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Abstract: The medium frequency transformer (MTF) is a key component of various new DC–DC
converters that are designed for applications in modern electrical power grids at medium and
high voltage. To attain the high performance that are necessary for targeting these applications,
MFTs should have high power density and high efficiency as characteristics. For this endeavor,
newly designed MFT procedures, which also take advantages of new core materials, are under
investigation. Differently to other design proposals, most of which use conventional transformer
design procedures based on equating core losses to copper conduction losses, in this paper, an MTF
with a nanocrystalline (VITROPERM 500F) core is designed with a new procedure that is oriented in
aiming the maximum flux density (Bmax). The characteristics of the MFTs that are obtained by using
this procedure are compared with those of the MFTFs that are designed with a conventional procedure.
The results show that by using the proposed technique, we get a 25% reduction in the winding size, a
higher power density, and a lower MTF building cost while maintaining a high efficiency (>98%).
The design methodology is developed through a rigorous mathematical analysis that is verified with
computer simulations in Matlab-Simulink and validated with experimental results from two MTF
laboratory prototypes designed at a flux density of 0.9 T (75% Bmax) and 1.2 T (Bmax).

Keywords: converter DC–DC; electric vehicles; renewable energies; solid state transformers

1. Introduction

One of the leading research goals regarding high or medium frequency transformers is the
increase power density while maintaining a high efficiency (98%) [1–6]. These characteristics open
many opportunities to these transformers in a wide range of applications in electrical distribution
grids [1,7–9]. In this paper, we report our research efforts on designing medium frequency transformers
(MTFs) from a different point of view than the conventional ones. The MFT is fundamental in the
development of new DC–DC converters that operate as part of a) photovoltaic systems [2], b) wind
power systems [3], c) solid-state transformers [10], d) electric vehicles [11], e) diesel generators [12,13],
and f) smart grid interfaces. It is worth mentioning that a high-power density that is maintained at a
reasonably high efficiency is desired in DC–DC converters, as well as in MTFs.

In order to design MTFs at a medium-voltage range, several materials have been studied and
analyzed. Among all of them, nanocrystalline-alloys have shown great potential [4]. Nanocrystalline
materials exhibit desirable features at a medium-frequency range that allow MFTs to get higher power
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density and efficiency values than with other materials such as silicon steel, ferrites, and different
amorphous materials [10]. The nanocrystalline materials combine the advantageous properties of soft
magnetic materials, such as a high magnetic saturation [14], with their own properties. These properties
are preserved even at higher frequencies and temperatures [15,16]. Therefore, nanocrystalline magnetic
cores are greatly suitable for designing medium voltage, medium frequency transformers. However,
the design of transformers with this type of core is not straightforward, and more research on design
procedures is needed [17]. Improved nanocrystalline magnetic core designs also have opportunities in
various other applications [18,19].

The flux density (Bac) that was reported in [5] for MTFs that were designed with nanocrystalline
cores is 75% (0.9 T) of its maximum density flux, Bmax = 1.2 T. For other core materials, e.g., a silicon
steel, the design of transformers at the medium-frequency range is carried out at Bac = 0.5 T and
1 kHz [6] because if the maximum flux density is reached (Bmax), then the core losses will increase
and result in an efficiency reduction below the minimum required reduction of 98%. However, if the
operating frequency for silicon steel core MTFs is reduced to 600 Hz, as required by the design, then Bac

will increase to 0.6 T [3]. In this case, such a value of Bac is far below the Bmax value that can be obtained
with nanocrystalline materials. It is worth mentioning that in a design, the higher the needed MTF
power density, the higher the required flux density (Bac).

The usual value of Bac for amorphous materials in MTFs operating at 3.6 kHz is 0.5 T [20]. Using
higher flux density in these materials results in higher core losses and lower transformer efficiency.
Moreover, core losses at Bac = 1.2 T and 5 kHz are lower for nanocrystalline (Bmax = 1.2 T) than for
amorphous materials (Bmax = 1.5 T) [20]. Other materials for MTFs cores, such as ferrites, are in use for
frequencies greater than 20 kHz at Bac = 0.35 T [20]. This value of Bac is far lower than the one obtained
with nanocrystalline materials (0.9 T) [2].

