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Multiphysics Analysis of High Frequency Transformers Used in SST
with Different Magnetic Materials
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Abstract—Solid State Transformers (SSTs) are emerging as the major component of a smart grid
system. High Frequency Transformer (HFT) is the key element of SST. The optimum design of SST is
a critical task due to the complex design of magnetic, electric, and dielectric circuits of high frequency
transformer and due to the design of power electronic circuits used at either side of HFT. The most
significant among the above is the design of the magnetic circuit and the possibility of using different
magnetic materials for high frequency applications. This paper discusses the performance analysis of
HFT for different magnetic materials used for core construction. The magnetic materials considered in
this analysis are amorphous, nanocrystalline, and si-steel. The optimum HFT design is selected from
a set of designs using an iterative algorithm, considering each core material separately. Validation of
the design is done in Finite Element Method (FEM) analysis software. The design of a high frequency
transformer, which is integrated with 1000 kVA 11 kV/415V SST, is investigated both analytically and
numerically, with optimum designs developed using three core materials.

1. INTRODUCTION

With the introduction of green technologies, carbon emissions are reduced around the world. Green
technology refers to the design and development of ideas, products, and processes that promote
sustainable development. Energy conservation, waste recycling, pollution prevention, green product
design, etc. fall under green technology [1]. Electrical energy can be conserved by adopting suitable
control and communication techniques in power generation, transmission, and distribution [2], which
indirectly helps to reduce the total power generation to meet the desired load demand [3]. The
reduction of total power generation reduces fossil fuel-based power generation’s share. All these
aspects of the power systems are incorporated into the evolving smart grid technology [4, 5]. It is
essential for smart grid technology, to replace conventional low frequency distribution transformers with
solid state transformers, which is a high frequency smart transformer, controlled by power electronic
devices/converters [6].

The structure of SST consists of three stages, front-end rectifier stage, DC-DC converter stage, and
back-end inverter stage as shown in Fig. 1 [7]. DC-DC converter stage consists of a high voltage DC-AC
inverter, high frequency transformer, and low voltage AC-DC converter. One of the major challenges
in the design of solid state transformers is the development of power electronic circuits for converting
low frequency supply to high frequency supply on the high voltage (HV) side and vice versa on the low
voltage (LV) side. Another major challenge is the design of a High Frequency Transformer (HFT) [8].
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Figure 1. Structure of SST.

An iteration-based design algorithm is presented in this paper for the optimum design of high
frequency transformers to minimize Total Owning Cost (TOC). Validation of the developed algorithm
is carried out using finite element analysis techniques. TOC is the sum of the initial cost of the
transformer and the cost of energy losses during its lifetime. For a specific rating of SST, TOC changes
only with changes in the parameters of HFT. The power electronic circuits required for SST remain the
same. So the optimum TOC of HFT can be taken as the optimum TOC of SST [9]. The optimum design
to minimize the total owning cost of HFT is done with three different magnetic materials mentioned in
the paper abstract.

The optimum design of a high frequency transformer, to minimize TOC is done by the proper
selection of dimensions of the components and reducing the cost of losses [10]. The smart grid technology
also necessitates the minimization of the size and weight of SST [11], which is possible by selecting the
corresponding parameter as an objective function (instead of taking TOC), for the optimum design
of HFT in the SST structure. In all the above mentioned objective functions, the core structure of
HFT decides its size and weight, so the selection of core material and design of core dimensions are
critical requirements in optimum HFT design. The desirable features of the magnetic material used for
high frequency transformer core are high saturation flux density, low specific core loss at high power
and medium frequency operation, and high continuous operating temperature [12]. The soft magnetic
materials used for the core construction of HFT are amorphous, nanocrystalline, si-steel, and ferrite [13].
Due to low saturation flux density, the ferrite core is not preferred for high power medium frequency
application.

