of the voltage wave form [5].  

Nowadays, wind farm transformers are designed and manufactured according to IEC 60076-16. In his 

PhD thesis [28], Khanali concentrates on the effect of rate of rise and repetition frequency of high 

voltage impulses on insulation of transformers. Although the study is on 50 Hz transformers, the 

same challenges exists for insulation design of MFTs which operate under square wave voltages and 

in the kHz range. 

IEC 60851-5, IEC 60243-1 or ASTM D149 specifies tests of electrical properties of insulations at 

frequencies lower than 60 Hz.  IEC 60250 or ASTM D150 are guidelines for the determination of 

dielectric properties of insulating materials, however no information is given about withstand testing 

methods of insulation materials at frequencies higher than 60 Hz.  

For power transformers, IEC 60076-11 and IEC 60076-16 together with IEC 60076-3 cover dielectric 

tests only at power frequencies and IEC 60664 and IEC 61558 series are about safety measures for 

transformers only up to 25 kVA. In the rotating machine field there is valuable information, IEC 

60034-18-41 describes qualification testing of rotating machines fed from voltage converters under 

high frequency stress. However, neither standardization nor defined test methods specifically 

addressed the insulation materials for an MFT which typically runs on medium frequency (<20 kHz) 
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square wave shape with rise times in the microsecond range. A series of insulation tests should be 

performed using a reportative impulse voltage and the results be compared with the data presented 

in high voltage materialǎΩ specification sheets.  

Koltunowicz demonstrates the influence of frequency and rise time on the Breakdown Voltage (BDV) 

and Partial Discharge Inception Voltage (PDIV) of grid transformers [29]. A summary of results 

published by him [30] clearly shows how an increase in repetition frequency and/or a decrease in rise 

time can negatively affect the breakdown voltage. According to him, the breakdown occurs after a 

certain number of impulses. Khanali shows that at medium frequency, although a higher rate of rise 

causes a higher PD inception voltage, in the case of incepted PD the discharge energy is higher for 

shorter rate of rise [31].  

Kiiza has described how a long PD activity combined with high voltage impulses can degrade an oil-

paper insulation system [32]. He has used AC 50Hz voltage and High Voltage (HV) impulses to 

demonstrate how this combination, resulting in insulation destruction. Morshuis has published his 

findings on degradation of solid dielectrics resulted from an internal PD [33]. In case of an MFT, 

instead of sinusoidal 50Hz, a medium frequency square wave can be used to create the partial 

discharge.  

To sum up, very limited activities have focused on insulation design requirements of high voltage 

MFTs operating under a medium frequency square wave regime. The missing gap extends from an 

insulation material selection stage to reliable long-time operation. For example, the material data 

sheets do not present the breakdown strength under medium frequency square wave stress. 

1.2.5 Importance of determining leakage inductance of MFTs  

To achieve the lowest loss by the Zero-Voltage Switching of a Dual Active Bridge converter, it is 

crucial to precisely calculate the embedded Leakage Inductance of the used Medium Frequency 

Transformer (MFT). An effective method shall be proposed for calculation of the leakage inductance 

of the MFT. 

A DAB can benefit froƳ ǘƘŜ aC¢Ωǎ ƭŜŀƪŀƎŜ ƛƴŘǳŎǘŀƴŎŜ όLs) to transfer the power between the input 

and output bridges and this will result in high power density unit. By controlling the switching on the 

two sides, the square wave voltage from the primary and the secondary converters will be adjusted 

to have a defined phase shift relative to each other. Such a transformer serves as an inductance, in 

addition to its natural duty of voltage adoption between the primary and secondary bridges (see 

Figure 2-2b). In other words, the design of the transformer should fulfil the criteria of having a 

determined leakage inductance in addition to keeping the specified isolation, efficiency and the 

thermal requirements [34]. 

The core loss is highly dependent on the duty cycle and the rise time of the wave shapes [35]. The 

lowest loss is achieved when zero-voltage switching (ZVS) is achieved, which among other factors 

depends on the phase shift, ˒min between the primary and secondary bridges. It would thus be of 

great importance to accurately evaluate and implement the leakage inductance of such a 

transformer in the design stage. 

By using accurate analytical methods, time-consuming FEM simulations can be avoided in the design 

stage. Several methods for the calculation of the leakage inductance of a transformer can be found in 

the literature [36-40]. In the classical method for calculation of leakage inductance the effect of the 
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core is neglected, and it is also difficult to consider asymmetries in distributions of ampere-turns. A 

popular approach to calculate axial and radial components of the leakage field taking the effect of 

the iron core into account is the method of images. In this method the effect of the iron core is 

represented by infinite images of the coils in all directions inside the core window [36]. A method 

based on double Fourier series was extended in [39] to calculate the leakage reactance for an 

irregular arrangement of windings. The ampere-turn density distribution as well as the flux 

distribution contains components which vary harmonically along both the x and y axes.  

The loss characteristics of Litz wire windings is completely modelled and demonstrated in [41] and 

[42]. In recent works including Bahmani [34], Ouyang [43], and Zhang [44], the effect of frequency on 

the leakage inductance of MFTs has been studied and the accuracy of the presented methods have 

been confirmed by experimental measurements up to 2 MHz. In most of previous works, the Dowell 

method [45] or its improved form [46, 47] has been utilized. The Dowell method is based on the 

calculation of losses in long foils under axial leakage flux using a one-dimensional field solution. In 

[48] the equivalent area method has been used for a modƛŦƛŎŀǘƛƻƴ ƻŦ 5ƻǿŜƭƭΩǎ ƳŜǘƘƻŘ ǘƻ ŎŀƭŎǳƭŀǘŜ 

the losses of windings with round (or Litz) wire. In [44] the skin and proximity effect losses of a round 

conductor subjected to a uniform applied field are used for obtaining a frequency-dependent leakage 

inductance relation of a high frequency transformer with Litz wire windings. 

In all of these studies, it is assumed that the leakage flux inside the windings and in gaps between 

windings is completely axial, while the effect of the radial component of the leakage flux is 

considered separately. This is accomplished by applying the Rogowski factor to the average height of 

ǘƘŜ ǿƛƴŘƛƴƎǎ ǘƻ ƻōǘŀƛƴ ŀ ƘƛƎƘŜǊ ŜǉǳƛǾŀƭŜƴǘ ǿƛƴŘƛƴƎΩǎ ƘŜƛƎƘǘ [49]. The error of using the Rogowski 

factor increases, especially when the difference in heights of the windings is significant or when the 

ratio of height to width of the windings is less than a certain level. Another important aspect is the 

inaccuracy of the classical leakage inductance formulas (which can be found in [36]) for MFTs with 

axisymmetric geometry. The shape of the leakage flux in a planar geometry is significantly different 

from the one in axisymmetric geometry, especially for fairly short windings with unequal heights. 

Ignoring this fact also can cause errors in the leakage inductance value.  

1.2.6 Importance of determining t ransformer  losses 

The information about the losses which produces heat inside the transformer is valuable for 

designing an HVDC MFT in two ways. First since MFTs have high power densities [50] and heat 

dissipation is extra important and second, because the DC insulation design has a direct dependence 

to the electrical conductivity values of the insulation materials which are themselves, temperature 

dependent parameters [51, 52]. In other words, energising and loading the transformer results in 

temperature changes in core and coils and consequently distresses the multilayer insulation system 

of the transformer. In addition, to achieve the highest efficiency of a DAB converter, it is crucial to 

accurately calculate the winding losses of the used MFT. 

The main origins of the losses in a transformer are the losses in the cores when an alternatively 

changing flux having a certain density is induced in it and losses is in the windings when the high 

frequency current passes through them. These losses produce heat which warms up the 

environment which the active part is placed in (in this project transformer oil). The amount of 

heating will be varying during the transformer operation depending on the excitation voltage level 

and loading current level. Normally the losses are calculated and measured for the worst case when 

the transformer is supplied at its rated voltage and the rated current.  
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Winding losses are caused by ohmic loss in the current carrying windings and additional losses 

because of proximity and skin effect and core losses consist of static hysteresis losses, classic eddy 

current losses and excess eddy current losses [36]. Additional losses are because of induced 

capacitive/inductive currents in the adjacent construction conductive parts.  

In addition, the losses will contribute to the warming up of the transformer oil which will affect the 

conductivity and consequently the voltage stress distribution under an HVDC high voltage application 

[52]. The amount of produced heat is used to design the oil circulation and cooling system of the 

transformer.  

At high frequencies, the losses in the copper MFT winding conductors will drastically rise because of 

the skin effect in the conductors, and the proximity effect to the adjacent conductors. The winding 

losses are calculated using linear superposition of the losses caused by different harmonic contents 

of the applied AC current [53]. The voltage and current waveforms can be observed in Figure 2-1a.   

Having access to a set of precise formulas and methods, for the calculation of winding losses with an 

acceptable accuracy, is of high importance. Wide frequency range, possibility of having a free 

selection of number of layers, and number of turns per layer are among the features that should be 

considered during the development of new methods. Previous works [42, 54-56] propose formulas to 

calculate the AC resistance of the conductors under high frequency switching conditions. These 

proposed analytical methods for calculation of winding losses are based on empirical relations 

originally developed for foil windings, which have been modified by researchers to be applicable for 

Litz wires. However, these methods are approximate, and their application is time consuming, and 

requiring many simplifying assumptions to solve the problem.  

Dielectric losses cause heating of the insulation material which is dependent to the frequency and 

magnitude of the applied voltage, and to the capacitance and loss angle of the insulation material as 

explained [36] is negligible at 5 kHz compared with the core and winding losses [3] and is not 

included in the scope of this work. 

1.3 Required information on o ÉÌ ÔÙÐÅ -&4ȭÓ ÃÏÍÐÏÎÅÎÔÓ 
Inside the power transformers, solid insulation materials are used for several purposes like isolation 

of conductors, as coil-formers, as insulation barriers in the liquid insulations or as mechanical 

isolators. Gas (SF6, air, etc.) or liquid (mineral, ester, silicone oils, etc.) are also used in combination 

with the solid insulations for this purpose.  

The liquid insulation is used for different purposes in a transformer. The most important functions of 

transformer oil are isolation (alone and as a saturating material for cellulosic barriers), cooling, 

absorbing the humidity of solid insulations, an arc-quencher and a carrier of information about the 

active-ǇŀǊǘΩǎ ƘŜŀƭǘƘ [57]. In the case of the prototype and the real scale transformer, two oil types 

are considered, the mineral oil which has the most well-known characteristics for AC and HVDC 

applications and is used for large converter transformers [58] and synthetic ester oil which is 

biodegradable [59] [60]. Because of nonlinear electrical behaviour, a high volume of the research is 

concentrated to characterisations of these types of oil for HVDC applications  [61] [62] [52].  

A comprehensive review about environmental impacts of using natural ester is presented by Asano 

[59]. This type of oil is an environment-friendly replacement for mineral oil which has widely been in 
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use in power transformers. An ISO/IEC committee 10: Fluids for electro-technical applications are 

preparing a guideline for the use of natural ester oils in electrical equipment. 

Density, Kinematic viscosity, Flashpoint, Pour point, Interfacial tension, Corrosive sulfur content, 

Water content, Acidity, Breakdown voltage, Impulse breakdown voltage, Gassing tendency and 

Oxidation stability are among those important parameters which should be characterized for an 

insulation oil before deciding if it is a suitable replacement for mineral transformer oil [57].  

Solid barriers act as insulation when AC or DC voltage is applied to an oil type transformer. In 

addition, barriers act as separators to reinforce the electrical strength of long oil gaps [63]. Both 

volume and surface (creepage) dielectric strength of the solid insulation are important. In this section 

we have concentrated on withstand of the insulation under HVDC stress. The conductivity of solid 

insulation which is a non-linear function of applied voltage, temperature and the time of application 

of voltage [52] is studied. Solid insulations are polarised and contribute to concentration of space 

charges in its interface with the insulation oil which shall be considered for a successful HVDC 

insulation system design.  

Two types of solid insulation materials are used for manufacturing power transformers; cellulosic and 

Nomex materials [58]. Cellulosic transformer board is made of unbleached sulfate cellulose from 

slow and dense growing tree woods [63].  Nomex transformer board is made of synthetic crystalline 

aramide. The most important advantages of Nomex is its thermal stability, and it is very high 

resistance to aging. Its disadvantage is its tendency to attract the particles if it is statically charged 

[24]. 

As the prototype transformer is planned to be of oil type, in this project we will limit the scope of the 

materials to solid cellulosic materials (as barriers) in oil, plastics in air (as bushings) and finally 

mineral and ester transformer oils. 

1.4 Purpose & contributions  
The purpose of this work is to develop a medium frequency transformer to be used in a special 

DC/DC converter for series connection of the outputs of wind turbines. The uniqueness of the 

concept is that the transformer apart from transmitting energy from the wind turbine side to the 

collecting radial side has to handle a high DC voltage as well. Especially for offshore applications this 

system has great cost advantages. 

The following contributions has been made  

¶ Concept proof of an oil type power transformer with a high voltage DC design concept, 

through both a theoretical design as well as a prototype that has been built 

¶ Characterisation of an eco-friendly biodegradable transformer oil for HVDC transformer 

applications, 

¶ Introduction of reliable high frequency characterisation test methods to medium frequency 

transformer designers, 

¶ Development of a method, based on Non-Linear Maxwell Wagner (NLMW) relations, to 

design an HVDC MFT transformer. 

¶ A demonstration of how the leakage inductance constraint shall be realised during the 

insulation design in an appropriate way. 
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In this work, the DC series concept further developed one step closer to pre-commercialization, i.e. 

from TRL 1 to about 2. 
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2 Theory  

2.1 HVDC MFT for series DC integration layout  
The Dual active bridge (DAB) topology is easy to control, has wide zero voltage switching (ZVS) region 

without a need for snubber circuits in contrast to single active bridge converters (SAB) which have 

the disadvantage of hard switching on the output diodes. Moreover, it can operate at a higher 

frequency and power level compared to full bridge converters (FBC) and has no need for high voltage 

and current resonant capacitors. A final advantage is that is has no need for a large resonant inductor 

as compared with series resonant converters (SRC). The leakage inductance of the MFT is used as a 

resonant inductor inside a DAB and this, results in higher efficiency and lower volume and price. 