It must be stressed that previous research efforts have overlooked the opportunity to design
nanocrystalline cores for MFT-based DC–DC converters with a maximum flux density under certain
conditions. Besides this latter consideration, it is also possible to get a reduction in the number of
winding turns of the MTF and a higher power density while maintaining a high efficiency (98%) by
using a new design procedure. DC–DC converters, with a boosted power density characteristic, can be
applied to a) the interconnection of photovoltaic systems, b) electric vehicles, c) solid-state transformers,
and 4) built-in wind generators. The classical design theory of conventional transformers [21] states
than an optimal design is achieved once the core losses are equal to the copper conductor losses. By
taking into consideration the idea that core losses for nanocrystalline materials are much lower than
copper conduction losses, we can learn that such classical theory cannot be applied to nanocrystalline
materials. Therefore, further research efforts are required to determine the conditions for which power
density can be increased while maintaining a high efficiency in nanocrystalline cores. This point is
addressed in the present paper.

Contributions From This Work.

The main contribution of this paper is the introduction of a novel design procedure that gives
MFT designers a cutting-edge tool for designing efficient MFTs for DC–DC converters at a maximum
flux density. These converters have a niche of opportunity in building smart grid environments.

To assess the effectiveness of this proposal, two MFTs with nanocrystalline cores were designed at
a medium frequency range. The first MFT, MFT1, was designed at 75% of its maximum flux density
(0.9 T). The tests on MFT1 show that the core losses were far lower than the winding losses. Encouraged
by this last result and the favorable thermic properties of nanocrystalline materials, we designed the
second MFT, MFT2, at a maximum flux density, Bmax = 1.2 T. The results were: 1) a 25% reduction in
the transformer winding, 2) a higher power density, and 3) a lower MTF building cost. These values
were achieved while maintaining a high efficiency (> 98%). Thus, an accurate transformer performance
is evidenced in the math analysis, the computer simulations, and the experimental results when using
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a prototype working at 1 kVA and 250V at 5 kHz. All these results confirm the effectiveness of the
design procedure presented in this work.

This paper is organized as follows. Section 2 introduces the medium-frequency transformer
design procedure and transformer designs at 75% and 100% of Bmax. Section 3 presents the calculation
of the two MFTs, the simulations, and the two MFT prototypes. Section 4 shows the discussion. Finally,
in Section 5, conclusions are presented.

2. Medium-Frequency Transformer Design Procedure

2.1. Transformer Design

The MTF design technique of this work was developed by taking the algorithm proposed in [22]
as a reference. The critical difference of the proposed technique [2], regarding [22] and other design
techniques, including the standard procedure, was the modification about how the losses of the
nanocrystalline cores were computed in the product of areas method [22]. In this way, the resulting
MTF design that was obtained with the proposed technique exhibiting a higher efficiency at a medium
frequency of 5 kHz.

The product of areas method was based on finding a power capacity that could be held by a core,
as stated in Equation (1) [22].

Ap = WaAc =
Pt

(
104

)
Bac f JK f Ku

(1)

where Ap is the product of areas, Wa and Ac are the window area and core cross-sectional area,
respectively, Pt is the apparent power, Bac is the magnetic flux density, f is the frequency, J is the current
density, K f is the waveform coefficient, and Ku is the winding fill factor.

The detailed math calculations on nanocrystalline core selection, winding turns, core losses,
winding losses, and the methodology validation for medium-frequency MTFs were thoroughly
detailed in [2].

2.2. Transformer Design at 75% and 100% of Bmax

A nanocrystalline core transformer was next designed for 75% of Bmax, i.e., Bac = 0.75, Bmax = 0.9 T,
1 kV, 5 kHz, and 10 kVA. The design obtained parameters are shown in Table 1.

Table 1. Transformer design at 10 kVA and 0.9 T.