The design of a 1000 kVA, 11 kV/415V, high frequency transformer for a three phase SST is detailed
in this paper. The design is based on an iterative algorithm, and its validation is done using finite element
analysis. The objective function considered for the optimum design is the minimization of TOC. The
design of HFT discussed in [14] describes the selection of optimum design with one core material. The
finite element analysis of the design developed in [14] is validated in [15] using FEM software. In this
paper, the algorithm developed in [14] is further modified by including flux density as an additional
iterating variable. This paper is arranged into five sections starting with an introduction in Section 1.
The optimum design of high frequency transformer is explained in Section 2. The iterations are done
using three different core materials, viz., amorphous metal 2605SA1, nanocrystalline metal FT-3TL, and
special si-steel 10JNEX900. The results obtained are compared by considering TOC, weight, losses, and
temperature rise. Section 3 deals with the multi-physics analysis of the optimum design developed in
Section 2. Section 4 discusses the results and comparison of different designs, and Section 5 concludes
the paper with major findings.

2. OPTIMUM DESIGN OF HIGH FREQUENCY TRANSFORMER

The optimum design of high frequency transformer is done by formulating an iterative algorithm using
the Brute Force technique [16]. This algorithm calculates the design for each variation of each input
parameter. Those designs that satisfy all constraints are stored, and others are discarded. Even though
this method requires more storage space and processing speed, the availability of high end processors
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at affordable rates made this algorithm more popular now. The result obtained using this algorithm
is highly accurate compared with any other meta-heuristic algorithms. The program developed using
this algorithm has the option for entering all HFT design parameters as input. Another feature of
this program is the option for selecting one among the three core materials suitable for high frequency
applications. The optimum design with each core material is calculated separately by selecting the
corresponding core material in the program developed for iteration. A detailed description of the
optimum design of a high frequency transformer considering the above aspects is explained in the
following sections.

Figure 2. Flow chart of the design algorithm.
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2.1. Formulation of Iterative Algorithm

Flowcharts are the simplest method for representing an algorithm. The steps involved in the design
algorithm are detailed in the flowchart shown in Fig. 2.

Design specifications such as power rating, HV and LV voltage ratings, cost of raw materials, loss
capitalization, and design constraints are entered as input. The selection of core material and AC test
voltage is done from the available data set. The range of iterating variables such as frequency (f),
maximum flux density (Bm), transformer constant (k), core dimension (wc), dimensions of LV (wlv,
tlv), and HV (whv, thv) are also given as input. Calculate phase voltages and line currents of HV and
LV, and volt/turn from the initial value of k. Find LV turns and round off to the nearest integer value
and recalculate volt/turn and find out HV turns and round off to the nearest integer value. In core
dimension calculation, the net core area is obtained from the basic transformer electromotive force (emf)
equation. The gross core area is obtained by considering the stacking factor, finally, recalculating flux
density for calculating the dimensions and weight of the core, and no load losses are calculated from
these data. Winding design is done by calculating the conductor dimensions, number of layers, and
hence I2R losses, eddy current losses, and load losses. Once the design of HFT for a single iteration
is done, check whether the design meets all the constraints considered in the algorithm. The design
which satisfies all these constraints are shortlisted, and the program increments the iterating variables
for the next design. The optimum design with minimum TOC is selected from the shortlisted ones,
after completing all iterations. The time taken to iterate the program developed based on this algorithm
depends on the step size, and hence the number of iterations of the individual design variables. Another
advantage of this program is the flexibility of performing iteration for a design with new specifications
by entering the new input parameters.

2.2. Selection of Magnetic Material

In high frequency transformer design, the choice of soft magnetic material determines cost, size, and
efficiency. So the parameters and properties of the magnetic material must be carefully analyzed before
finalizing a specific material. Specific core loss and saturation flux density are the two critical parameters
considered for the selection of magnetic material. These parameters along with other parameters, which
are significant for the core design are consolidated in Table 1 [17–19].

Table 1. Specifications of the core material used.

Core

Materials

Specific Core

Loss (W/kg) at

0.5T and 2 kHz

Saturation

Flux density

(T )

Stacking

Factor

Thickness of

lamination

(mm)

Density

(kg/m3)

Rate

($/kg)