Although a dual H bridge (DHB) has a lower number of parts, the circulating reactive current in the 

MFT is lower in the case of DAB [3]. As explained, the Dual-Active Bridge (DAB) is one of the proper 

converter topologies to be used as part of an isolated DC/DC converter for sea-based wind-farm 

application. 

An MFT is in a DAB set-up operated using square wave voltage stress as connected between two H 

bridges in the DAB DC/DC converter (see Figure 2-1). 

Vp

Vs

Ip

Vi

VO

-Vi

-VO

ű

 

 

S3

S4

Ls

S1

S2

S7

S8

S5

S6

MFT

Vp VsVi VO

Ip

 

(a) (b) 
Figure 2-1. An MFT having an embedded inductance inside a DAB; Voltage & current wave-shapes (a), An MFT between 

two stages of a DAB acting as a series inductance (b) 

In the series DC concept, DC voltage supplied by series connected converters will be directly 

transferred to a suitable grid connection point on land where it is feed into the main electrical system 

(see Figure 2-2). 

 
Figure 2-2. MFT inside a DAB as part of a series connected bridges 
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The DC/DC converter which have the highest place (highest potential to ground) in the series 

connected wind farm concept (number n) can experience a high DC voltage (nVo) superimposed with 

a medium frequency square voltage of the secondary (Vs) of a few kilovolts to ground while the 

primary side have the symmetrical voltage of Vp to Ground (see Figure 2-3).  

Ls

MFT

Vp Vs

nVs

Vp Vs

VGR

t  
Figure 2-3.Voltage to Ground (VGR) at Secondary side of the MFT 

This means that the transformer secondary winding ς core, secondary winding ς primary winding and 

secondary winding ς body insulations should be dimensioned for a High DC Voltage (HVDC insulation 

concept).  

At the same time, the primary winding ς core, primary winding ς body and turn-turn insulations both 

for LV and HV windings should be dimensioned for a medium frequency square wave voltage.    

As an example, in the ideal case, if 30, 1:3 kV DC/DC converter be coupled in series, the voltage at the 

secondary terminals of the transformer number 30 will be 87kV<VGR<90kV. If each turbine delivers 5 

MW, the total deliverable power will be 150 MW at the voltage of 90 kV. In practice there needs to 

be a certain over installation of turbines to handle the varying power of the turbines as well has to 

handle the situation when some turbines are out of operation. In contrast to a normal shunt 

connected set of turbines that feeds out current to a common DC voltage, here the current between 

the two DC-voltage buses is the same for all turbines in a series connection. 

In order to realise this system, the key issue is to have a transformer within the wind turbine DC/DC 

converter that apart from transmitting the power from the wind turbine to the collection radial, also 

is able to handle a very high common mode DC voltage to ground. 

2.2 HVDC MFTȭÓ design challenges and methods 
The key challenges with the design of a high voltage are introduced in [50]. Here the issues related to 

this work is highlighted. 

2.2.1 Non-suitability of dry insulations for high voltage DC transformers  

Insulation materials operating under HVDC conditions will absorb more contaminations compared to 

the case of AC operation. Under AC operation the net absorption effect is near zero. In addition, the 

electrical field distribution on the surface of the insulation material is purely resistive and therefore, 



14 

several factors can change the field distribution along the discharge paths; among others, the 

nonlinear nature of surface resistivity, charge accumulation and surface contamination and humidity 

can be mentioned here [64]. In addition, as Figure 2-4 demonstrates, under AC excitation, with the 

application of few kVs there will be corners with an electric field easily exceeding the corona 

inception voltage in air. 

  
(a) (b) 

Figure 2-4. High electric stress in the air in the vicinity of solid insulation of windings; Previously build dry type MFT 
prototypes [8] (a), Field stress at the corners (b) 

  

2.2.2 Oil type high voltage tran sformers  

Oil filled high voltage power transformers have been operating successfully for the past century in AC 

substations. For high power and voltage applications, mineral oil impregnated paper and pressboards 

have been the dominant technology in use [65].  A thick steel tank protects the active part from 

external contaminations, a metal core is surrounded by the windings and the oil is used as a reliable 

component in the insulation system and as a cooling medium (see Figure 2-5).  

 
Figure 2-5. The core window filled with the oil, the distance between HV winding is divided to smaller gaps by barriers 

For a DC design, the thickness of the solid barriers is important. The position, form, and overlapping 

of the solid barriers must be skilfully taken into consideration. Local temperature, electric stress, 

humidity and oil flow inside the insulation system can change the conductivity of the insulation 

materials and should also be considered for a successful DC design process.  

2.2.3 Transformer insulation under AC stress 

Under AC stress, the voltage distribution is determined by the permittivity of the insulation materials 

combined as an insulation system. At steady state DC it is the conductivity of the insulation materials 

which determines the voltage distribution. For an oil paper insulation system, the low permittivity oil 

which experiences a high voltage potential difference under AC will take less voltage drop then under 
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DC due to the lower conductivity compared with solid paper or pressboard insulation. When a DC 

voltage is applied to the transformer, first it is the permittivity values which determine the voltage 

distribution and at the steady state condition, the distribution is based on conductivity values [66].  

The permittivity values have a weak dependence on the temperature while the conductivity values of 

both oil and paper, change with operating temperature. In addition, conductivities can change 

depending on the magnitude and duration of electrical stress applied at a function of time [52].  

2.2.4 Effect of solid barriers at oil type transformers  

Barriers can introduce physical improvements to an insulation system operating under AC regime 

and it is better to have a finer division in an insulation distance in transformer oil to gain more 

withstand voltage (see Figure 2-5) [63]. For an oil volume between two electrodes, the insulation 

strength is influenced by, gap distance, oil volume, electrode surface form and isolation coating of 

electrodes. The lower the gap distance, the higher the breakdown voltage per millimetre [65]. 

Therefore, the electric strength of a space between two electrodes in oil increases by inserting 

insulated barriers. Such a barrier has an influence both on discharge initiation process at the 

electrode surface and on discharge growing process at the oil gap.  

2.2.5 Voltage distribution under AC str ess 

For an oil gap between two conductors divided into several gaps by solid barriers, the uniform 

electric stress can be calculated by [65] 
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where V is the applied voltage, d is the total distance between the conductors that shall be 

minimized, n is the number of oil gaps, ᷇ Oil and ʑ B are the permittivity of oil and barrier respectively, 

dOil and dB are the thickness of the oil gaps and barriers respectively, E0 is the PD inception field 

strength for a 1 mm gap [63] and a is slope of the straight lines of the PD inception field strength-oil 

duct width in log-log curves [63]. 

For an AC Non-uniform field distribution, at the corners of the winding having a highly non-uniform 

or for long oil gaps like the high voltage lead exits, the local average field stress Eav(z) for each path 

length can be calculated from the following relation 
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For each critical insulation pass, the resulting curve must be compared with the maximum 

permissible (Partial discharge free) field strength curve Ebd (z). This curve is based on a set of 

empirical measurements  [65] and is given as 

 
-0.37
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where Ebd is the strength of an oil gap of length of d mm; E0 is equal to 17.5 and 21.5 kVr.m.s./mm for 

bare and covered electrodes, respectively; 

Finally, a safety factor curve is calculated as 

 avbd /(z) (z) (z)SF = E E  
ό2-4) 

 

which should be higher than 1 along all its length. This process should be repeated for all suspected 

critical insulation regions in the transformer. 
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Figure 2-6 demonstrates a selected critical path, absolute value of the local stress, averaged field 

stress curves along the paths, the maximum permissible field strength and safety curves under 125 

kV AC for a sample transformer. 

 

 
 

(a) (b) 

  
(c) (d) 

Figure 2-6. Sample critical path curves for an oil gap; A streamline pass from HV winding shield to the core body (a), 
Comparison of the maximum and averaged field curves in the respective oil gap lengths (b), Absolute value of the local 

stress along the field line(c),  Safety factor curves per oil gap (d)   

2.2.6 AC design, creepage distances 

The same evaluation method as for the oil gap is applied when the electric strength over the 

ƛƴǎǳƭŀǘƛƻƴǎΩ ƛƴǘŜǊŦŀŎŜ ƛǎ ǳƴŘŜǊ ŎƻƴǎƛŘŜǊŀǘƛƻƴΦ CƛǊǎǘ ŀlong the creepage path, the tangential field 

strength values shall be rearranged to a steadily ascending profile [65]. Then an averaging shall be 

performed on a path length between two points where the tangential stress is higher than 0.1 

kV/mm [22]. On the interface of the transformer board with the oil, the maximum permissible 

creepage strength is 30% lower than the permissible strength for an oil gap of the same length [65]. 

Figure 2-7 demonstrates a selected critical path, sorted values of the tangential local stress, averaged 

field stress curves along the path and the maximum permissible field strength curves under 125 kV 

AC on a sample transformer. 
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Figure 2-7Φ {ŀƳǇƭŜ ŎǊŜŜǇŀƎŜ ǇŀǘƘ ŎǳǊǾŜǎ ƻƴ ŀƴ ƛƴǎǳƭŀǘƛƻƴǎΩ ƛƴǘŜǊŦŀŎŜ 

2.2.7 Insulation under DC stress  

To handle a very high DC voltage applied to the high voltage winding, the transformer high voltage 

winding insulation should withstand induced AC voltage from the low voltage winding and the 

superimposed DC voltage applied from its HV terminals. Steady state DC and repeated pulsed AC 

voltage stress is present. A combined HVDC and AC insulation design of the MFT is discussed in [66]. 

The study shows that for a dry-type MFT this is difficult to accomplish with a relatively high voltage to 

ground insulation. Oil-type insulation is thus more suitable for an AC design, the long oil gaps shall be 

divided by a number of solid barriers.  

Figure 2-8 demonstrates an electrical circuit equivalent diagram of an insulation system when a DC 

step voltage is applied on it. The voltage distribution under AC stress is based on permittivity values 

of the insulation materials, i.e. capacitive properties. At the moment of application of DC voltage, the 

distribution is similarly based on permittivity values. Later it is a transition time, when the frequency 

dependent polarisations which have started with the voltage change, ends and finally the voltage 

distribution is based on the conductivities of insulation materials i.e. resistive properties. 
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Figure 2-8. Behaviour of an insulation layer stressed with DC step voltage 

2.2.8 Oil-paper insulation system under DC stress  

For AC voltage stress, the electric field is higher in the oil gap having a lower permittivity than in the 

barriers which have a higher permittivity and it is the oil gap which has a dominant effect on the AC 

voltage withstand strength. However, for DC voltage stress, the electric field is lower in the oil gap 
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having a higher conductivity than in the barriers which have a lower conductivity and it is the barrier 

thickness which has a dominant effect on the DC voltage strength. As a result, a proper design for an 

HVDC MFT should include both a high volume of oil and thick solid paper insulation. 

Directly after switching in the high HVDC voltage, the capacitive field is charged to a certain HVDC 

voltage level and as explained, it is the permittivity of the materials which determines the voltage 

drop over the combined insulation system. After a long time following the applying of HVDC, the 

resistively divided field is supplied with HVDC voltage and it is the conductivity of the materials which 

determines the final voltage drop over the combined insulation system. This is demonstrated by the 

FEM simulations presented Figure 2-9. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 2-9. Two electrodes supplied with 100kV to ground, and two 1mm board barriers inside mineral transformer oil, 
demonstrating the difference between AC (blue) and DC (red) voltage distribution and effect of solid barriers; 

Equipotential lines distribution under AC supply (a), Equipotential lines distribution under DC supply (b), AC field strength 
on 8mm between two electrodes (c), DC field strength 8mm between two electrodes (d), Electric potential distribution (e)   
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2.2.9 Effect of unequal conductivities on varying voltage distribution  under DC stress 

Figure 2-10 demonstrates an insulation system consisting of three different insulation layers. On the 

interface of the two dielectrics, the change of electric charge densities, D, with time is equal to the 

difference on current densities J following the relation 

 
2 1 1 2( )

d
J J D D

dt
- = -  ό2-5) 

Therefore, for a three-layer configuration as presented in Figure 2-10 the following differential 

equation system is valid, 

 

2 2 1 1 1 1 2 2( )
d

E E E E
dt

s s e e- = -  

3 3 2 2 2 2 3 3( )
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1 1 2 2 3 3d E d E d E V+ + =  

ό2-6) 

E is the electric field intensity, V is the applied voltage, ̀ is the conductivity and ᷇ is the permittivity. 
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Figure 2-10. An insulation system combined of materials having three different electrical properties  

Solving this system will show how the electric field intensity will change over time when an HVDC 

voltage is applied to this combined insulation system.  

!ǎ ŀƴ ŜȄŀƳǇƭŜΣ aƻǎŜǊ ŀƴŘ 5ŀƘƛƴŘŜƴ ƛƴ ²ŜƛŘƳŀƴƴΩǎ ¢ǊŀƴǎŦƻǊƳŜǊ-board book present typical values 

for permittivity and conductivity of the oil and the oil saturated transformer board and how the 

applied voltage waveform modifies the voltage distribution between two metal electrodes of 

configuration 2, Table 2-1 [24].  
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Table 2-1. Example of 100kV AC versus DC voltage drop over a combined oil paper insulation system 

DC at the instant of switching (AC) 100kV  DC steady state 100 kV 

upper and lower layers 9 mm transformer oil  Middle layer 4 mm transformer board barrier 

Relative permittivity ᷇r 
Mineral oil 2.2, Transformer board 4.4 

DC conductivity ̀ (S/m) 
Mineral oil 10-13, Transformer board 10-15 

1, 2,3i
oil board oil

i
oil board oil

V
E i

d d d
= =
è ø
e + +é ùe e eê ú

 
1, 2,3i

oil board oil
i

oil board oil

V
E i

d d d
s
s s s

= =
è ø

+ +é ù
ê ú

 

Voltage over 3 layers of insulation (kV) 
45|10|45 

Voltage over 3 layers of insulation (kV) 
2|96|2  

Electric field over 3 layers of insulation (kV/mm) 
5|2.5|5  

Electric field over 3 layers of insulation (kV/mm) 
0.2|24|0.2 

Undoubtedly it is thus interesting to consider that how much the electric fields can deviate when the 

applied AC voltage is changed to a DC form. The electric field distribution at the instant of switching 

will be based on a capacitive division and finally based on a resistive division. During the time, before 

reaching the steady state condition which takes nearly 2 hours for this example, the voltage 

distribution will be according to Figure 2-11a. The electric field inside oil layers decreases from the 

initial value of 5 kV/mm to the final value of 0.2 kV/mm. At the same time the electric field inside the 

board increases from the initial value of 2.5 kV/mm to the final dramatic value of 24 kV/mm. It is 

obvious that a transformer designed to withstand 100kV AC will never withstand, if the same DC 

voltage is applied to it. 