Design Data

Uin 1000 V
Uout 1000 V

f 5000 Hz
Iout 10 A
Bac 0.9 T
Np 278
Ns 282
Pcu 87 W
Pfe 1.51 W
Ptot 88.51 W

Efficiency 99.1%
Wa 50.26 cm2

Ac 2 cm2

Ap 100.53 cm2

The results from calculations were validated with Matlab-Simulink by using an equivalent circuit
of the MTF. Note that for such circuit, the computation of the magnetization and dispersion branch
variables was required. For the dispersion branch, resistances R1 (primary winding resistance) and
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R2 (secondary winding resistance) were given by the product of areas method [22]. The dispersion
inductance (Ld) was computed by using Equation (2), which gives accurate results at medium
frequencies (5 kHz) [23].

Where the variables in Table 1 are input voltage (Uin), output voltage (Uout), frequency (f ), output
current (Iout), flux density (Bac), the number of primary winding turns (Np), the number of secondary
winding turns (Ns), copper conducting losses (Pcu), core losses (Pfe), total losses (Ptot), window area
(Wa), effective cross-section of the core (Ac), and the area product (Ap).

Ld = µ0
N2

L1
hω

m1

[
MLTisom1diso + MLTpri

(m1−1)(2m1−1)
6 dins1

+MLTsec
m1(m2−1)(2m2−1)

6m2
dins2

+MLTpri
sin

(
2∆1
αδ

)
4αδ2(m2

1−1)+4dpri(2m2
1+1)

24
(
sin

2∆1
αδ

)2

−MLTpri
αδ2

(
4∆1
αδ

)
(2m2

1+1)−8dpri(1−m2
1) cos

(
2∆1
αδ

)
24

(
sin

2∆1
αδ

)2

+MLTsec
m1
m2

sin
(

2∆2
αδ

)
4αδ2(m2

2−1)+4dsec(2m2
2+1)

24
(
sin

2∆2
αδ

)2

−MLTsec
m1
m2

αδ2 sin
(

4∆2
αδ

)
(2m2

2+1)

24
(
sin

2∆2
αδ

)2

+MLTsec
m1
m2

8dsec(1−m2
2) cos

(
2∆2
αδ

)
24

(
sin

2∆2
αδ

)2



(2)

where:
µ0 = vacuum permeability diso = isolation distance
dins1 = insulation distance between the layers of the
primary

NL1 = turns per layer

dins2 = insulation distance between the layers of the
secondary

hω = winding height

m1 = number of layers in the primary dpri= thickness of the primary
m2 = number of layers in the secondary dsec = thickness of the secondary

MLTiso = mean length of the isolation distance ∆1= penetration ratio of the primary, ∆1 =
dpri

δ

MLTpri = mean length turns of primary portion ∆2 = penetration ratio of the primary, ∆2 = dsec
δ

MLTsec = mean length turns of secondary portion α =
1+ j
δ where δ is the skin depth

The magnetization inductance (Lm) is calculated with Equation (3). This equation was proposed
in [21] and validated in [24] for the medium frequency range (5 kHz).

Lm =
µrµ0N2Ac

lc
(3)

where N is the number of turns and lc is the mean length of the closed magnetic path around the core.
Equations (2) and (3) are part of the mathematical model of the MTF equivalent circuit implemented in
Matlab-Simulink (see Table 2). The cases of study were simulated by using a voltage source of 1 kV/5
kHz/10 A.
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Table 2. Required equivalent circuit model data for the simulation of the 10 kVA/0.9 T medium
frequency transformer (MTF).

Required Data

Uin 1000 V
Uout 1000 V

Winding 1 parameters

Iout 10 A
Bac 0.9 T
Np 278

Winding 2 parameters

Pcu 87 W
Pfe 1.51 W
Ptot 88.51 W

Magnetization resistance and inductance

Wa 50.26 cm2

Ac 2 cm2

The resulting waveforms of the input and output voltages and currents are shown in Figure 1.
Though the main application of MTFs is as part of DC–DC converters, in which square waveforms
are used, in this work, for convenience, the sine wave was used instead as the stimulus for purposes
of simulating and experimenting with the MFT prototype. Taking into consideration that core losses
are higher for sine waves than for square waves [25], a reduction in core losses is expected once the
MFT operates with a 5 kHz square wave excitation. Table 3 shows the input voltage, output voltage,
and current (Uin, Uout, Iin, Iout) values that were obtained from simulations. The final efficiency was
98.9%.
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Figure 1. Input and output voltages and currents of the 10 kVA/0.9 T MFT.