Amorphous

(2605SA1)
5.54 1.56 0.84 0.025 7180 3.5

Nanocrystalline

(FT-3L)
2.9 1.2 0.75 0.0178 7300 6.27

Si-steel

(10JNEX900)
13.7 1.8 0.9 0.1 7490 3

The high specific core loss of si-steel at high frequencies limits its use in HFT designs even though
it has a superior saturation flux density. Compared to si-steel, amorphous material has low specific
core losses and moderate saturation flux density, which makes it ideal for high-frequency high-power
applications. Even though nanocrystalline material shows superior performance in terms of specific core
loss and moderate saturation flux density, its manufacturing cost is considerably high. In summary,
nanocrystalline, amorphous, and silicon steel are suitable for HFT construction, and the designer can
select one from these to get optimum design based on the objective function, customer demands, and
other physical factors such as availability, transportation, and delivery time.
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2.3. Selection of AC Test Voltage

An AC voltage is applied to the HV winding of the transformer while earthing the LV. This test is
performed to check the strength of insulation between winding and earth and also between HV and
LV windings. Provision is given in the algorithm to select AC test voltage from a list of four voltages.
AC test voltages applicable to 11 kV class transformers are 28 kV, 38 kV, 50 kV, and 70 kV [20]. The
standard clearance details based on the test voltage are given in Table 2.

Table 2. Clearance details in mm based on AC test voltage.

AC Test

Voltage (kV)

Phase to

phase

HV-LV

gap
End strip

Thickness of

conductor

insulation

HV to

core

(limb)

Winding to

core (yoke)

28 9 11 20 0.4 20 25

38 11 12 20 0.4 25 25

50 15 15 25 0.5 35 25

70 20 20 30 0.6 50 30

2.4. Calculation of Design Parameters of HFT

Initialization of the algorithm and calculation of the parameters of designs are done based on the
selection of specification, core material, and AC test voltage. The range of iterating parameters or
variables are selected to get the optimum design for a particular HFT specification. The calculation
steps of this iterative algorithm can be analytically explained by the following mathematical equations.

Gross core area of one limb = Ag/2 = (width× thickness of lamination) (1)

The thickness of lamination should be between 1/3 and 1/2 of its width as per industry standards. The
gross core area can be calculated from the net core area and stacking factor

Ag = Ai/Stacking Factor (2)

Ai = Et/(4.44fBm) (3)

where Et represents the volt/turn of HFT which is equal to k.
√
Q (where k is the transformer constant,

and Q is the kV A rating of the transformer); f is the frequency of operation in Hz; and Bm is the
maximum flux density in Tesla. From (1)–(3) the maximum and minimum widths of laminations
are obtained. To reduce the eddy current effect in high frequency operation, foil type winding and
rectangular winding are used for LV and HV, respectively. Wound core construction is adopted in core

Figure 3. Three phase HFT structure.
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design to reduce joints. Three phase HFT structure is shown in Fig. 3. Windings are placed in three
central limbs, and one limb is dedicated to one phase. LV winding is placed near the core, and HV
winding is wound over LV. Clearances are provided based on the details given in Table 2.

The TOC is computed by taking the core loss and load loss along with the initial cost of HFT.
Core loss is calculated using the original Steinmetz equation [21]. Skin and proximity effects are also
taken into account with I2R losses in load loss calculations by adopting Dowell’s formula, which is the
most accurate equation for calculating load loss in high frequency [22]. Percentage reactance expression
for impedance calculation is referred from [23], and fault current temperature rise is calculated with the
expression given in [24]. Any design must meet a set of constraints for smooth working under normal
operating conditions. Each HFT design must work below the threshold limit of working flux density,
fault current temperature, percentage impedance, and temperature rise under full load. The optimum
design with the lowest TOC is calculated using (4) and is selected from a set of designs that satisfy all
the constraints.

TOC = Initial Cost of Transformer in $ +A×No Load Losses +B × Load Losses (4)

where A is the cost of no-load loss, and B is the cost of load loss, which are measured in $/W . The
initial cost of HFT depends on design parameters and construction details along with materials used.
The optimum design for each core material is obtained by iterating the algorithm separately for three
core materials.

2.5. Optimum Design Selection: Case Study with Nanocrystalline Core Material and
28 kV AC Test Voltage

The range of iterating parameters of the design with nanocrystalline core material and 28 kV AC test
voltage condition are given in Table 3.

Table 3. Range of iterating parameters of high frequency transformer.