  
(a) (b) 

Figure 2-11. Electric field during transient state inside two similar oil layers and one transformer board layer; Two similar 
oil and a solid insulation layer electric field distribution under 100 kV DC (a), A cold oil, a solid and a warm oil insulation 

layer electric field distribution under 100 kV DC (b) 

The situation becomes even more complicated if for example, the conductivity of one of the oil layers 

has a slight difference from the conductivity of the other layer. Figure 2-11b presents an example, 

when this difference is in the order of 10, which is not unusual and can be a result of different 

temperature, humidity, or even for the oil of the same type, a different production process [65]. Such 

a condition can happen when during a sudden load change the temperature of the oil near the 

winding becomes higher than the temperature of the oil in the successive oil ducts (DC conductivity 

of 10-12 instead of 10-13 for example) or when the paper layers having more distance from the winding 

are colder, have a lower conductivity and experience more electrical field stress. The electric stress 

inside the oil layer goes higher than the value which is supposed to be highest at the moment of 

applying the voltage (5 kV/mm based on a capacitive division) and reaches a top value of 7.8 kV/mm. 



21 

2.2.10 Creepage under HVDC stress 

Creepage stress under the HVDC regime should be prevented by a proper overlapping of insulation 

layers. The barrier arrangements will affect the distribution of the equipotential lines on the 

neighbouring interfaces. A uniform distribution of tangential electric field is favourable. However, in 

some cases a non-uniform distribution can increase the DC creepage strength (see Figure 2-12).  

Figure 2-12 demonstrates a space between two horizontal parallel electrodes. The upper electrode is 

charged with a positive HVDC and the lower electrode is connected to ground. 

  
a1 a2 

  
b1 b2 

  
c1 c2 

  
d1 d2 

Figure 2-12. Effect of physical positioning of pressboards on creepage stresses on the interfaces: Equipotential lines are 
shown, the two horizontal parallel electrodes are supplied with DC voltage, the space between electrodes are filled with 

transformer oil 

In figure a1, positioning of a horizontal barrier causes a non-uniform creepage field distribution on 

the interface of the vertical barrier. Because of higher creepage stress in the middle of the barrier, at 

a first glance this seems unfavourable. However, the results of experimental creepage discharge tests 

unveil the positive effect of reduction of the vertical stress at the positions where the barrier meets 

the electrodes. The test results show a higher creepage withstand for the a2 setup compared with 

the a1 one [20]. A comparison of figures b1 and b2 shows how an overlap (which is very normal to be 

used for an AC insulation design) causes a very un-ǳƴƛŦƻǊƳ ǾƻƭǘŀƎŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻƴ ǘƘŜ ōŀǊǊƛŜǊǎΩ 

interface which can lead to a creepage discharge. 

Figures c1 and c2 demonstrate how a reduction in the overlapping area can lead to a very high 

creepage stress in the boardǎΩ surface and spreads even onto the vertical surfaces. At figures d1 and 

d2, the angle between the boards causes a non-uniform voltage distribution which in turn can 

exceed the maximum permissible DC creepage strength of the OIP-oil interface. 
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The creepage distances could be treated by averaging as done in case of AC. However, because of an 

unknown charge carrier related process it is recommended to hold a high safety factor for instance 2. 

Averaging length in case of creepage strength under AC voltage will be from a point on the surface of 

the solid dielectric having the electrical field higher than a threshold value of 0.1 kV/mm [22] to the 

point the strength drops down to a value lower than the threshold value. (Note: In some point the 

tangential field changes the polarity from positive to negative.) 

Experimental creepage breakdown test results which are presented by Ebisawa [20] can be used as 

reference to extract acceptance criterion for allowable DC creepage stress. The reference gives DC 

creepage breakdown voltages and strength of three different test setups. As a rule of thumb, a low 

breakdown probability requires much lower stress levels, at least having a factor of two. For a simple 

model (a surface between two electrodes), the DC creepage strength values are half the AC 

breakdown value of an oil gap of the same length. The stresses are strongly dependent on oil and OIP 

properties and on the field distributions caused accordingly. The breakdown results might be 

dependent on the individual material properties during the tests. It is also shown that where the bare 

electrodes are involved the breakdown strength is half of the one where the creepage is on a surface 

with no direct contact to bare electrodes. 

2.2.11 DC insulation design  and non-linear conductivity  

Four main methods to analyse the effect of conductivity of the insulation material for the purpose of 

DC insulation design are presented in Figure 2-13. 

Figure 2-13. Different modelling methods for the study of insulation system under DC voltage stress 

2.2.11.1 Linear Maxwell -Wagner method 

In the simplest case, the Maxwell-Wagner (MW) model describes the current flow in a simple 

structure formed by two dielectrics with finite electric conductivities when a DC voltage is applied. It 

is simple and can predict the dynamics of charge transport as well as interfacial charge accumulation 

which affect the resulting field distribution in the insulation system. The equations describing the 

process and included in the MW model are 

 U=-ÐE   (2-8) 

 s=J E hƘƳΩǎ ƭŀǿ (2-9) 

 ( )e rÐÖ =E  DŀǳǎǎΩǎ ƭŀǿ (2-10) 

 /rÐÖ =-µ µJ t  Continuity equation (2-11) 

 /
s

dˊ Řǘ W =  Surface charge accumulation (2-12) 
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where U is the applied potential distribution; E and J are the vectors of the electric field and current 

density, respectively; ̀ is the electrical conductivity; ʁ is the dielectric permittivity; and  ́is the space 

charge density, ́s is the interfacial charge density and J is the current density 

According to the Linear MW model (LMW) after applying a step DC voltage to the oil/paper 

dielectrics, the initial electric field distribution is based on material dielectric constants ratios  (2.2 for 

oil and 4.4 for paper for example), and therefore the electric field intensity in the oil has a value 

nearly twice its value inside the paper. But at the final steady state, which may last up to several 

hours, it is the conductivity of materials that determines stress; a material with greater conductivity 

will take larger field intensity, and vice versa [66]. Since the ratio of the oil to paper conductivity may 

vary from 10 to 1000 or higher [67] and [52], the paper will be more stressed than the oil at steady 

state. Therefore, the conductivity plays a crucial rule in an insulation system which is stressed by a 

HVDC voltage.  

2.2.11.2 RC network modelling based on equivalent electrical circuit elements  

One can simulate an insulation system using equivalent electrical circuit elements. Liebschner has 

used this method to describe the temperature and voltage dependent behaviour of different 

combinations of oil-paper insulation systems [68]. A simple example is a two-layer oil-paper system 

where a step voltage is applied between two bare electrodes (see Figure 2-14). 

 

Rp
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Cp

Co

I(s)

V(s)

 
Figure 2-14. The equivalent circuit diagram of a two-layer insulation system 

In this figure, Rp and Ro are the equivalent resistances of OIP, and oil and Cp and Co are the equivalent 

capacitances of OIP and oil respectively. In a normal case p̀ is much bigger than ̀o, where ̀  is the 

conductivity of the insulation layer. The following well known equations relates the physical 

properties of the insulation layers to the elements of the equivalent circuit. 
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Assuming a zero state for the circuit (zero set initial condition) and using a system of first order 

differential equations, the voltage and currents of the elements can be calculated having 
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+
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This method assumes having a constant (not variable with time or the applied voltage for example) 

conductivity values for the oil and OIP which is not true. However, the method is a simple tool for 

preliminary insulation design activities. 
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2.2.11.3 Charged particles generation, drift and diffusion method 

In 1980, ASEA researchers proposed a new model for simulation of conductivity of the transformer 

oil, named ion drift-diffusion. The current transport equations, the continuity equations and the 

Poisson equation are adopted in this model. This model can predict the density of the ions of 

different polarities as a function of time and their position. ABB later has used the Kerr electro-

optical measuring technique to verify the model. It was shown by experiments that the oil has a non-

linear behaviour, especially at lower electric fields  [14]. 

In [69] it is stated that a higher electric field intensity near the bare electrodes cannot be evaluated 

by the conventional MW method, in which the electric fields are estimated using the materials 

conductivities. Therefore, a charge carrier-based model using the Poisson-Nernst-Plank (PNP) 

equations is used. This model can predict the charge accumulation in front of the electrodes as well 

as the solid dielectric barriers. This model considers the charges injection from electrodes, oil 

intrinsic charge, charges movement inside the oil due to Coulomb forces and the diffusion process, 

recombination of charges and also their absorption into electrodes. Various combinations of 

oil/paper dielectrics are investigated to find electric field distribution using this method. But the 

findings are so different from the MW model results which is based on the materials conductivities 

ratio. But the PNP model parameters like ion mobility and its dependence on oil contamination, the 

charge injection rate and its dependence to electric field intensity and polarity [70] and [71] are not 

fully known and determined yet. It can be deduced from the results reported in [69] that at the final 

state after applying HVDC, the electric field intensity inside the paper obtained from the PNP model 

is somewhat lower than what is obtained from the MW model. This fact suggests that the stress in 

the paper will be overestimated in the MW model. Therefore, if we use the MW model to determine 

the geometry of the insulation, the safety factor for the paper will be satisfactorily high enough. 

2.2.11.4 Non-Linear Maxwell -Wagner Method 

After explaining the physical phenomena of the non-linear dependence of the oil conductivity to 

change in applied voltage, temperature, etc. it is explained why the Maxwell Wagner method is still a 

reliable tool for insulation design on an HVDC transformer. However, in a Linear Maxwell-Wagner 

(LMW) model, the electrical parameters of the oil and paper are supposed to be constants. Although 

this assumption is nearly true for permittivity, it is known that conductivity is highly dependent on 

different parameters like temperature, electric field, water content, time, Oil impregnated 

Pressboard (OIP) density, electrode materials and their dielectric coating and cover [52, 72, 73].   

To consider the nonlinear dependence of the oil and OIP to the applied voltage and temperature, in 

this work a Non-Linear Maxwell-Wagner (NLMW) method is presented and employed. This is crucial 

to be able to design a compact transformer, and thus accurate calculations of the dynamic behaviour 

of the electric fields will be done. The NLMW model is adopted for MFT insulation design in this 

report, which accounts for (at least) field and temperature dependencies of the electric conductivity 

of the constituting materials and its results is compared with LMW. 

2.2.11.5 Effect of covering the electrodes 

According to Weidmann design curves, for an AC design, the bare metal electrodes should be coated 

with solid insulation [63] to increase the total withstand strength and to prevent partial discharge 

originating from sharp corners. In contrary to AC voltage applications, for DC voltage there should be 

a pass for to the leakage current. This means that an insulation cover should not totally cover all the 

electrodes [65].  
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Figure 2-15 demonstrates how covering of high voltage electrode ς which is common for a safe AC 

insulation design ς can cause a very high stress on the covered OIP and lead to an unwanted 

discharge inside it. At Figure 2-15a, the charge carries have a pass to flow and a resistive voltage 

division based on the conductivities of the materials involved is in place. At Figure 2-15b, the current 

pass is barred. Therefore, the voltage-drop over the oil gap is zero and all the voltage difference 

between the electrodes stresses the covering barrier. This can lead to a stress much higher than the 

withstand stress of covering barrier. 

Investigations made by Okubo et al. [19] and Gabler et al. [74] show that there is more charge 

injections from the cathode compared to the anode. According to Okubo, the electric field near the 

cathode drops down much faster compared to the field near the anode. According to Gabler the 

setup with a covered cathode has a higher DC breakdown voltage. The reason might be that the 

injected electrons from the cathode move inside the oil and accumulate on the surface of the OIP 

(negative charge affinity). This leads to a lower stress at the cathode side and a higher stress at the 

anode side. As a direct result, the LV winding of the transformer as well as the grounded parts should 

be covered for a higher isolation purpose.  

   

(a) (b) (c) 
Figure 2-15. The effect of covering electrodes on the discharge in the insulation layer; An oil/OIP system between two 

electrodes not supplied by voltage (a), Positive electrode totally covered by OIP (b), Positive electrode partly covered by 
OIP (c)  

2.3 Conductivity  measurements in time domain  
If a step DC voltage is applied to a liquid or solid sample (see Figure 2-16a), the current directly after 

application of voltage is mainly a superimposed polarisation and conduction current for solids and 

conductive for liquids. After a relatively long time the polarisation process ends and a current based 

on the conductivity of insulation material will flow (see Figure 2-16b). After short circuiting the 

electrodes (removing the voltage source), only a depolarisation process will take place (see Figure 

2-16a), resulting in a discharge current, slowly declining towards 0. 
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(a) (b) 
Figure 2-16. Polarisation, Depolarisation Current (PDC) measurement concept; Applied step DC voltage, short circuiting 

the object, and the resulting polarisation, conduction and depolarisation currents (a), Conductivity versus time of 
application of step voltage (b)  

For a new HVDC transformer application, the oil and OIP conductivities measured at different 

conditions (depending on transformer operation condition after energisation) should be used for the 

insulation design of a transformer (see Table 2-2). The transformer design should be repeatedly 

checked at different physical positions in the tank, applied voltage, time of application of voltage and 

loading conditions. In addition, for a transformer in service, the humidity, particle contamination, 

aging or the thermodynamic oil flow, have considerable effects on the conductivity figures and 

consequently on the predicted stresses on an HVDC transformer. However, these effects are not 

considered in the scope of this study. 