Table 3. Voltages and currents of the primary and secondary winding of the 10 kVA/0.9 T MTF.

Voltages and Currents

Uin (RMS) 1000 V
Uout (RMS) 990.1 V
Iin (RMS) 9.913 A
Iout (RMS) 9.901 A
Efficiency 98.90%

According to the classical transformer design theory, the optimal density flux (Bo) is achieved
when the core losses (Pfe) are equal to the copper conduction losses (Pcu) [21], as shown in Figure 2.
Observe that at Bo, the total MTF losses (Ptot) were at their minimum.



Electronics 2020, 9, 470 6 of 17

Electronics 2020, 9, x FOR PEER REVIEW 6 of 17 

 

Voltages and currents 

Uin (RMS) 1000 V 

Uout (RMS) 990.1 V 

Iin (RMS) 9.913 A 

Iout (RMS) 9.901 A 

Efficiency 98.90% 

According to the classical transformer design theory, the optimal density flux (Bo) is achieved 

when the core losses (Pfe) are equal to the copper conduction losses (Pcu) [21], as shown in Figure 2. 

Observe that at Bo, the total MTF losses (Ptot) were at their minimum. 

Bo

Losses

P

Pfe

Pcu

 

Figure 2. Flux density optimal design point Bo. 

For the nanocrystalline MTF core, Pfe was lower than Pcu at Bac = 0.9 T, as is shown in Table 1. 

Therefore, it was feasible to increase Bac to Bmax, i.e., up to 1.2 T for the nanocrystalline cores 

(Vitroperm500F). On these grounds, the resulting design parameters of a 10 kVA/1.2 T MFT are 

shown in Table 4. 

Table 4. Transformer design data for a 10 kVA/1.2 T MFT. 

Design Data 

Uin 1000 V 

Uout 1000 V 

f 5000 Hz 

Iout 10 A 

Bac 1.2 T 

Np 209 

Ns 212 

Pcu 65.4 W 

Pfe 2.12 W 

Ptot 67.52 W 

Efficiency 99.3% 

Wa 50.26 cm2 

Ac 2 cm2 

Ap 100.53 cm2 

By comparing the MTF design at 0.9 T with the one at 1.2 T, it can be noticed that Pcu was reduced 

from 88.51 to 65.4 W (26.1%) while Pfe and the efficiency increased from 1.51 to 2.12 W (40.3%) and 

99.1% to 99.3%, respectively. 

By designing at Bmax, a critical reduction in the winding turns was also achieved. For instance, 

the 278 turns that were needed for Bac = 0.9 T (see Table 4) were reduced to only 209 turns for Bac = 1.2 

T, as presented in Table 2. This represented a turn reduction of 24.8%. The number of winding turns 

Figure 2. Flux density optimal design point Bo.

For the nanocrystalline MTF core, Pfe was lower than Pcu at Bac = 0.9 T, as is shown in Table 1.
Therefore, it was feasible to increase Bac to Bmax, i.e., up to 1.2 T for the nanocrystalline cores
(Vitroperm500F). On these grounds, the resulting design parameters of a 10 kVA/1.2 T MFT are shown
in Table 4.

Table 4. Transformer design data for a 10 kVA/1.2 T MFT.

Design Data

Uin 1000 V
Uout 1000 V

f 5000 Hz
Iout 10 A
Bac 1.2 T
Np 209
Ns 212
Pcu 65.4 W
Pfe 2.12 W
Ptot 67.52 W

Efficiency 99.3%
Wa 50.26 cm2

Ac 2 cm2

Ap 100.53 cm2

By comparing the MTF design at 0.9 T with the one at 1.2 T, it can be noticed that Pcu was reduced
from 88.51 to 65.4 W (26.1%) while Pfe and the efficiency increased from 1.51 to 2.12 W (40.3%) and
99.1% to 99.3%, respectively.