Iterating Parameters
Design Parameters

Min. value Max. value Step size No. of iterations

Frequency (Hz) 400 4000 200 18

Flux density (T) 0.2 1.2 0.1 10

k value 0.48 2.4 0.12 16

HV conductor width (mm) 6 8.01 0.67 3

HV conductor thickness (mm) 0.8 1.49 0.23 3

LV foil thickness (mm) 0.7 1.3 0.2 3

LV foil width (mm) 300 550 50 5

The upper and lower limits of the parameters for iteration are decided based on the following
factors:

2.5.1. Frequency

Several iterations were performed initially by giving a wide range of frequency, material cost, and
capitalization rates. It is observed that the optimum results were in the frequency range of 400Hz to
4000Hz. Hence, the range of frequency for iteration is taken from 400 to 4000Hz.

2.5.2. Flux Density

The upper limit of it is the maximum allowable flux density of the particular core material considered.
However, the practical results are obtained within the range of 0.2T to 1.2T, and hence the range is
selected.
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2.5.3. k Value

This is the transformer design constant to set the initial value of volt/turn. A high value of k gives
a design with more core weight. The maximum and minimum limits are selected after performing
iterations on a wide range, and the range where optimum results are obtained is taken here.

2.5.4. HV and LV Conductor Dimensions

The lower limit is set by selecting a dimension that will give a short time temperature rise under fault
conditions less than 350◦C allowed by IEC 60076 standard. The upper limit of dimensions is finalized
based on iterations, using a wide range of variables.

Machine specifications, rate of materials, capitalization cost, and cut-off values, to iterate the
algorithm for optimum design of HFT are given in Table 4. For other core materials, the corresponding
data range for design parameters and specifications needs to be provided for iteration. This algorithm
is designed to generate accurate results for SSTs used for distribution applications with power ratings
in and around 1000 kVA and can work with various HV and LV voltages as required for the operation.
The optimum design obtained after iterating the algorithm with each core material is shown in Table 5.

Table 4. Machine specifications and cost details.

Machine specifications Capitalization cost

kVA Rating of Transformer 1000 Energy Cost 0.07 ($/kWh)

LV Voltage (V) 415 Life Cycle (Yrs.) 25

HV Voltage (V) 11000 Discount Rate 12%

Rate of material Cut off values

Nanocrystalline ($/kg) 6.27 Bm (T) 1.2

Rate of Copper ($/kg) 7.84 %Z 15

Rate of Insulation ($/kg) 7.56 Max. Temp. at short circuit 350◦C

Table 5. Design parameters of high frequency transformer.

Parameters

Optimum Design Data

Nanocrystalline

(FT-3L)

Amorphous

(2605SA1)

Si-Steel

(10JNEX900)

Rated Power 1000 kVA

Rated Voltage (LV) 415V

Rated Voltage (HV) 11 kV

Flux density 0.376T 0.943T 0.247T

Frequency of operation 2200Hz 600Hz 1330Hz

No Load Losses 670W 1141W 1696W

Load Losses 3050W 2683W 4246W

Number of turns (HV) 210 210 293

Number of turns (LV) 5 5 7

Conductor dimensions (HV) 0.8× 7.34mm 1× 7.7mm 1.14× 7.7mm

Conductor dimensions (LV) 0.7× 500mm 1.3× 300mm 0.7× 500mm

Weight of HFT 440 kg 510 kg 860 kg

Capital Cost of HFT 3100$ 2600$ 4100$

TOC 10700$ 12000$ 18900$
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From the results obtained, the design with nanocrystalline material has the advantage of TOC over
other core materials, and the weight is comparatively lower.

2.6. Reliability Analysis of the Developed Iterative Algorithm

Reliability analysis is a measurement technique used by researchers to check the stability of their research
findings. The general purpose iterative algorithm for HFT design has undergone a reliability analysis
process by considering nanocrystalline as the core material. A large range is used for the iterating
parameters as part of the initial execution of the program, with a small iteration count. The next level
of execution is done by confining the range of parameters and increasing the total iteration count. This
process continues until it converges to a TOC difference less than 1%, from the previous execution. A
detailed description of these processes can be found in Table 6. Since the variation between the sixth
and seventh iterations is less than the initially set tolerance limit, the iteration has stopped with the
optimum value of 10700$. The variation of these iteration convergence is shown graphically in Fig. 4.

Table 6. Iteration convergence details for the optimum TOC value.