Table 2-2. Different conditions during oil conductivity measurements 

Conductivity At the instant of 
energization 

After energization and before 
loading 

At steady state after long time of 
loading 

Time Short time Relatively long Long 

Temperature environment temp. Low Medium or High 

2.3.1 Conductivity measurement system  set-up 

Many standards have presented methods for surface or volume conductivity of liquid or solid 

insulation materials (IEC 61620 1998, IEC 60247 2004, ASTM D1169 2011, IEC 62631-3-1&2 2016 or 

ASTM D257 2014). A comparative table is prepared, and the strong and weak points of the measuring 

methods are summarized in a Cigré publication [52]. The result of this comprehensive study shows 

that none of these standard methods guarantee both reproducible and comparable results with the 

conductivities under HVDC test or service conditions. However, the measurement method proposed 

in this report refers to the guidelines from the same standards to be implemented at different 

measurement stages. To perform a reliable conductivity measurement procedure the following 

should be considered: 

¶ Test object cell and temperature chamber 

¶ Current measuring and data acquisition system and its protection 

¶ High voltage application system and safety 

¶ Mitigation of noises 

¶ Preparation and testing of oil samples 

¶ Preparation and testing of solid insulation samples 

2.3.2 High voltage conductivity measurement  test cell  

The test cell for performing the measurements was essentially a guarded three-electrode system and 

the same as introduced in IEC 93, 1980 & IEC 62631-3-1, 2016 [75] with some improvements 
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suggested in Cigré report 646 [52] to make it suitable for measurements at higher stress voltages 

(see Figure 3-2). The middle part has been manufactured with two different sizes, one having D=97.8 

mm with R2=1 mm [52] and to handle higher voltages, one having D=99,8 with R2=2 mm [76]. The 

other rounding dimensions are R1=1 mm, R3=3 mm and R9=5 mm. 

To calculate the volume conductivity of the insulation, the effective area of the guarded measuring 

electrode can be calculated from the following equations considering precautions explained by 

Lisowski [77] and given by ASTM D257-14 [78] 

 
2

1( + )
=eff

d Bg
A ˉ

4
 (2-17) 

where d1 is the diameter of the measuring electrode (99.8 mm), g is the gap width between the 

measuring and guard electrodes (1.1 mm), and B is the factor for accounting for the diameter 

enhancement by spreading the electrode margin 
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2.3.3 OIP conductivity values calculation using charge difference method  

If a DC step voltage was applied to a liquid insulation (e.g. mineral transformer oil), a decreasing 

current was observed in most of the cases. In contrast to solid insulation, this current is dominated 

by the conduction current component, and the depolarization current component is negligible from 

the very beginning (after a few seconds). Thus, the conductivity was calculated from the ratio of the 

polarization current and the voltage. Yet, the result was time-varying and strongly dependent on 

many other parameters (e.g. electrical stress and temperature). In the case of using oil impregnated 

pressboard, the conduction current was low, and the polarization current was relatively high. 

Therefore, the charge difference method [79] was used, which is less sensitive to noise signals and 

gives a good estimate of the conductivity value in short measuring times. In this method, the 

following governing equations are utilized:  

 pol polQ (t) = I (t)dtñ  
(2-19) 

 depol depolQ (t) = I (t) dtñ  
(2-20) 

 pol depoldifQ (t) = Q (t) - Q (t) 
(2-21) 

 difQ (t) at + bº  (2-22) 
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where, Ipol and Idepol are the polarization and depolarization currents respectively, Qpol and Qdepol are 

the polarization and depolarization cumulative charges, Qdif is the charge difference, a is the slope of 

the Qdif  curve, Aeff is the effective area of the measuring electrode and E is the applied field intensity.  

2.3.4 Using the Arrhenius law  

At lower temperatures, the stabilization of the current can take long time. In addition, the signal to 

noise ratio can be unacceptably low. To achieve the conductivity values in these conditions, the 

measurements can first be done at 50 °C and 90 °C and later the conductivity in 30 °C can be 

calculated according to Arrhenius law [5]  
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aW
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DC DC,ref(T)ˋ ˋ= e  (2-24) 

where, ̀ DC,ref is the reference value of conductivity at two different temperatures, T (K) is the target 

temperature, Wa (J) is the activation energy, and k όWκYύ ƛǎ ǘƘŜ .ƻƭǘȊƳŀƴƴΩǎ Ŏƻƴǎǘŀƴǘ όǎŜŜ Figure 3-16 as 

an example of application of this method). 

2.4 MFTȭÓ ÉÍÐÏÒÔÁÎÔ ÍÁÇÎÅÔÉÃ design concepts 
The duty cycle of the applied rectangular wave, D is assumed to be 0.5, which is defined as 

 ont
D

T
=  (2-25) 

where Ton is the conduction (on) time of the switch and T is the time period of the wave. 

The relative rise time of the wave as is assumed to be 0 for the design, which is defined as 

 rtR
T
=  (2-26) 

where tr is the rise time of the wave. 

Core cross section calculated for square wave shape can be calculated as 
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where Bm is the maximum working flux density of the core (nearly 80% of the saturation flux density), 

Kc is the core filling factor (the ratio of effective to physical cross sections which is 1 for Ferrite), N is 

the number of turns for a winding and f is the switching frequency. Ac is the effective cross section of 

the transformer core and ˒ m is the amount of flux in the core. 

Core cross section calculated for sinus wave shape can be calculated as  
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2.4.1 Leakage inductance  

The voltage wave forms applied to the MFT in a DAB converter are not sinusoidal as in a conventional 

low frequency transformer (see Figure 2-1b). Therefore, in case of this type of transformer, the 

leakage inductance and its related phase shift are under consideration and the transformer leakage 

inductance, L̀  corresponds to the value calculated according to 

 s
2

ˋ outDC1 DC2 min minL =V V (̄ π ύκόнt ˉ Ŧƴύf f  (2-32) 
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where, Pout is the output power of the DAB converter, VDC1 is the DC voltage of the LV side of the DAB 

converter, VDC2 is the DC voltage of the HV side of the DAB converter, n is the turns ratio of the 

transformer, fs is the switching frequency and m˒in is the phase shift between the bridges which 

should be higher than a predetermined value to achieve Zero Voltage Switching (ZVS) [34]. 

2.4.1.1 Calcula tion  of leakage inductance of axisymmetric  MFTs 

A method based on an analytical solution of the Poisson equation in planar coordinates is developed 

and presented in [80]. As a more accurate calculation procedure for the leakage inductance in high-

power shell-type MFTs with round windings considering the effect of the core structure one can use 

the analytical method proposed by Robbins in 1956 which was originally derived for calculating the 

ǇƻǿŜǊ ǘǊŀƴǎŦƻǊƳŜǊΩǎ ƭŜŀƪŀƎŜ ƛƴŘǳŎǘŀƴŎŜ ƛƴ ŎȅƭƛƴŘǊƛŎŀƭ ŎƻƻǊŘƛƴŀǘŜǎ [40]. In his method, the core 

window is assumed to be endless from its outer side as is the case for large power transformers. In 

the method, the current density inside the core window is written as a single Fourier series as a 

function of core window height. The magnetic potential is then represented with a series expansion 

including modified Bessel and Struve functions. This method is suitable when the effect of curvatures 

of the windings needs to be taken into account in the leakage inductance calculation. Robbins' 

method seems to be a suitable method to be adopted for shell-type power electronic transformers 

such as MFTs with polygonal core structure. 

In this analytical method first the solution space is divided into different regions. Maxwell's equations 

are used to obtain  

 
2 =- 0˃ÐA J 2-33) 

where A is the magnetic vector potential and ˃0 is the permeability of air. The current density vector 

J is azimuthal and because of the axisymmetric geometry, all the field quantities are independent of 

the ˒  coordinate. 

With these assumptions, (2-33) becomes in cylindrical coordinates  
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The current density could be written as a Fourier series in terms of a fundamental spatial period of 

length L, or window height as 
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For one coil with a constant current density j, 
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Substituting the Fourier series (2-35) into (2-34), A will be obtained as 
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Using the solution of A inside the core window, the self and mutual inductances of a coil system can 

be obtained. The mutual inductance between coil 1 and coil 2 with uniform current densities I1 and I2 

is given by 

 2 1
1

12 1
V1 2 1

L = . dV
I I
ñA J  (2-39) 
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Considering two coils (with zero net ampere-turns) inside the core window, the leakage inductance 

can be calculated using the total magnetic energy stored inside the core window. The magnetic 

energy stored in the system is obtained by 

 
1

=
2

2 2

ij i j
i=1 j=1

W L I Iä ä  (2-40) 

where Lij is the mutual inductance of coils i and j, calculated using (2-39). 

Once the total energy is obtained, the leakage inductance can be calculated as 

 leakage 2

2W
L =

I
 (2-41) 

where I, denotes the current in the side from which the leakage inductance is calculated. 

2.4.2 Transformer losses  

2.4.2.1 Core losses 

BasicalƭȅΣ ǘƘǊŜŜ ƳŜǘƘƻŘǎ ƘŀǾŜ ōŜŜƴ ŘŜǾŜƭƻǇŜŘ ŦƻǊ ƳŀƎƴŜǘƛŎ ƳŀǘŜǊƛŀƭΩǎ ƭƻǎǎ ŎŀƭŎǳƭŀǘƛƻƴǎ [3]. First, the 

loss separation method, which includes calculation of static hysteresis losses, classic eddy current 

loss and excess eddy current loss and is usually too complicated to be used for engineering tasks 

(except in Fem analysis). Hysteresis loss is independent of the wave shape and it is frequency and flux 

density dependent. This loss component can be calculated and verified by measurements. The classic 

eddy current loss can also be calculated but the excess eddy current loss should be included which is 

a function of frequency and maximum flux density, which needs to be determined by a series of 

measurements and parametrizations for the investigated magnetic material [81].  Second is the time 

domain approach which is the method used for loss calculations in FEM [3]. A third strategy is to use 

a set of empirical methods, all based on empirical measurements and on the formulation made by 

Steinmetz in 1892 [82]. In this work the samples to be used were available and measurement were 

chosen to be used for the loss determination. 

A few types of core materials are popular among the researchers which work with medium 

frequency transformer designs. Ferrite and Nanocrystalline cores are previously used by the author 

to produce two 50 kW transformers [8]. TƘŜ ΨŎƻǊŜ ƭƻǎǎŜǎ ς ŦǊŜǉǳŜƴŎȅΩ ŎǳǊǾŜǎ ƻŦ Nanocrystalline cores 

from their datasheets are normally given at a very low operational working point (0.1-0.3 T for 

Nanocrystalline cores compared with 1-1.2 T as working point flux). In case of Ferrite cores, the data 

given in the core data sheet does not include the working point flux density of 0.3 T (see Figure 2-17). 

 
 

(a) (b)  
Figure 2-17. Loss-frequency curves of sample N87 Ferrite and Finemet Nanocrystalline cores; Ferrite core [83] (a), Nano 

crystalline core [84] (b) 
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2.4.2.2 Winding losses 

In this work an effective numerical method is utilized and practically verified, for copper loss 

calculation of the MFTs with windings having Litz wire conductors. 

2.4.2.2.1 MFTȭÓ current 

To calculate the current, in the transformer equivalent circuit, it is assumed that the real part of the 

complex impedance is ignorable compared with the imaginary part i.e. the leakage inductance [85]. 

With this assumption 

 I = (V -V ) / Xp p s L (2-42) 

where 

 V = 2 2V /ˉp i  (2-43) 

The hth element of the r.m.s. value current in the primary side of the transformer is calculated from 

 2 2

2V 1 - cos(h˒ ύiI =ph ˉ ŦƘ [s

 (2-44) 

where Vi is the bus voltage of the primary, ˒  is the phase shift between the primary and secondary 

side voltages of the transformer, f is the frequency and Ls is the leakage inductance of the 

transformer. 

For an MFT, the leakage inductance seen from the primary side can be calculated from [80] 

 2

2W
L = MLTs

Ip
 (2-45) 

where MLT is the mean length of the winding turns and W, the total magnetic energy stored inside 

the core window can be obtained from 
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¦ǎƛƴƎ aŀȄǿŜƭƭΩǎ Ŝǉǳŀǘƛƻƴǎ ŀƴŘ ŎƘƻƻǎƛƴƎ ǘƘŜ /oulomb gauge, the well-known equation for the vector 

potential A is obtained 

 2
0mÐ =-A J (2-47) 

where J is the current density vector in the z direction, and it can be assumed that all the field 

quantities of it are independent of z. 

Losses caused by the current in a transformer are named Load losses [36]. Load losses consists of 

winding Ohmic resistance losses and additional losses. Winding DC resistance is calculated using 

 = = ( ) ( )2l
R ˊ ˊa[¢ b κ ˉǊ ƴsA

³  (2-48) 

where R is the resistance of the winding, ́ is the resistivity of the copper wire, MLT is the mean 

length of the strands in each winding turn, N is the number of the turns of the measurement side, r is 

the radius of each wire strand, ns is the number of the strands.  

The additional or stray losses are produced by AC currents from the leakage field of windings and the 

field of high-current carrying leads. The additional losses are produced in the windings and structural 

parts. The losses in the windings are eddy current losses and circulating current losses. 

Depending on the frequency, the presence of these additional losses will make AC current losses 

higher than equivalent DC current copper losses. Circulating current losses can be a result of having 

parallel conductors of different length or exposed to different electric field which leads to a different 
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voltage drop over two parallel conductors of the same length. For the prototype transformer 

considered in this study parallel conductors are axially ordered and there are no circulating current 

losses in them. However, because of the relatively high frequency, eddy current losses are present 

and will be investigated. 

Because of the high skin and proximity effects at high frequencies it is not economical to use normal 

wires to produce the windings. Copper foils are suitable alternatives for higher frequencies, but they 

need a great care during the production and for the termination when mounted in the transformer. 

With the introduction of Litz wires (bunch of individually insulated conductors), a higher flexibility in 

the production and lower losses can be gained. 