By designing at Bmax, a critical reduction in the winding turns was also achieved. For instance, the
278 turns that were needed for Bac = 0.9 T (see Table 4) were reduced to only 209 turns for Bac = 1.2 T,
as presented in Table 2. This represented a turn reduction of 24.8%. The number of winding turns was
calculated with Equation (4). It can be noticed that as Bac increased, then the number of turns decreased.

Np =
Vin 104

k f Bac f Ac
(4)

Despite the core losses increment at Bmax, these losses were still lower than the winding losses.
However, these losses were not good enough for new MTFs that were designed by using the
conventional transformer design theory [21], mainly because this theory states that the optimal design
is when core losses are equal to the copper conducting losses.

When increasing Bac to Bmax in nanocrystalline core MTFs, the number of winding turns decreases.
Consequently, the manufacturing cost is lowered while obtaining a higher power density. This can be
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achieved without disregarding the main design MTF constrictions discussed in Section 3, such as the
tolerance margin of core saturation that is allowable after exceeding the nominal MTF voltage.

These results showed the favorable magnetic properties of nanocrystalline materials, which
represent a significant improvement over other core materials for MFTs. The improvement in core
materials has significantly reduced power losses. On the other hand, winding technology has remained
relatively much the same.

3. MTF Laboratory Prototypes

As part of the validation of the MFT design procedure focused on Bmax, we built two MFT lab
prototypes: 1) 1 kVA, 5 kHz, 250 V and 0.9 T, which was named MFT1; and 2) 1 kVA, 5 kHz, 250 V and
1.2 T, which was named MFT2. The parameter values that were obtained from the design procedure
for each MFT are shown in Table 5.

Table 5. Transformer design data for MFT1 and MFT2.

Design Data

Parameter MFT1 MFT2

Uin 250 V 250 V
Uout 250 V 250 V

F 5000 Hz 5000 Hz
Iout 4 A 4 A
Bac 0.9 T 1.2 T
Np 147 110
Ns 150 112
Pcu 11.74 W 8.78 W
Pfe 0.62 W 1.12 W
Ptot 12.36 W 9.89 W

Efficiency 98.80% 99.01%
Wa 19.63 cm2 19.63 cm2

Ac 0.95 cm2 0.95 cm2

Ap 18.65 cm4 18.65 cm4

3.1. Transformer Calculation

If Bac increases, then Np decreases, as expressed by Equation (4). Therefore, using Bmax = 1.2
T (nanocrystalline materials) led to a 25.17% reduction in the number of winding turns from 147 at
Bac = 0.9 T to 110 at Bac = Bmax = 1.2 T (see Table 5).

A side effect of using Bac = Bmax is the increase of Pfe. However, this increment does not adversely
affect the MTF efficiency that is achieved with nanocrystalline materials. For the designed MFTs, Pfe
increased from 0.62 W (MTF1) to 1.12 W (MFT2).

3.2. Simulation

The dispersion and magnetization inductances are parameters that were needed in the simulations
of the MTF behavior under different operation conditions. These parameters were calculated by using
Equations (2) and (3). MFT1 and MFT2 were both simulated in Matlab-Simulink.

Table 6 shows the simulating data of the equivalent circuit of MFT1 and MFT2. A power source of
250 V at 5 kHz and a 62.5 Ω load were used in this case.
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Table 6. Simulation data for the MFTs.

Required Data MFT1 MFT2

Pout (VA) 1000 1000
f (Hz) 5000 5000

Winding 1 parameters

Uin (RMS) 250 250
R1 (Ω) 0.2729 0.2042
Ld1 (H) 0.000031 0.0000238

Winding 2 parameters

Uout (RMS) 250 250
R2 (Ω) 0.2729 0.2042
Ld2 (H) 0.000031 0.0000238

Magnetization resistance and inductance

Rm (Ω) 111270 111270
Lm (H) 0.194 0.1087

The input/output voltage and current waveforms of MFT1 resulting from simulations are shown
in Figure 3. The RMS values of these waveforms are summarized in Table 7. The efficiency that was
calculated for MTF1 was 98.8%, strictly lower than the 99% that resulted from the simulations. These
results encouraged the building of the lab prototypes.
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Table 7. RMS values of voltages and currents from simulations of the MFTs.