Sl. No Number of Iterations TOC ($) % variation from the previous TOC

1 129600 13200 -

2 172800 12500 5.6

3 216000 11900 5.04

4 259200 11400 4.38

5 302400 11000 3.6

6 345600 10800 1.8

7 388800 10700 0.93

Figure 4. Iteration convergence plot.

After obtaining the optimal value of the TOC, it is verified again by changing the step size of
individual parameters without varying the total iteration count. In all cases, the TOCs obtained are
within the range of 1% deviation from the optimal value as shown in Table 7 and Fig. 5. So the design
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Table 7. Reliability analysis of the optimum TOC design.

Sl. No TOC Value ($) Deviation from the optimum value (%)

1 10700 0.00

2 10710 0.09

3 10720 0.19

4 10725 0.23

5 10730 0.28

6 10735 0.33

7 10740 0.37

8 10750 0.47

Figure 5. Percentage deviation from the optimum design.

developed is finalized based on the reliability of the results obtained. The validation of the optimum
design is done using the finite element analysis technique. The finite element model of the optimum
design developed with nanocrystalline core material is detailed in the following section.

3. MULTI-PHYSICS ANALYSIS OF THE OPTIMUM DESIGNS

Finite Element Analysis (FEA) is defined as the process of using numerical mathematic techniques to
understand, analyze, and predict the response of a model developed using finite element techniques. In
FEM, the structure of an object is broken down into multiple elements. Based on the type of elements
(1D/2D/3D and linear or quadratic) nodes are created, and these nodes are joined to form meshes in
the model. Every element in the model can be represented using a set of partial differential equations
which are solved using FEA enabled softwares. “Ansys” software is used in this work for performing
the FEA of the high frequency transformer.



138 Joseph et al.

3.1. Modeling of the Optimum Design in FEM Software

High frequency transformer structure is modeled in the “Ansys Maxwell” platform following the
optimum design dimensions. In the actual SST model, input supply to HFT is fed from the output
of a high frequency high voltage DC-AC inverter as mentioned in Section 1. This inverter output
voltage expression is created in the “Ansys Simplorer” platform using mathematical modeling. Finally,
the temperature rise in the model developed in Maxwell is performed in “Ansys Mechanical”. So a
coupling among these three modules or platforms is required for the analysis of the optimum design.
This coupling is broadly defined as multiphysics analysis. Physicists define multiphysics analysis as the
simultaneous simulation of various physical aspects of a system, such as electric, mechanical, thermal
ones. The block diagram model of the multiphysics analysis of HFT is shown in Fig. 6.

Figure 6. Multiphysics analysis block diagram of HFT.

While developing the hardware model testing is done by giving the inverter supply to the LV side
of HFT, so in FEM analysis inverter supply is given to the LV winding to match the hardware testing
condition. The non-sinusoidal input is given by formulating the Fourier series expression for five level
inverter to obtain a per phase LV voltage of 251V. The instantaneous voltage of LV winding is given
by expression (5)

Van(wt) =

∞∑
i=1,3,5

Vdc

π · n
(cosnα1 + cosnα2) · sinnwt (5)

where Vdc is the LVDC link voltage, and α1, α2 are the firing angles of five level diode-clamped
inverter. By adjusting the values of these firing angles, the harmonics present in the output can be
reduced significantly. This non-sinusoidal excitation is given to the LV winding of the high frequency
transformer from sources given in the simplorer module as shown in Fig. 6. For developing a 11 kV/415V
SST, the HFT used must have a voltage rating of 10.5 kV/435V considering the output voltages of
various converters/inverters connected at the two sides of the HFT in the SST structure. The input
voltage waveform given to the transformer winding is shown in Fig. 7. This waveform is developed by
substituting α1 = 20, α2 = 60, and Vdc = 775V in (5). The model is iterated for 2msec time, so there
is a slight change in rms value, which will not arise in practical running conditions. The transformer
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Figure 7. Input voltage given to HFT.

model developed in Ansys Maxwell has the same range of operating parameters obtained in the iterative
algorithm which is mentioned in Table 5.

3.2. Waveforms and Observations of the Optimum Design in FEM Software

The output voltage and current waveform of the 1000 kVA, 10.5 kV/435V high frequency transformer
modeled in FEM software is shown in Fig. 8. It is observed that the r.m.s value of the output voltage
measured on the 10.5 kV side is around the same value, and the slight changes in values are due to the
small range of measurement i.e., 2msec iteration.