A Litz wire consists of a group of enamelled strands (see Figure 2-18b). The enamel insulation of the 

conductor is normally modified polyurethane. At higher frequencies, increasing the number of 

ǎǘǊŀƴŘǎ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǘƘŜ ǊŜŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ǎǘǊŀƴŘΩǎ ŘƛŀƳŜǘŜǊǎΣ Ŏƻǳƴteract the increase in the 

conductor resistance. The alternating current causes eddy currents in the conductor which acts to 

counteract the flow of the fundamental current. At higher frequencies, the effect of these eddy 

currents increases, and an AC resistance is added to the DC resistance. The eddy current loss in the 

middle of the conductor has a low value and increases when moving towards the outer part of the 

conductor. This causes the current to flow closer to the surface of the conductors instead of in the 

whole conductor (the skin effect). The skin depth [m] is a representation of the thickness of the 

conductor which is carrying the current and can be calculated from 

 ʵҐм ˉŦ˃ˋ (2-49) 

where ̟  is the radian frequency (rad/s),  ˃is the permeability of the conductor (H/m) and ̀  is the 

conductivity of the conductor (мκʍƳ). For example, the skin depth for copper at the frequency of 5 

kHz is 1 mm and this means that the current in the depth of 1 mm is reduced to 36.8% of the one at 

the surface [36]. Because of the proximity effect, the fields of the adjacent conductors increase the 

eddy current losses. The cross-sectional area of the single conductor is reduced to minimize these 

losses. Several conductors in parallel are used to carry the nominal current of a wire. To compensate 

the effects of the fields on the individual strands, the conductors are twisted together so that, 

throughout the length of the wire, the position of one conductor transposes regularly. Because of the 

high capacitance effect of the conductor, Litz wires can be used only up to 2 MHz. A typical diameter 

of each conductor as a function of frequency is 0.4 mm for 50-1000 Hz, 0.25 mm for 1-10 kHz or 

0.032 mm for 1.5-2.8 MHz [86]. With an effective reduction of the skin effect, Litz wires have the best 

performance in high frequency circuits. Commercial production of several types and dimensions of 

the wire gives a good flexibility for getting the highest benefit in this project. Rectangular Litz wires 

are estimated to be one of the best candidates for usage as the high and low voltage conductors in 

this project (see Figure 2-18a). This arrangement helps for higher density and more mechanical 

strength of the winding. The available constructions from one of the leading Litz wires manufacturers 

are presented in Reference [86]. 
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(a) (b) 

Figure 2-18. A rectangular Litz wire and its strands; Rectangular Litz wire (a), Bunch of groups of enamelled strands (b) 

2.4.2.2.2 Evaluation of winding losses using equivalent permeability and conductivity method 

One method of calculating eddy current losses including skin and proximity effect losses is to make a 

finite element model, in which each turn in a winding is explicitly represented. By modelling each 

turn, the distribution of current density within each turn due to these effects, can be accurately 

determined. However, modelling every wire individually can be computationally expensive. An 

alternative approach is to replace a wound region composed by many wires with a region with 

proper equivalent complex-valued material properties. 

Continuum representations of wound coils allow proximity and skin effect losses to be represented in 

numerical models without explicitly modelling each turn in the coil. Moreau et al. [87] described the 

use of a complex-valued magnetic permeability for representation of transformer windings with 

rectangular conductors, presenting closed-form expressions for frequency-dependent permeability. 

Gyselinck and Dular [88] presented a numerical method for obtaining equivalent properties of a 

round-wire winding with hexagonal packing. Dowell [45] replaced a winding composed of round 

ǿƛǊŜǎ ǿƛǘƘ ŀƴ άŜǉǳƛǾŀƭŜƴǘέ Ŧƻƛƭ ǿƛƴŘƛƴƎ ǘƘŀǘ ŀŘƳƛǘǎ ŀƴ ŀƴŀƭȅǘical solution for proximity losses. 

Meeker [89] derived approximate but closed-form expressions for the equivalent conductivity and 

permeability of regions filled with hexagonally packed round wires, allowing proximity and skin 

effects to be included in 2D AC field computations. In this work the method developed in [89] is used 

for calculation of eddy current losses of MFT windings made by Litz wires.  

The effective material properties of the wound region can be expressed as [89] 

 =(1- ) +0eff fd˃ Ŏ˃ Ŏ˃ (2-50) 
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where the parameter c, representing the fill factor of the equivalent foil geometry, is defined as 

 fillc
p

32
=  (2-52) 

where fill is copper fill factor and the non-dimensional frequency is defined as 
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and the frequency-dependent permeability of a single equivalent foil is 
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2.5 Characterisation for high frequency stress  
During a long operation time for a high-voltage equipment under high frequency stress, both the 

voltage and the heat contribute to the degradation of the insulation material.  

2.5.1 Voltage stress 

Any insulation material has a withstand strength which is dependent on the applied voltage rate of 

rise, magnitude and duration. Three examples of voltage wave shapes which are standardized during 

the development of the ǇƻǿŜǊ ǘǊŀƴǎŦƻǊƳŜǊΩǎ ƛƴǎǳƭŀǘƛƻƴ ŘŜǎƛƎƴ ŀǊŜ !/ ŀǘ ǇƻǿŜǊ ŦǊŜǉǳŜƴŎȅ (50 Hz), 

Lightning Impulse (LI) and Switching Impulse (SI). As an example, for testing a power transformer, a 

switching impulse voltage can have a time to peak value down to млл ˃ǎΣ ŀ ƳŀƎƴƛǘǳŘŜ ƻǊ ǇŜŀƪ ǾŀƭǳŜ 

of 375 kV and a duration (time duration while the magnitude is higher than 90% of the peak value) of 

нлл ˃ǎ ŀƴŘ ǘƛƳŜ ǘƻ ȊŜǊƻ ƻŦ нрлл ˃ǎ [90]. To design an insulation system for a power transformer, the 

Design Insulation Levels (DIL) should be determined first [36]. 

The following can be considered as additional sources for overvoltage stresses on the MFTs, which 

are in addition to the normal stresses that any low frequency power transformer (50 Hz) can stand 

for: 

¶ Reflection of voltage pulses at the impedance mismatching terminals 

¶ Resonance inside the converter 

¶ Uneven distribution of voltage pulses along the windings 

The following parameters are to be considered to ensure a reliable application of any insulation 

material for any MFT: 

¶ Voltage magnitude 

¶ Voltage frequency (or pulse repetition rate)  

¶ Partial discharge  

¶ Pulse rise time 

¶ Pulse duty cycle and polarity 

2.5.2 Effect of voltage amplitude  

Because of transient over voltages or temporary overloads, the voltage on or temperature of an 

insulation part used in an MFT placed inside a DAB converter can be much higher than the calculated 

stresses values at steady state operation. The safety margins for the withstand strength at the rated 

values are presented in the materialǎΩ data sheets. Because of the accelerated aging, when the 

voltage magnitude increases, the lifetime of the insulation system decreases. Many investigations 

have concentrated on the effect of voltage magnitude to the acceleration of the insulation material 

aging. The most reliable relation has been presented in IEC 61251 [91] as  

 nL cE-=  (2-55) 

where, L is the time to breakdown, E is the electrical field and c and n are the parameters depending 

on temperature and other environmental effects. Investigation made by Stone et al. in 1992 

demonstrates how an increase in the applied voltage magnitude decreases the time to failure of an 

epoxy insulation [92].  

2.5.3 Effect of Frequency  

In general, like for mechanical fatigue, regardless of frequency, the same number of voltage impulses 

or cycles in a period causes the same degradation of an insulation material. This is shown by 

Johnston in 1979, during an extensive literature review where he has presented a table of summery 
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for most of the efforts that has focused to the frequency acceleration of the voltage endurance [93]. 

However, he has also referred to the works which reported a nonlinear acceleration result. This 

inconsistency can be because of humidity or a change of material temperature resulting from 

dielectric losses in a long-term test.  According to Johnston, a linearity factor can be gained for every 

specific experimental setup and it is shown that 

 1 1 2 2( )t k f tf =  (2-56) 

where k is one, for most of the cases, if the temperature, humidity or test set-up effects are ignored. 

2.5.4 Effect of partial discharge  

Partial discharge is one of the physical processes which cause aging of insulation material. Chemical 

reactions, bombardment of cavity surfaces by charge carriers and local electrical field enhancement 

resulting from the discharge by-products, contribute to the creation of large holes and starting 

treeing activities [33]. 

Partial discharge inception voltage is the applied voltage when the electric field over an insulation 

material or system is higher than the required value for starting a PD activity. When an alternating 

voltage is applied, PD pulse trains can be repeated for each period (see Figure 2-19). Compared with 

PD pulses that appears stochastically,  discharges which occurs at the voltages higher than the 

Repetitive Partial Discharge Inception Voltage (RPDIV) [94] are the main cause of the aging under 

square wave voltage regime.   

 
Figure 2-19. PD pulse train for each cycle of applied voltage [65] 

2.5.5 AC standard breakdown test methods  

To characterise the insulation materials, the main types of insulation tests are Insulation withstand or 

Breakdown (BD) test and Insulation aging test. The number of samples to undergo identical tests 

should be as high as possible to guarantee a reliable and repeatable result. 

1. For insulation oil 

IEC 60156 [95] describes a test method for the determination of AC breakdown voltage of 

transformer oil. Figure 2-20 demonstrates the electrode configuration for acquiring the insulation 

strength of transformer oil according to this standard. 

2.5mm

13

Ø
 3

6

 
Figure 2-20 Standard electrode configuration for testing insulation strength of transformer oil [95] 
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2. For insulated wires 

The tests samples are prepared according to a well-defined standard method of IEC 60851-5 [96]. For 

each sample, two wire strands are twisted several times. To secure a defined contact area for similar 

tests, a load is applied during twisting the pairs (see Figure 3-26). The rate of voltage increase shall be 

defined (see Figure 2-21). 

3. For insulation tapes, plates or films 

Regarding high voltage testing of insulation materials, a series of articles and standards exists. To 

achieve more reliable results in a shorter period, the standardized methods are preferable to the 

experiments that are presented in the scientific articles. The following is list of standards which can 

be used: 

¶ IEC 60243-1:2013, Test methods to determine the electric strength of insulating materials at 
power frequencies (50-60 Hz) 

¶ ASTM D149:2004, Test methods for electrical insulation tests of solid insulating materials at 
power frequencies 

¶ IEC 60505:2011, Evaluation and qualification of electrical insulation systems 

¶ IEC 61251:2015, Electrical insulating materials and systems AC voltage endurance evaluation 

¶ IEC 62539:2007, Guide for the statistical analysis of electrical insulation breakdown data 

2.5.6 Testing combined insulations  

Testing withstand ability of single type materials may not be a real representation of withstand 

strength of a combined solid insulation system. At the interface of two solid insulation materials, the 

breakdown strength is governed by size and pressure of the voids filled of different insulating 

material (in case of testing in air is according to Paschen curve [97]). This is also true for the interface 

of insulation and electrodes. 

2.5.7 Mechanical electrode preparations  

Here are some notes presented in IEC 60243-1:2013 [98] regarding a test set-up that can guarantee a 

reliable and repeatable series of the tests: 

¶ The electrodes should be kept clean, smooth and free from defects after each ACBD test.  

¶ For most of the materials, increasing the thickness of the test object will result in lower 

electric strength and the results of the tests for different thicknesses are not directly 

comparable. The thickness of the specimen, time of voltage application, duration and 

intensity of surface discharges directly before a breakdown, affects the electric strength of 

most of the types of insulation materials [Ref IEC 60243-1:2013]. 

¶ The leads to the high voltage electrodes shall not affect the electrode setup in any way, nor 

change the electric field near the breakdown position. 

2.5.8 Handling of surrounding medium oil  

When oil is used as a surrounding medium, any discharge will pollute the oil and should therefore be 

avoided. Practical tests show that this is not easily achievable especially if the discharge current 

amplitude and duration cannot be kept short enough. 

2.5.9 Measuring volt age 

It is well accepted in the high voltage industry that it is the peak value of the applied voltage which 

shall be adjusted during standard withstand tests. For all the frequencies, the same peak value is 

applied. The Partial Discharge (PD) is monitored. 
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2.5.10 Rate of rise of volta ge 

As the time of voltage application increases, the electric strength of most of the materials decreases 

with increasing the voltage application time [98]. Therefore, the rate of rise of AC voltage is 

important. One of the methods can be chosen; the rapid rise, the 20 s step-by-step or the slow rate-

of-rise (120 s - 240 s) method.  

According to ASTM D149-97a [99]Σ ǘƘŜ ά{ƭƻǿ ǊŀǘŜ-of-ǊƛǎŜ ǘŜǎǘέ ƛǎ ǎƛƳǇƭŜǊ ŀƴŘ the preferable method 

ǘƻ ǘƘŜ ά{ƘƻǊǘ-ǘƛƳŜ ǘŜǎǘέ ŀƴŘ άǎǘŜǇ-by-ǎǘŜǇ ǘŜǎǘέ ƳŜǘƘƻŘ ŀƴŘ Ǝives more meaningful results when 

different materials (artificially contaminated in this case) are compared with each other. The test 

method is described in sub-clause 10-3, IEC 60243-1 [98].  

VBD

120s<tBD<240s

40%

ɲV
ɲT

ɲV/ɲT > 2V/s

 
Figure 2-21. Voltage profile with a Slow rate-of-rise test according to IEC 60243-1 

2.5.11 Monitoring PD during an aging test or before an ACBD test  

Necessity of PD monitoring 

The partial discharge (PD) measurement is an accepted test for qualification of insulation systems. 

During insulation test of materials or a complete transformer, recorded PD signals include useful 

information about any possible design, or manufacturing mistake or a sign of undesirable aging. 

Proper PD measuring under square wave 

When it comes to a square wave signal on the terminals of an MFT, the transformer insulation will be 

under repetitive impulses of high dv/dt stress. During the application of a square wave shape voltage 

to an MFT, as the PD signals become similar to the supply voltage signal, then it is very important to 

use a correct method to measure true PD signals. 

Measured PD during a dielectric test 

The existence of partial discharge should be controlled for a reliable and repeatable aging test. When 

increasing the applied voltage, the partial discharge (PD) starts at the PD Inception Voltage (PDIV). 