Voltages and Currents MFT1 MFT2

Uin (RMS) 250 V 250 V
Uout (RMS) 247.7 V 248.25 V
Iin (RMS) 3.966 A 3.98 A
Iout (RMS) 3.963 A 3.97 A
Efficiency 99% 99.05%

Figure 4 shows the input/output voltage and current waveforms that resulted from simulating
the MTF2. The RMS values of these waveforms are summarized in Table 7. The difference between
the efficiency that was obtained from simulations and that which was obtained from calculations
was minimal, as they were 99.05% and 99.01%, respectively. These results were also validated
with experimentation.
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3.3. MFT Prototypes

The two MTF laboratory prototypes were developed based on the data reported in Table 5. The
prototype, MFT1, was designed with Bac = 0.9 T (Figure 5a), and the second, MFT2, was designed with
Bac = 1.2 T (Figure 5b).
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Figure 6 shows MTF1 and the testbed. The prototype was fed with an AC POWER
SOURCE/ANALYZER AGILENT 6834b. At experimentation, the input voltage was set to 250 V,
and 5 kHz, to test the MTF1 prototype with a load of 60 Ω.

The efficiency of MFT1 that was measured at the laboratory was 98.62%. This value deviated less
than 1% of the theoretical efficiency of 98.8% and the efficiency of 99% from simulations. These results
confirmed the effectiveness of the MTF designs presented in [2].

Figure 7 shows the MTF2 prototype in the laboratory. The testbed was the same as the one that
was used to test MFT1. In this case, the efficiency that was measured in the laboratory was 99.01%
while the efficiencies that was obtained from the calculation and simulations were 99.01% and 99.05%,
respectively. Table 8 shows the output power, input power, winding losses, core losses, and total losses
of the MFT1 and MFT2 lab prototypes. Due to the increase of the flux density, the core losses of MFT2
increased, and these were higher compared to those of MFT1. However, the losses in the winding
decreased in MFT2 because the winding was reduced. Additionally, there was a 25% reduction in
winding turns. All together this implies a higher power density and a lower building cost. These
results show the excellence performance of the MTF that was operating at Bmax.
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Table 8. Losses and power of input and output of the MFT1 and MFT2 lab prototypes.

Measurement MFT1 MFT2

Input power 1002 W 1015 W
Output power 1005.96 W 1005 W

Core losses 1.15 W 2.02 W
Winding losses 12.84 W 7.97 W

Total losses 14.04 W 10 W

The voltage of the secondary winding of MFT2 also increased and was higher compared to such a
voltage of MFT1. The waveforms are shown in Figure 3; Figure 4 for the simulation cases and Figure 6;



Electronics 2020, 9, 470 11 of 17

Figure 7 for the prototype cases. This effect in the voltage was because of a decrement in the number of
turns in the winding. Such a decrement also led to a reduction of the dispersion inductance, and from
this, a lower dispersed flow was obtained and the voltage of the secondary winding increased.