TOC of the transformer depends on core loss and load loss, hence the losses obtained by the
analytical method mentioned in Table 5 are validated in FEM. Fig. 9 shows the plots of core loss and
load loss as a function of time, and it is found that the results match with analytical ones.

Magnetic saturation is another major challenge in high frequency transformers. For verifying this,
flux density distribution is taken in Maxwell, and the same is shown in Fig. 10. It is verified that the
maximum flux density is less than 1.2T.

The same pattern of observations is obtained for the design with amorphous and si-steel core
materials. The results and comparison are explained in the next section. For performing temperature
rise calculations, Ansys Maxwell is interconnected to Ansys Mechanical through Workbench. The
simulation performed in Ansys Mechanical gives the temperature distribution, and the same is shown
in Fig. 11. It is found that the temperature rise is well below 100◦C. This is done by exporting losses
from Maxwell to Mechanical by importing the “heat generation” option. The heat generated inside
the transformer is transferred to the surroundings by the convection method. A convection boundary
is created in the model exported in the mechanical platform, and the convection coefficient value is
assigned as 10W/m2◦C.

Multiphysics analysis performed in Ansys software gives the values of various parameters such
as flux density, core loss, load loss, and temperature rise. These parameter values match with the
analytical results calculated using the iterative algorithm. Hence, the authors validate the optimum
designs developed using three different core materials by comparing results and verifying that all designs
satisfy all constraints given for the design selection in iterative algorithm.

4. RESULTS AND DISCUSSION

The iterative algorithm developed using the Brute Force technique is validated using finite element
analysis. The optimum designs with three different core materials are considered for validation by
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Figure 8. Output voltage and current waveform.

Figure 9. Core loss and load loss plot of HFT.
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Figure 10. Flux density distribution plot of HFT.

Figure 11. Temperature rise distribution of HFT under full load condition.

Table 8. Analytical vs numerical results.

Parameters
Nanocrystalline Amorphous Si-steel

Analytical

Results

FEA

Results

Analytical

Results

FEA

Results

Analytical

Results

FEA

Results

No Load

Losses (W)
670 661 1141 1090 1696 1648

Load Losses

(W)
3050 3031 2383 2618 4246 4133
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developing the FEM model. The loss characteristics, flux density distribution, and temperature rise of
the design with nanocrystalline core material were narrated in Section 3. The optimum design with
amorphous and si-steel core materials is also successfully modeled in Ansys software. Table 8 shows the
consolidated design results of three optimum designs discussed in this paper which meet all constraints
of the designs. Hence, the authors confirm the reliability of the iterative algorithm with the help of
engineering simulation software.

5. CONCLUSION

The optimum design of HFT for SST application is a requirement in the smart grid environment.
The minimization of total owning cost is the most significant objective function for an SST because
it encourages the manufacturer to use materials and design to reduce the cost of losses during its
lifetime. By developing an iterative algorithm, the authors of this paper try to reduce the optimum
design calculation burden of people working in the field of SST development. The optimum design
discussed in this paper reveals that the design with nanocrystalline core material gives the lowest TOC
for the given input conditions such as capitalization cost, rate of material, and cut-off values. If another
manufacturer or researcher requires a design with another set of values for these parameters, then the
optimum design will be different from the one obtained here. If researchers working with the algorithm
want to change the objective function to a minimum foot print, then they can easily change it by
changing the option to a minimum foot print. Similarly, minimum weight or minimum capital cost is
also given as an objective function. Eight parameters are simultaneously iterated, and four constraints
are checked for each design, which shows the authenticity of the developed design.

Finite element analysis is considered as one of the efficient simulation methods, which models
the system by considering the physical system parameters. Finite element analysis of HFT is done
by modeling it in the Ansys Maxwell platform, and a non-sinusoidal signal is given from the Ansys
Simplorer platform to excite the physical HFT model. The losses are exported to Ansys Mechanical,
and temperature rise test is performed. It is found that the FEM model of HFT satisfies all constraints.
Hence, the authors have validated the iterative algorithm with three different core materials and
proposed the scope of this algorithm for different objective functions and input parameters.
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