The PDIV depends on many parameters where just a part of them are originating from the nature of 

a material under test. The remaining parameters such as voids between the material and electrodes, 

discharges at the edges of electrodes or the insulation material surface where the touching surfaces 

ends, have a parasitic nature during a high voltage insulation test.  
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3 Characterisation of insulation material for  

HVDC MFT application 
The most important part of the insulation material specification data to be used for the DC insulation 

design of a HVDC MFT is the magnitude of its electrical conductivity, and as explained in section 1.2.3 

a conductivity magnitude is not a straight forward predetermined value which can be find in any data 

base. Therefore, a great effort in this work is devoted to a series of conductivity measurement 

activities on mineral and ester transformer oils.  

The other aspect that should be considered regarding characterisation of the insulation material 

used for production of a medium frequency transformer which is subjected to high frequency pulses 

from fast rising square wave voltage signals (see Figure 2-1a) is their voltage withstand strength 

under high frequency stress. This aspect is covered in section  2.5 and guidelines to tackle this 

challenge is presented.    

3.1 DC conductivity measurement setup  
High voltage DC conductivity measurements are performed using the background information 

presented in section 2.3. A complete test setup is developed which is demonstrated in Figure 3-1 and 

described in the following sections. 

Labview

Current & Temp. 
measurement

in Faraday cage

Test Cell

Oil Drying Tray Hot-water
 Bath

High-voltage source

Vacuum & 
Temperature 

Chamber
HV Filter

Temperature Chamber

Figure 3-1. The test setup for conductivity measurements 

Test cell is prepared according to precautions presented in section 2.3.2. In case of oil tests, a gap 

distance of 2 mm was held using dried and oil impregnated pressboard during the oil test. Stainless 

ǎǘŜŜƭ ό9b мллнлύ ƘŀǾƛƴƎ ŀ ƳŀȄƛƳǳƳ ŎƻƴǘŀŎǘ ǎǳǊŦŀŎŜ ǊƻǳƎƘƴŜǎǎ ƻŦ п ˃Ƴ ƛǎ used. In case of solid 

dielectrics, a sample thickness of 1 mm was used in the set-up. A minimum pressure of 10-20 kPa (1-

2 N/cm2) [52] is held using epoxy coated round lead metal sheets. 
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Figure 3-2. Electrode setup for high stress conductivity measurements [52] 

The setup is placed in a temperature chamber. Since the measuring system is very sensitive to the 

external electrical and mechanical noises, to stabilise the temperature of the chamber during the 

polarisation phase, a set of series-parallel connected high power resistors is used as a heating setup 

to keep a constant temperature of the chamber during the whole period of measurement (see Figure 

3-3) .  

  
(a) (b) 

Figure 3-3. Measurement vessel inside a temperature-controlled chamber connected to HV DC bushing (a) and 
temperature stabilising heating resistors (b)  
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3.1.1 Current measuring and data acquisition system and its protection  

The current measuring circuit is as Figure 3-4 and similar to IEC 93, 1980 adopted for volume 

resistivity measurement.  

 
Figure 3-4. Conductivity measuring circuit diagram 

The current measuring system consists of a Femto DLPCA-200 current amplifier having a current 

measuring range from 10 pA to 10 mA (see Figure 3-5 )and a Keysight 34470A Digital voltmeter. 

 
Figure 3-5. FEMTO DLPCA-200 current amplifier 

A Labview based control and data acquisition software is developed for automatic amplifier gain 

setting as well as recording of the measured data. All the test condition data have been entered via 

the interface before starting each measurement, and the measurement data file is automatically 

named and saved every minute.  

The current measuring system should be protected against high applied voltage and high short circuit 

current. Protection against an input current higher than the maximum permissible 10mA of the 

Femto DLPCA-200 current amplifier, can usually be fixed using a high voltage high ohmic series 

resistance in the circuit. In this case it is done by setting the current limit of the high voltage DC 

power supply to a current lower than 10 mA and therefore no external current limiting series 

resistance is needed.  

Protection against a possible high voltage transient has been done by a parallel connection of the 

following elements: 

¶ A 2049-07 medium duty 2 electrode gas discharge tube having a 75V DC sparkover@100V/s 

¶ Two parallel reverse coupled 1N3595 small signal diodes with maximum reverse current of 

1nA @150 V and a minimum forward voltage of 0.5 V 
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¶ A TransGuard multilayer ceramic transient voltage suppressor having minimum possible 

leakage current at the working voltage and a working voltage higher than the voltage at the 

input of Femto DLPCA-200 which is maximum 10uAx60ʍ=0.6mV. In this case a 

VC060314A300 is used. 

The manufactured high voltage protection module is subjected the maximum predicted input voltage 

of the current amplifier and the leakage current is measured using a precision source meter (see 

Figure 3-6). The measured leakage current at 0.6 mV on the input, is less than 0.5 pA which is much 

less than the typical measured conductivity current of nearly 100 pA. 

 
Figure 3-6. Test setup for verification of overvoltage protection system 

Figure 3-7 demonstrates the current amplifier, voltage measuring device, test cell temperature 

meter, and a high voltage DC source with polarity reversing function. 

 
Figure 3-7. Conductivity measurement setup inside a noise suppression cage 

3.1.2 High voltage application system and safety  

A Fug HCN 140M 0-35000 V High voltage DC power supply equipped with an adjustable current 

limiting system of 0-4 mA is used a source. A low inductance ground connection has been prepared 

at the body of the high voltage DC source.  

3.1.3 Mitigation of noises 

A high voltage filter consisting of series resistors and parallel capacitors is connected to the delivery 

point of high voltage DC to the chamber. The resistance is composed of ten 22 Mʍ ƛƴ ǎŜǊƛŜǎ ŀƴŘ ǘƘŜ 

capacitance is combined of 6 series and 4 parallel capacitors. The selected parts were double 

metallized film pulse capacitors with a polypropylene dielectric PHE450 47nF, 2000V and Metal Glaze 

Film Resistors MGRF нн aʍΣ 2W, 3500V. Effort has been taken to avoid discharges because of low 

isolation distances and sharp high voltage conductors (see Figure 3-8). 
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Figure 3-8. Designed and manufactured HV filter 

The complete measuring setup is placed inside a grounded metal shielding box. The mains supply has 

been done using a 1:1 isolating transformer. The multi-meters and the current amplifier have been 

connected by a fibreoptic hub and cables to the computer. 

3.1.4 Preparation and testing of samples  

Oil samples and the oil in the container for testing pressboard samples were dried (down to 5 ppm) 

according to the method explained in reference [68]. A setup including a hot water bath (see Figure 

3-9a), a heating and vacuum chamber and a stainless-steel tray were used for this purpose (see 

Figure 3-9b). The process, simply explained, is to warm up the oil to 80 °C, feed it into a vacuum 

chamber through a Swagelok severe-service union-bonnet needle valve, which is already warmed up 

to 80 °C, spread a thin layer of oil on the steel tray under a vacuum less than 1 mbar, collect the dried 

oil in the lower part of measuring vessel, turn off the heating and let the system cool down to room 

temperature. The vacuum level was constant during the whole process. This process takes minimum 

72 hours.  

  
(a) (b) 

Figure 3-9. Dry oil preparation setup; A heating and vacuum chamber equipped inside with a steel tray for drying and 
collecting the dried oil (a), Regulated hot water bath feeding the hot oil through a needle valve into a heating and 

vacuum chamber (b) 

The mineral oil vapor-pressure curve [100] (see Figure 3-10a) was used to adjust the temperature 

and vacuum level of the chamber for the most effective drying process of the samples [7]. For 

example, applying 10 mbar and 60 °C will evaporate the water from a humid mineral transformer oil 

without evaporating the oil itself.  

A Vaisala MM70 oil humidity meter was used to measure the humidity content of the oil samples 

(see Figure 3-10b). The humidity content of the mineral oil before drying, before starting the 

conductivity tests and at the end of measurements were registered. The humidity content of the oil 

was checked after the processing and it was found to be less than 5 ppm for mineral oil and less than 

30 ppm for ester oil before the conductivity measurement tests were done.  
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The preparation of solid samples was done according to section 20.3 of IEC60641-2. 2004 [101]. In 

this work, first the new and clean samples are placed with a 1 mm distance in the steel tray in the 

chamber. Later the temperature is increased to 80 °C and after stabilising the temperature, the 

objects is set under full vacuum for the next 72 hours. Finally, the same procedure as the one for the 

oil sample preparation was followed to impregnate the hot oil in the already dried cellulose solid 

insulations. 

  
(a) (b) 

Figure 3-10. The vapor-pressure curve used and the humidity measuring equipment; The vapor-pressure curves to adjust 
temperature and vacuum during drying process (a), Vaisala meter showing the oil water-content after treatment (b) 

3.2 Conductivity m easurement procedure  
Each experiment was conducted by applying a high DC test voltage and recording the time variation 

of the current through the test object until it reached a steady state (polarization phase). Directly 

after, the test object was short-circuited for a time interval of at least twice of the polarization time 

and the current was recorded again (depolarization phase). The process of a Polarisation, 

Depolarisation Current (PDC) measurement in demonstrated in Figure 2-16. 

The conductivities were calculated in the range of the applied electric field of (1-6) kV/mm and (1-12) 

kV/mm for oil and OIP, respectively, and for a temperature range of (30-90) °C. 

3.3 Conductivity m easurement results  
In this section, OIP refers to the cellulosic transformer board impregnated with the mineral or ester 

transformer oil. The tested mineral transformer oil is Nynas Nytro 10 XN and the ester transformer 

oil is Midel 7131 synthetic ester. The electrical permittivity values of mineral and ester oil and OIP are 

2.2 & 4.4 and 3.5 & 4.6 respectively.   

3.3.1 Mineral oil and OIP  

Although in case of mineral oil, the conductivity data for high voltage DC applications are already 

given in literature [52, 76, 102, 103], the measurements have been done to support a reliable design 

of the measuring system.  
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Oil and OIP samples considered for the manufacturing of a prototype MFT were tested and the 

results are presented in Figure 3-11 and Figure 3-12 respectively.  

 
Figure 3-11. Conductivity measurement results of mineral oil 

  
Figure 3-12. Conductivity measurement results of OIP 

The measured conductivity values, which are also summarized in Table 3-1, strongly depend on 

temperature, and a weak dependency to the electric stress can be observed as well. This reflects the 

impact of the thermal and electric stresses on the electro-chemical processes in the oil and on oil-

pressboard interfaces, in particular charge injection and accumulation, ionic drift, recombination, etc. 

As explained in section 2.2.10 these dependencies have an impact on the field dynamics in the 

insulation system and thus on the design of the HVDC MFT. The stress distribution on a simple series 

of insulation layers depends on the Conductivity Ratio (CR) of oil to OIP: CwҐˋOil κÒIP. According to 

Table 3-1, the CR values have a large scatter ranging from 294 at 30 °C to 1 at 90 °C. The effect of CR 

on the electric field stress on the different points of the transformer will be discussed in section 4.2. 

Table 3-1. A summary of conductivity measurement results for mineral oil 
  1 kV/mm 3 kV/mm 6 kV/mm 12 kV/mm 

Oil 

ол / 5×10-14 3.9×10-14 5.8×10-14 - 

рл / 1.2×10-13 9.5×10-14 1.1×10-13 - 

фл / 5.2×10-13 4.6×10-13 3.9×10-13 - 

OIP 

ол / 

(Arrhenius) 
1.7×10-16 2.2×10-16 2.7×10-16 4×10-16 

рл / 2.6×10-15 3.3×10-15 4×10-15 5.8×10-15 

фл / 2.6×10-13 3×10-13 3.8×10-13 5.1×10-13 

CR 

ол / 294 177 215 - 

рл / 46 29 27 - 

фл / 2 1.5 1 - 
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The results have a good correspondence with one of the most reliable results presented by Küchler 

[76].  

3.3.2 Ester oil and OIP 

After a complete set of conductivity measurements on mineral oil and OIP which provided a series of 

results which are comparable with the previous literature, the method is applied to characterize the 

biodegradable synthetic ester oil under HVDC stress. 

As preliminary measurements showed an unstable and varying results for the polarisation current of 

ester oil, to get stable current curves it is decided that a conditioning is to be performed on the ester 

oil and the polarization time to be increased from 1h (as was the case for mineral oil) to 3h for the 

ester oil. To reach repeatable results it is also decided to perform a set of conditioning stress 

applications before each measurement [62]. In case of ester OIP it is performed like the measuring 

method for mineral OIP and a 3 hours measurement is performed. Figure 3-13 and Figure 3-14 

demonstrate the test duration for ester oil and ester OIP respectively. 

 
Figure 3-13. Measurement technique for ester oil 

 
Figure 3-14. Measurement technique for ester OIP 

As it seemed that the depolarisation takes a longer time than expected, the measurements 

performed on ester OIP required a minimum of three hours depolarisation time at 90 °C (see Figure 

3-15). 

 
Figure 3-15. The minimum depolarisation time required at 90°C 

A summary of measurements done on the ester oil is presented in Figure 3-16. 
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Figure 3-16. A summary of conductivity measurements of ester oil 

The ester OIP measurements are presented in Figure 3-17.  

For the both ester oil and OIP, the results show that, the conductivity values of the second run 

measured at 30 °C have good agreement with the Arrhenius calculations. For the first run, as the 

results of 50 and 90 °C were available, the Arrhenius method can be applied to determine the values 

of conductivity at 30 °C.  The measured values on the first 30 °C run are not correct, and the results 

of the second run are reliable. 

 
Figure 3-17. A summary of conductivity measurements of ester OIP 

A summary of conductivity measurement results for ester oil and OIP is presented in Table 3-2. The 

results of the second series of ester OIP measurements together with the results of the first series of 

ester OIP measurements (with using Arrhenius results for 30 °C) can be preliminary used for the 

insulation design of an HVDC ester MFT prototype. 