Figure 8 shows the behavior of the efficiency for both transformers at different frequencies. From
3.1 to 4.3 kHz, the efficiency of MFT1 was greater than 98% at nominal power and higher than the
efficiency of MFT2. From 4.4 to 5 kHz, the efficiency of MFT2 was slightly higher. This was due to the
increase in the flux density in the design of MFT2. This condition decreased the frequency range in
which MFT2 began to behave efficiently.
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Figure 9 shows the behavior of both MFTs with different load values, from 25% to 150% of the
nominal load (100% = 60 Ω = nominal load). For 125% of the nominal load in MFT2, the output voltage
was 279 V with a current = 4 A. This voltage level was within the tolerance margin that was allowed
above the nominal voltage (12%, 280 V limit). Additionally, the obtained efficiency was higher than
98%. For 150% of the nominal load, the output voltage and current were 288 V and 3.95 A, respectively.
This voltage level exceeded 12% of the nominal voltage level, and the efficiency was reduced to 86.63%.
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Figure 10 shows the thermic images of the MTF prototype that was taken with a Milwaukee
M12TM 7.8 kP thermal camera after 30 minutes of operation at nominal voltages and currents. Observe
that there was a temperature reduction from 75.6 to 75.2 ◦C between MTF1 and MFT2 operation at
the hottest winding point. For dry transformers, the temperature raise was 110/135 ◦C at the hottest
winding point, and the tolerance of the nanocrystalline cores (VITROPERM 500F) was 105 ◦C.
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Figure 11 shows the voltage tolerance above the nominal voltage (250 V) that was exhibited by
the MTF2 prototype. In Figure 11a, it is clear that a raise of 12% above the nominal voltage (to 280 V)
did not significantly affect the MTF prototype’s overall behavior. Efficiency remained at 98.8%.

Similarly, Figure 11b shows the effects of the 13% raising in the voltage above its nominal value,
i.e., from 250 to 283 V. In this case, the MTF2 prototype showed some signs of saturation in the input
voltage, output voltage, current, and efficiency down to 93.88%. The third case, shown in Figure 11c,
explored the effects of raising voltage to 15% above nominal. In this condition, core saturation was
evident, voltage and current waveforms were distorted, and efficiency dropped by up to 86.93%.
Table 9 presents the previous results. Table 10 presents the THD of both MFTs at the voltages shown in
Table 9.

Table 9. Tolerance above the nominal voltage of MFT2.

Uin Uout Iin Iout Efficiency

Nominal voltage (Unom) 250 V 250 V 4.06 A 4.02 A 99.01%
12% above Unom 280 V 279 V 4.55 A 4.48 A 98.11%
13% above Unom 283 V 282 V 4.84 A 4.56 A 93.88%
15% above Unom 287 V 286 V 4.65 A 4.65 A 86.93%

Table 10. THD for both MFTs at the voltages shown in Table 9.

MFT1 MFT2

THDI THDV THDI THDV

Nominal voltage (Unom) 0.55% 0.52% 0.54% 0.52%
12% above Unom 0.53% 0.54% 2.23% 0.70%
13% above Unom 0.54% 0.53% 4.68% 1.77%
15% above Unom 0.53% 0.53% 8.82% 3.86%
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After analyzing the results, it became clear that designing an MFT at maximum flux density is
achievable by using nanocrystalline cores. This type of core has a safe operation zone up to 12% above
the nominal voltage. Additional advantages of the proposed MFT design are a 25% cut in winding
turns, a higher power density, and lower building costs.

The immediate benefits of designing an MTF at maximum flux density are reflected on improving
DC–DC converters for applications on photovoltaic systems, wind power systems, electric vehicles,
and solid-state transformers.

4. Discussion

Table 11 summarizes recent MTF design proposals [1–3,5,6] for comparison purposes.
The comparison is focused on the flux density design method of each proposal. Every proposal
in Table 11 includes a laboratory prototype.

Table 11. Design flux density for various MFT proposals.

Design Flux
Density Reference Core Efficiency Power Density

1.2 T This proposal nanocrystalline > 99% 15.62 kW/l
0.9 T
0.9 T

0.35 T
0.5 T

Ruiz 2018, [2]
Bahmani 2016, [5]

Asier 2017, [1]
Huang 2017, [6]

nanocrystalline
nanocrystalline

ferrite
silicon steel

> 99%
> 99%
> 99%
> 99%

15.01 kW/l
11.5 kW/l
9.25 kW/l
2.96 kW/l

0.6 T Harish 2017, [3] silicon steel > 99% 1.29 kW/l

From Table 11, it can be noticed that silicon steel core transformers are commonly designed for
frequencies up to 1 kHz. This can be explained by the fact that higher frequencies cause higher core
losses and lower transformer efficiencies [6]. The selection of the flux density level and operation
frequency for silicon steel cores is done in order to achieve efficiencies higher than 98%. However, if
the flux density increases, the core losses also increases. As a consequence, the efficiency is reduced
below 98%, the minimum acceptable value.