Table 3-2. A SUMMRY OF CONDUCTIVITY MEAUREMENT RESULTS for ester oil 

  1 kV/mm 3 kV/mm 6 kV/mm 12 kV/mm 

Oil 

ол / 1.4×10-11 1.0×10-11 8.0×10-12 - 

рл / 5.0×10-11 3.6×10-11 3.2×10-11 - 

фл / 2.9×10-10 2.3×10-10 2.3×10-10 - 

OIP 

ол / 

(Arrhenius) 
6.1×10-13 6.9×10-13 4.9×10-13 3.4×10-13 

рл / 2.0×10-12 2.22×10-12 1.6×10-12 1.2×10-12 

90 C 1.4×10-11 1.5×10-11 1.2×10-11 1.1×10-11 

CR 

ол / 23 15 16 - 

рл / 25 16 20 - 

фл / 20 15 18 - 



47 

Limited information about the conductivity of biodegradable ester oil under HVDC stress is accessible 

[61, 104] and in case of ester OIP there is even less information available [62]. Figure 3-18 

demonstrates comparisons between the measurement results of this work with the measurements 

presented in literature. 

 
Figure 3-18. A comparison of measurement results with the conductivity values given in literature; green: Kharezy, red: 

Rumpelt [104] and black: Aakre [61]) 

3.3.3 Minera l oil/OIP versus ester oil/OIP  

Figure 3-19 is provided for the purpose of comparison of the measurement results on the mineral 

and ester oil and OIP. 
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Figure 3-19. Comparison of the measurement results on the mineral and ester oil and OIP  

The most important difference in the results is the higher values of conductivity for the ester oil. It is 

at 30 °C, 100-130 times, at 50 °C, 320-430 times and at 90 °C, 450-480 times higher.  

In mineral OIP the moisture increased from 5 ppm to 16 ppm and in ester OIP the increase level was 

from 46 ppm to 225 ppm. It seems that the ester OIP can absorb more water without significantly 

increase the conductivity values. 

A simple comparison of the conductivity values of ester and mineral oil and OIP highlights that the CR 

values of ester oil/OIP are not as much temperature and voltage stress dependent as the mineral 

oil/OIP is.  This reduces the dynamic stress level of the design in case of using ester oil and OIP. It is 

also noticeable that the ester oil/OIP conductivities are several hundred times higher than the 

mineral oil/OIP conductivities. This causes the time constants to be lower (see 4.2) and consequently 
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results in a shorter time for the transformer to reach the steady state condition (see Figure 3-20b). 

The space charge accumulation time is much lower in the case of ester oil (see Figure 3-20d). 

  
(a) (b) 

  
(c) (d) 

aƛƴŜǊŀƭ ƻƛƭ όˋҐрҎмл-14) and OIP όˋҐмΦтҎмл-16) 9ǎǘŜǊ ƻƛƭ όˋҐ мΦпŜ-11) and OIP όˋҐ сΦмŜ-13) 
Figure 3-20. Space charge accumulation curve in a three-layer, oil-OIP-oil insulation system at 30 °C and 1 kV/mm 

3.4 AC breakdown simulations and test  conditions  
Based on the background information presented in section 2.5 the following activities were 

performed in this work. 

3.4.1 Effect of shape of electrodes  and surrounding medium  to the results of the tests 

Application of an electric field should not be done in such a way that any other phenomena disturb 

the main purpose of the voltage application. The intension is to simulate the actual electric field only 

inside the insulation as it will happen during a real application of the insulation material. Any 

discharge on the surface of the material can create heat and gas bubbles which in turn destroys the 

material and the electric field distribution inside it.  

 
Figure 3-21. IEC 60243-1, proposed electrode setup [98] 
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IEC 60243-1 has proposed the use of specially shaped electrodes for testing of electric strength of 
tapes (see Figure 3-21). Figure 3-22 demonstrates a FEM simulation of the IEC proposed electrode 
pairs stressed by 100 kV to ground for testing a layer of insulation tape (Polyamide Kapton, ᷇r=7.0) in 
air. There will be a very high electric field in the air, 757 kV/mm for this example which will lead to an 
extensive corona discharge around the electrode. The discharge can destroy the material at the 
edges and a puncture or flashover can happen outside the electrode area instead of in the middle. 

 
Figure 3-22. The effect of improper surrounding insulation material on the unwanted external discharges on the surface 

of the insulation material under test 

Depending on the relative permittivity of the materials [65], the electrical field in the medium around 

a solid insulation material under a test can be higher than the electrical field within the test object. 

This causes surface discharge and partial discharges near the test object  (see Figure 3-22) which 

deteriorates the material around the electrode corners and can affect the breakdown voltage of the 

test setup [105]. During application of voltage, by placing the sample inside a suitable oil as a 

surrounding medium, there will be no external discharge at the edges of the electrodes, and an ACBD 

will happen inside the insulation material any discharge over the surface of the sample will be 

avoided. 

Mineral transformer oil (IEC 60296), organic ester fluid (IEC 61099) and silicone fluid (IEC 60836) is 

proposed in IEC 60243-1 among the other suitable fluids [98] as a selection for surrounding medium. 

3.5 High frequency withstand tests on the Litz  wire  
In this section the withstand tests on the Polysol155 Litz wire used in this project is explained. A 

voltage supply has been made in a previous Master thesis project and is used here to perform the 

tests.  

3.5.1 Withstand test setup used for the project  

An IGBT full bridge converter was manufactured during a Master thesis defined by RISE and 

performed by students from Chalmers. The highest voltage available from the source is ±350 VPeak-

Peak. Figure 3-23 demonstrates the circuit diagram and specification of the converter. 
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Figure 3-23. IGBT full bridge converter for production of square waves 

Some points should be explained here: 

¶ The ratio of step-up transformer is checked using an audio amplifier in the range of 50 Hz to 
5 kHz. The measurement shows that the transformer has nearly the same ratio at this 
frequency range. If the applied voltage is a square wave signal it contains higher orders of 
voltage harmonics and the output voltage will not be a square wave signal but possibly more 
towards a voltage of near sinusoidal shape. 

¶ The high voltage divider used should have a wide frequency range to truly transfer the wave 
shape at the ƘƛƎƘ ǾƻƭǘŀƎŜ ǇǊƛƳŀǊȅ ǘƻ ǘƘŜ ǎŎƻǇŜΩǎ ƛƴǇǳǘΦ 

¶ To do the insulation tests, it is not enough to have a high voltage source but there should be 
a current limiting facility to protect the converter every time the short circuit happens in the 
insulation material. The SKHI 23/12 (R) drive circuit for IGBTs is selected to have a short 
circuit turn-off protection by VCE monitoring.  

The following equipment was used in the test setup: 

¶ IGBT full bridge converter, 10 kW, DC link 350 V, maximum switching frequency 45 kHz 

¶ HILO-test, HVT 240 R/CR wide frequency band (7.3 MHz), high voltage divider Ratio 12440:1 

¶ Step-up transformer: 600 V/22 kV, 333/9.1 A 

¶ Pico, TA044, 70 MHz High-voltage differential probe 

The circuit diagram for the 5 kHz insulation tests is presented in Figure 3-24 and the setup in Figure 

3-25. 
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Figure 3-24. Circuit diagram for the 5 kHz insulation tests. 
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Figure 3-25. IGBT full bridge converter, step-up high voltage transformer and high voltage wide band voltage divider. 

The test samples were prepared considering precautions given in IEC 60851-5 [96]. For each sample, 

two wire strands are twisted 33 times. A load of 0.85 N was applied during twisting the pairs. The 

rate of voltage increase was 100 V/sec. At least 5 test specimens were tested.  Figure 3-26 shows the 

prepared samples according to precautions of IEC 60851-5. 

  
Figure 3-26. Insulated wire samples prepared according to precautions of IEC 60851-5 

Unfortunately, мул ±κ˃Ƴ ƛǎ an ElektroisolaΩǎ typical value for 0.25mm Litz wire and no standard (IEC 

60851-5 for example) is followed and mentioned in the product specification. 2.5-3.0 kV is stated 

from the producer side as the breakdown voltage of the wire to ground (This can be interpreted as 

nearly 5 kV/ wire-wire insulation). The results for all three types of the tests is presented in Table 3-3.  

Table 3-3. Comparison of breakdown voltage at different frequencies on twisted strands of Litz wires 

DC 
50 Hz r.m.s. 

sinus 
5 kHz r.m.s. 

sinus 

6.9 3.5 1.2 

5.8 3.2 1.1 

4.6 2.9 1.1 

6.3 3.1 1.2 

6.2 3.4 1.1 

5.1 3.7 1.1 

Information from the producer Material Spec.     

Wall thickness ~73µm; ~2.5 ς 3.0 kV мул ±κ˃Ƴ  5.8 kV 3.3 kV 1.1 kV 

Compared with the ǾŀƭǳŜ ǇǊŜǎŜƴǘŜŘ ƛƴ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ŘŀǘŀǎƘŜŜǘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǊŜǎǳƭǘǎ Ŏŀƴ ōŜ 

presented: 

¶ Nearly 5.8/5.0= 1.2 times higher breakdown voltage for DC 

¶ Nearly 5/3.3= 1.5 times lower breakdown voltage for 50 Hz 

¶ Nearly 5/1.1= 4.6 times lower breakdown voltage for 5 kHz sinus wave form  
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The tests with 5 kHz square wave voltage can show much lower breakdown voltage results. It is 

shown in Table 3-3 how an increase of the frequency from 50 Hz to 5 kHz causes the withstand ability 

of the insulation material to be reduced from 5.8 KV under a DC excitation to 1.1 kV under a 5 kHz 

stress. The frequency spectrum of a square wave signal contains frequencies which are much higher 

than 5kHz. As explained in this section, the higher the frequency, the higher the stress on the 

insulation material.   This is a subject of future research. 

The rate of voltage-increase and the time of application of a fixed voltage before reaching the 

breakdown voltage will affect the final recorded voltage at the time of breakdown. Partial discharge 

starts at a lower voltage level than the breakdown voltage. The corona sound was clearly noticeable 

even where the voltage was one third of the breakdown voltage. The discharge destroys the ǿƛǊŜǎΩ 

insulation in the long run. Many efforts have been done to produce corona resistive motor winding 

wires [106], however corona resistivity does not mean corona free. The lifetime will be reduced 

anyhow. It is suggested to measure the partial discharge inception voltage for the actual conductor-

insulation-ground physical combination. Insulation system models should be based on transformer 

design and the actual ambient condition. PD inception levels should be measured, and the 

transformer insulation design should be based on critical voltage obtained from the experiment. The 

designed transformer should not experience partial discharge at its rated operating condition. 

In order to demonstrate the effect of application of a standard method (IEC 60851-5) compared with 

a simulated test procedure (presented earlier), a second series of tests were performed.   

The samples were 25 cm long twisted Litz wires. The voltage is applied between two bunches of 

twisted wires. The results are summarized in Table 3-4. 

Table 3-4. Comparison of breakdown voltage at different frequencies on 25 cm of twisted Litz wires 

 DC 50 Hz sinus 5 kHz sinus 

 2.9 0.8 0.90 

 1.9 0.4 0.92 

 2.6 1.3 0.91 

 3.0 1.3 0.89 

 3.4 0.8 0.90 

Maximum 4.1 2.0 0.92 

Minimum 1.6 0.4 0.89 

Average 2.9 kV 0.8 kV 0.9 kV 

Both series of results, obtained from a standard test and a simulated test, show that in a typical 

prototype transformer, the breakdown voltage can be several times lower than the figure presented 

ƛƴ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ǘŜŎƘƴƛŎŀƭ ǎǇŜŎƛŦƛŎŀǘƛƻƴΦ Lǘ ƛǎ ǎǳƎƎŜǎǘŜŘ ǘƻ Řƻ ƛƴǎǳƭŀǘƛƻƴ ǘŜǎǘǎ ƻƴ ǘƘŜ ǎƛƳǳƭŀǘŜŘ 

conductor-insulation-ground test setups, before attempting to start designing prototype 

transformers. 
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4 Prototype HVDC MFT design 
One the most serious attempts reported in literature for the insulation design of a prototype power 

electronic transformer is reported by Jaritz et. al [9]. He has reported the design and manufacturing 

of a 0.4/14.4 kV MFT with 115 kV insulation at its HV side to ground for the new linear collider at the 

European Spallation Source (ESS) in Lund (2.88 MW pulse modulators with pulsed output voltages of 

115 kV). However, all the insulation design is for an AC stress and only based on a kV/mm high 

voltage strength and the primitivity of the insulation materials values of the material used. Plastic 

materials in combination with synthetic ester are used for the insulation and a final AC insulation test 

is performed inside an oil tank. The oil used, has a high conductivity value which is in combination 

with a very low conductivity value of the plastic materials used which can result in a very uneven 

electrical field distribution under a high voltage DC stress. No report on a study on compatibility of 

the plastics in the oil is reported.  

Bahmani [3] is presented the design of a 50 kW, 1/3 kV, 5 kHz dry type transformer. The insulation 

design was based on a kV/mm high voltage strength values of the insulation materials used as coil-

former and to guarantee a safe insulation design a safety factor of 2 was considered. In some places 

of the transformer a non-uniform electric field exists that possibly will not be covered, even with the 

using a high safety factor. 

As a contribution, in this work a real DC insulation design concept is implemented which results in a 

more compact design (using actual voltage and temperature based conductivities instead of an 

application of permittivity based AC insulation design) as well as improving the reliability of the high-

voltage design (avoiding simplified kV/mm values for the sophisticated design procedure and 

eliminating the need for using a large safety factor). In addition, other parameters like partial 

discharge inception voltage (which is not avoidable in dry type transformers), insulation design for 

multi-layer insulation systems (which cannot be solved simply by adding kV/mm figures of the 

layers), non-uniform electric fields (at the corners of the design) and the effect of frequency on the 

ignition and development of discharges (which are not considered in the 50 Hz reference breakdown 

voltage values) are also considered. Finally, the behaviour of the transformer is studied under HVDC 

stress. 

As, the main task in this project is to present a reliable design method for a high HVDC insulation to 

ground, it was decided to design and manufacture one prototype transformer and based on the 

results, give guidelines for the design of an industrial scale transformer. Therefore, having an eye on 

the JaritzΩǎ and .ŀƘƳŀƴƛΩǎ ŎƻƴǘǊƛōǳǘƛƻƴǎ, and to go a step further, the following case is selected as 

the main target as prototype for verification of the design methodologies developed in this project: 

A prototype transformer of 50 kW, 0.4/5 kV, 5 kHz with the HVDC insulation to ground of 125 kV 

4.1 Prototype  magnetic  design 
The transformer design starts with having the following basic design input: 

¶ Output power, Pout = 50 kW 

o (The same with two previous prototypes and adopted to the available California 

Instrument 4500LX AC, 50 kW, 5 kHz, 150/300 V single/three phase PWM converter) 

¶ Voltage ratio, VLV/VHV = 0.42/4.5 kV/kV 
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o (The primary voltage adopted to the DAB bridge that will be available to connect the 

prototype transformer to it and the secondary voltage as an integer multiple of the 

primary voltage) 

¶ Switching frequency, f = 5 kHz 

o (According to [107] the highest power density of samples of medium frequency 

transformers are achieved at a frequency between 10-25 kHz. As the available 

California Instrument 4500LX source can only reach 5 kHz, this frequency is selected 

for the prototype transformer design) 

¶ Duty cycle D = 0.5 and relative rise time R = 0 

o (see Figure 2-1a)  

¶ Isolation Level, Viso = 125 kV DC  

o (The high voltage or secondary winding side DC insulation to ground) 

The following design was used from the basic design idea using the equations earlier mentioned in 

section 2.4):  

¶ Rated primary current, IT1(r.m.s.) = 50 kW / 421.8 V = 118.5 A 

¶ Rated secondary current, IT2(r.m.s.) = 50 kW / 4500 V = 11.11 A 

¶ Maximum allowed current density, Jmax = 3 A/mm2 

o (According to Litz wire ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ŘŀǘŀǎƘŜŜǘ ŦƻǊ ƻǇŜǊŀǘƛƻƴ ŀǘ фр°C) 

¶ Number of turns, N1 and N2 = 12 and 128 

o (As shown in Figure 4-2 in this way the voltage difference between two adjacent 

discs of the high voltage winding will be 4.5 kV/128 x 16 = 560 V which is less than 

0.9 kV and safe enough according to the experimental verification tests presented in 

section  3.5.1) 

¶ Magnetic core cross section, from (2-32) calculated as 5493 mm2 for Ferrite where  

Á Vrms1 is the rated voltage of the winding = 421.8 V 

Á Kc is the core filling factor Ғ 1 for Ferrite 

o (kc is the core filling factor or the ratio of effective to physical cross sections) 

Á N1 is the number of turns of the primary winding = 12 

Á Bm is the maximum working flux density of the core Ғ 0.32 T for Ferrite  

o (Ғ 80% of the saturation flux density [83]) 

Á f is the switching frequency = 5 kHz 

¶ A core is selected having a core window of highest dimensions achievable. The commercially 

available sample Epcos TDK type B67385U 126/91/20 (see Figure 4-1) is selected which has 

20x28= 560 mm2 as physical core area. This means that 10 core stacks including 20 U cores is 

suitable for the design. The maximum working flux density of the core will be 0.314 T. 

 
 

Dimension 
mm 
 
A= 28±1 
B=70±2 
C=126±4 
D=20±0.6 
E=126±4 
F=182±2 

Figure 4-1. Dimensions of an Off the shelf Ferrite core which is used for HVDC MFT prototype 
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¶ For the primary winding, considering 118.5 A as rated r.m.s. current, the space that the 

primary winding occupy in the core window will have a height of hw1 = 3.8 (hb1) x 8 (np1) x 4 

(Nl1+1) = 121.6 mm (Layer type winding using the Litz wire introduced in section 6.1.3) and 

the width of W1 = 2.5 (wb1) x 4 (m1) = 10 mm where hw1 is the primary winding height, hb1 is 

the Litz wire height used for the primary winding ,np1 is the number of parallel Litz wires of 

the primary winding, Nl1 is the number of Litz wires per layer of the primary winding, W1 is 

the width of the primary winding, wb1 is the Litz wire width and m1 is the number of layers of 

primary winding (see Figure 4-2). Note that the ideal magnetic height of the winding will be 

3.8 (hb1) x 8 (np1) x 3 (Nl1) = 91.2 mm. CǊƻƳ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ŘŀǘŀǎƘŜŜǘ ŦƻǊ the 181 x 0.2 

mm Litz wire, the maximum current density is 3 A/mm2 and the filling factor is 0.6. The actual 

current density will be 2.6 A/mm2. 

¶ For the secondary winding, considering 11.11 A as rated r.m.s. current, 3 A/mm2 as 

maximum current density and 0.6 as filling factor of the Litz wire, the space that the 

secondary winding occupy in the core window will have a height of hw2 = 3.8 (hb2) x 16 (Nl2) = 

60.8 mm (Disc type winding) and the width of W2 = 2.5 (wb2) x 8 (m2) = 20 mm where hw2 is 

the secondary winding height, hb2 is the Litz wire height used for the secondary winding ,Nl2 is 

the number of Litz wires per layer of the secondary winding, W2 is the width of the secondary 

winding, wb2 is the Litz wire width and m2 is the number of layers of the secondary winding ( 

see Figure 4-2). The actual current density will be x 1.95 A/mm2. 

¶  

126.0 mm

70.0 mm

HV Winding

LV Winding

126.0 mm

182.0 mm

28.0 mm

 

0.0
0.56

4.5 kV

0.0     0.42 kV  

(a) (b) 
Figure 4-2. Windings in the core window and their connection type; The position of the windings in the core window (a), 

Connection type of the windings (b) 

Before continuing with the other important magnetic design aspects which will be covered in section 

4.3 it is necessary to be sure that the insulation of the transformer is safely designed to withstand a 

predetermined HVDC stress between the HV winding and the other conducting parts of the active 

part. 
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4.2 Prototype i nsulation design  
The insulation design is mainly focused on the isolation of the high voltage (secondary) winding in the 

70x12 mm2 core window. The core is grounded and the LV (primary) winding will be stressed only 

with 0.4 kV to ground which can be assumed as grounded focusing on the very high 125 kV DC which 

is going to be applied to the HV winding. The transformer tank is of a plastic cylinder which has a 

suitable electrical insulation property. Therefore, considering the windingsΩ dimensions in the core 

window, the main task is to check if the winding-core clearance is enough to fulfil the DC insulation 

criteria if a step of 125 kV DC voltage is applied. 

A Non-Linear Maxwell-Wagner (NLMW) model is adopted for the MFT insulation design, which 

accounts for (at least) field and temperature dependencies of the electric conductivity of the 

constituting materials. 

The 50 kW MFT operates at biased 422/4500 V/V AC (5 kHz) and 125 kV DC voltages as mentioned 

earlier in the introduction to the section 4). The insulation system is built based on mineral 

transformer oil and Oil-Impregnated Pressboard (OIP) to fulfil the requirement of high DC voltage 

isolation to ground and a stabilized temperature condition.  

To minimize the number of sharp corners and to provide a better heat transfer between the windings 

and the core stacks, a polygonal design is considered (Figure 4-3) instead of the previously used 

planar designs [8]. This structure allows for installing OIP barriers to achieve a high voltage withstand 

level in a minimum space. Justifications of the OIP thickness and oil gaps widths were performed by 

considering the withstand levels of the overall dielectric structure obtained from the FEM simulation. 

Precautions were made to achieve oil gaps of the same size to let a smooth flow of cooling oil 

through the entire insulation system. 

Pressboard 

Barriers

HV

LV

Core

HV shield

 
Figure 4-3. Polygonal transformer design 

The NLMW model outlined in section 2.2.11.4 was utilized to estimate the withstand levels of the 

insulation system of the MFT prototype. The transformer geometry including its insulation system 

was implemented in COMSOL Multiphysics (LiveLink to MATLAB was used). The governing equations 

2-8) to (2-12) were implemented using respective modules in the software. The measured 

temperature and field dependent conductivities of oil and OIP presented in section 3.3 were utilized 

to establish the NLMW model. A set of simulations was conducted for optimizing the geometry of the 
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insulating barriers. The performance of each geometry was evaluated at temperatures 30, 50 and 

90°C. 

The calculations were performed assuming axisymmetric conditions that is rather close to the case 

when a single section of the core is considered. Time domain analysis was implemented to find the 

stresses at different time steps starting from the instant of applying a step DC voltage (1 s) to the 

final steady state (at 104 seconds). Figure 4-4 demonstrates the potential distribution and electric 

field on the insulation materials for the moment of application of voltage and after a long time. 

 

1
 s

 

  
 

1
0

0
0

0
 s 

  

  Electric potential contours Electric field 
    

Figure 4-4. Electric potential and field distribution at 1 and 10000 seconds in the oil/ OIP system 

As an example, the electric field distributions in the cross-section of the winding at 50 °C at 1, 60 and 

3600 seconds are shown in Figure 4-5. As expected, the results indicate clearly the high stress in the 

oil gaps at 1 s, which is gradually transferred to the OIP with time (compare with the plot for 1 hour).  

   
(a) One second (b) One minute (c) One hour 

Figure 4-5. Time domain analysis, electrical stresses at discrete time steps applying a step DC voltage. Surface: Electric 
field norm (kV/mm), Counter: Electric field potential, Streamline: Electric field 

The time variation of the field strength at two points at the corner of the HV shield (one in the OIP 

and the other in the adjacent oil gap) is shown in Figure 4-6. The stress at the point in the OIP, has 

decreased after experiencing a clear maximum at about 950 seconds. Similar analysis of the electrical 

stress in the oil gaps, OIP barriers and along creepage paths has been performed. 
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Figure 4-6. The time variation of the field strength at two points at the corner of the HV shield  

The dynamic behaviour is characterized by the time constants O̱ilҐOʁilκÒil and O̱IPҐOʁIPκÒIP. The 

relative dielectric permittivity of the materials can be assumed to be constant at the operational 

conditions of the transformer and equal to typical values of 2.2 and 4.4 for oil and OIP, respectively 

[66]. In contrast, the electric conductivities depend on temperature and electric stress as 

demonstrated in this work. According to Table 3-1, to cover all possible combinations of oil and OIP 

conductivity ratios, three different conditions were considered, namely, CR=294 for 30 °C, CR=29 for 

50 °C, CR=1 for 90 °C.  

Seven different critical points were selected to represent the time dependent stress under these 

three conditions (see Figure 4-7).  

 
Figure 4-7. The geometry of the transformer and the points in which the electric field are obtained 

As shown in Figure 4-8, the time to reach to steady state at 30 °C with CR=294 is about 105 seconds 

which is much longer than the stabilization time for 50 °C with CR=29. Meanwhile, the time for 90 °C 

with CR=1 is very short. In addition, a double exponential curve with a clear maximum occurs for 

both P1 and P4, which reveals that considering only the initial and final stress distribution is not 

enough for a practical insulation design method and such local maximums must be investigated 

carefully and limited as much as possible. The stresses on P6 and P7 at the lateral side of the HV 

winding indicate the stabilizing time of about 104 seconds for 30 and 50 °C. However, this time span 

is much shorter than the 300 second value found for 90 °C. A single exponential stress variation can 

be observed for both locations. 
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Figure 4-8. The electric field at P1 to P7 at different temperatures 

4.2.1 Oil gaps and OIP barriers design 

To identify the safety factor for each oil gap as well as the maximum stress at each OIP barrier, 

electric field streamlines originating from the points with the highest electric field in the transformer 

were utilized (Figure 4-9a). The field strength was obtained for every single streamline on each time 

step. Based on the streamline shown in Figure 4-9a by a thick red line, the field strength along the 

streamline is shown in Figure 4-9b. The variations of the values of Ebd, Esorted and Eav are presented in 

Figure 4-9c. Further, the safety factors for the oil gaps were calculated using (2-2) to (2-4) and the SF 

curves of the oil gaps and presented in Figure 4-9d. 

 

 

 

(a) (b) 

  
(c) (d) 

Figure 4-9. A sample simulation at 125 kV, 50°C; Streamlines originating from the points with the highest electric field 
and a red sample streamline (a), The field strength along the red streamline (b), The sorted stress Esorted, cumulatively 

integrated Eav curves compared with gap withstand curves Ebd (c), Safety curves SF (d) 
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For the insulation design of conventional AC transformers, the safety factor of the oil gaps is 

considered to be SF>1.0 [65]. In this case, dependencies of the electrical conductivity of oil and OIP 

on moisture content, electrode materials and their coatings shall also be considered. In addition, as 

already explained in section 2.2.10,  the electric field distribution in the HVDC oil-paper insulation 

systems does not fully comply with the LMW model. For these reasons, higher safety factors are 

considered as acceptable in this study for the DC insulation design. For the same reason, for the 

paths in the 4 mm OIPs the maximum stress of 20 kVr.m.s./mm are considered as critical [63]. 

A MATLAB script has been developed to determine the oil gaps with low safety factors and OIP 

barriers with high stress for further repetitive manual optimization of the design. For example, in 

Figure 4-10 the critical regions of the oil gaps and OIPs for all time steps are presented for the applied 

voltage of 125 kV. It should be mentioned that for all time steps at temperatures 30°C, 50°C and 

90°C, the minimum safety factor reached 1.67 in the oil gaps and the maximum local stress in the 

nonuniform field can be as high as 27.3 kV/mm in the OIP. 

 
Figure 4-10. Critical regions for all the time steps at applied voltage 125 kV are shown for oil gaps (red) with minimum SF 

and OIP barriers with maximum stress (blue) for temperatures 30, 50 and 90°C 

4.2.2 Interface insulation design 

To identify the safety factor for the oil-OIP interfaces, the tangential electric field on the existing 

creepage paths at all the time steps are considered. Figure 4-11 presents a summary of the 

simulations of the fields along a sample oil-OIP interface at 125 kV, 50°C and 1 second performed 

with the NLMW model.  

 

 

 

 

(a) (b) 

  
(c) (d) 

Figure 4-11. A sample simulation at 125 kV, 50°C and 1 second; a sample oil-OIP interface (dashed red) (a), E-field along 
the creepage path (b), Esorted, cumulatively integrated Eav and Ebd curves (c), Safety curves SF (d) 


































