In the case of ferrite cores, the maximum flux density is restricted between 0.4 and 0.5 T. This
restriction also limits the reachable power density. In [1], a ferrite core MTF was designed at Bac = 0.35 T,
which is far below the flux density that is achievable with nanocrystalline cores.

On the other hand, nanocrystalline materials have enormous potential to develop reliable and
efficient MTFs that take advantage of maximizing the design flux density to 1.2 T and whose benefits
have been thoroughly exposed in this paper.

Regarding the power density of the works presented in Table 11 and taking into account that a
higher flux density leads to a higher power density, the MFTs with the lowest power density are those
designed with silicon steel at flux densities of 0.5 T [6] and 0.6 T [3], and the lowest frequency, 1 kHz.
An MFT with ferrite core [1], mostly for designs at frequencies of 20 kHz, has a higher power density
than those of [3,6] despite of having a lower flux density. The MFTs with the highest power density are
those with nanocrystalline cores at a flux density of 0.9 T [2,5]. Therefore, the innovative proposal of
using Bmax at 1.2 T is an attractive option for obtaining a higher power density than in other proposals,
such as in [2,5].

The novel design technique focused on Bmax, presented in this paper, is a step forward in reaching
a higher power density for MFTs. This type of MFT is, in turn, an essential element for the upcoming
DC–DC converter.

On the other hand, a comparison is presented in Table 12 between a conventional transformer at
50 Hz/60 Hz and 1 kVA and an MFT at 5 kHz and 1 kVA.
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Table 12. Comparison of a conventional transformer and an MFT.

Transformer Power Frequency Volume Weight Power
Density Cost

Conventional 1 kVA 50 Hz/60 Hz 783 cm3 7 kg 1.28 kW/l 241.18 USD
MFT 1 kVA 5 kHz 64 cm3 0.25 kg 15.62 kW/l 67.87 USD

According to Table 12, the MFT, compared to a conventional transformer, has a 12.23 times lower
volume, a 28 times less weight, a 12.2 times higher power density, and a 3.55 times less cost. These
results corroborate the advantages of MFTs in relation to conventional transformers.

Future research works related to this paper would be: (i) the performance of a finite element
method analysis to find the maximum flux density and design frequency for various MTF core
materials, (ii) the study of different DC–DC converters looking for the widening of the penetration
of MTFs, (iii) the evaluation of core losses by using the finite element method and analytic MTF
computations, (iv) the performance of a temperature analysis for MTFs by using ferrite, silicon steel
and nanocrystalline cores, (v) the evaluation of 60 Hz transformers by using distinct core materials,
and (vi) the elaboration of a design procedure for isolation transformers at a medium frequency.

5. Conclusions

The MFT is a key component in various types of DC–DC converters that are oriented to a multitude
of applications of great interest at present, such as electric vehicles, renewable energy power sources,
and solid-state transformers. To achieve progress in this area, an important point is to obtain the
highest possible power density in the MFT. One of the main challenges to increase power density,
however, is overcoming the winding and core losses in order to avoid getting inefficient MFTs (< 98%).

This work presents a design procedure for MFTs that are dedicated to increasing the power density
in the MFTs with nanocrystalline cores by using their Bmax (1.2 T) as a design requirement. The validity
of the design procedure was confirmed with simulations and two 1 kVA/5 kHz laboratory prototypes
that were built for this purpose. The first prototype was designed at Bmax = 0.9 T and the second at
Bmax = 1.2 T.

The results of this research work illustrate the advantages of designing MFTs at Bmax with
nanocrystalline cores. These advantages are a 25% reduction in the number of winding turns, a higher
power density, a lower construction cost, a slightly higher efficiency (0.4%), and a 12% tolerance over
nominal voltage altogether while maintaining a high efficiency (> 98%).

The design proposal presented in this document is a step forward towards achieving higher power
density in DC–DC converters that further impact applications of the highest importance for the current
and next generation of distribution electrical systems.
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