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Abstract— The design of a 150-kW high-frequency 
three-port transformer (TPT) for a triple active bridge 
(TAB) converter application is the focus of this paper. A 
non-tradeoff inclusive design methodology for custom-
core transformers is proposed. Classic transformer 
design methodologies based on complex trade-offs 
mechanisms require significant effort to adjust the design 
for commercially available pre-sized cores. The proposed 
design is based on the development of a set of design 
equations that allows to select the core dimensions and the 
turns numbers for the windings that best accomplish the 
transformer specifications. Experimental evidence 
verifying the proposed theoretical design methodology is 
presented in this work. 

Keywords— Transformer, windings, high frequency, optimum 
design, nanocrystalline, high efficiency 

I. INTRODUCTION  

Renewable energy distribution is greatly depends upon the 
development and reliability of power electronic high-power 
conversion systems [1], [2]. In general, these systems require 
the use of transformers to meet galvanic isolation 
requirements. Development of high-efficiency high-
frequency transformers is a growing trend to pursue size 
reductions and increasing power densities [3], [4]. Typical 
transformer design methodologies involve the implementation 
of cumbersome trade-off design algorithms that should be 
adjusted to commercially available pre-sized cores [3]–[7]. 
Recent developments in manufacturing capabilities of core 
materials allow for producing geometrically customized 
cores. This work assesses the design of a 150-kW TPT for a 
TAB converter [8]–[10]. A design methodology that allows an 
optimized selection of a customized core avoiding undesirable 
trade-offs when using commercial cores is proposed. By 
developing a set of equations depending only on one core 
dimension and the number of turns of one winding, the best 
solution for these two parameters will define all the remaining 
transformer characteristics. The proposed method is verified 
by building and testing the designed transformer. 

II. OPERATING CONDITIONS OF TPT IN TAB 

A. Operating conditions of TPT in the TAB 

Figure 1(a) shows the circuit of a TAB [8]–[11]. The input 
stage DC voltages ܸଵ  and ܸଶ  feed two full-bridge (FB) 
converters whose AC output voltages  ݒଵ and ݒଶ inject the 
currents ݅ଵ and ݅ଶ to the TPT primaries through the external  

Fig. 1: (a) TAB topology. (b) Main theoretical TPT 
waveforms at rated power. 

 
inductors  ܮଵ and ܮଶ (whose design is outside the scope of 
this work). The TPT turns ratio is ݊ ൌ ܰ/ ௦ܰ, where ܰ and ௦ܰ  are the numbers of turns of the two primaries and the 
secondary, respectively. The TPT AC output voltage ݒ௦, feeds 
the current ݅௦ to the half-bridge (HB) converter stage with a 
fixed controlled DC output voltage ܸ௨௧. The three converters 
operate at a switching frequency ௦݂௪ and a fixed duty cycle ݀ ൌ 0.5. 

III. TPT DESIGN METHODOLOGY 

A. Selection of Magnetic Core material and Wire 

 
 The TPT design begins with the magnetic core material 

and winding wire selection. Fig.  2 shows the considered E 
type core transformer structure with core geometric  
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Fig. 2 Transformer structure and dimensions 

 

dimensions ሺܣ, ,ܤ ,ܨ ,ܩ ,ܦ ܧ ሻ. It is selectedܧ ൌ  to have  2/ܦ
a square shape central leg. Each winding is built in a single 
layer to reduce losses and leakage inductance, with the 
secondary winding placed between the two primaries 
(concentrically wound) [12]. To reduce high-frequency skin 
effect losses, ܵ and  ܵ௦ strands of  Litz wire with cross section 
area ܣ௧௭  [13], are used for the primaries and secondary, 
respectively. Let ܣ ൌ ௧௭ܵܣߜ  and ܣ௦ ൌ ௧௭ܵ௦ܣߜ  be the 
total areas of the two primaries and secondary windings, 
respectively, where ߜ  is the wire fill factor (including 
insulation). The total diameter of the wires can be expressed 
as ܦ ൌ 2ඥܣ/π  and ܦ௦ ൌ ඥܵ௦/ܵܦ  . The mean lengths 
per turn of the primaries and the secondary can be estimated 
as ݈ଵ ൌ 4൫ܦ  ൯ܦ , ݈ଶ ൌ ܦ4ൣ  ൫3  2ඥܵ௦/ܵ൯ܦ൧ , ݈௦ ൌ4ൣܦ  ൫2  ඥܵ௦/ܵ൯ܦ൧ . Remaining dimensions are ܨ ൌܦ൫2  ඥܵ௦/ܵ  ܣ ,௫௧൯ܭ ൌ ሺܨ  ܩ ,ሻܦ ൌ ൫ܦ ܰ   ௫௧൯ܭ
and ܤ ൌ ሺܩ  ሻܦ , where ܭ௫௧ ൌ 1  is a coefficient used to 
leave extra space ܦ௫௧ ൌ   for the wire insulation andܦ௫௧ܭ
bobbin.  

B. Copper Losses, Core Losses and Temperature Rise 

 
Design equations depending only on ܰ  and ܦ  are 

developed. Due to Litz wire utilization, the AC resistance of 
the windings can be considered approximately equal to its DC 
resistance [14]. Hence, an estimation of the copper losses in 
the windings are made as follows: 

where ܫ and ܫ௦ are the rms values of ݅ and ݅௦ respectively, ρ௨ ൌ 1.68 ൈ 10ି଼Ω/݉  and ݇௨ ൌ ሺ4ߩ௨ ܰ/ܣ௧௭ሻൣ2ܫଶ/ܵ ܫ௦ଶ/ሺ݊ܵ௦ሻ൧. A square-wave voltage  magnetizing the TPT (see ݊ݒ௦ in Fig.1) will produce a triangular flux density waveform 
with peak value ܤ௫ ൌ ܸ௫/൫4 ௦݂௪ ܰܣ൯  [15], [16]. Core 
losses are estimated by using the Improved Generalized 
Steinmetz Equation  [4], [15], [16]:  
 ܲ ൌ ܸ݇ ௦݂௪ ௫ஒܤ 		

with ݇ ൌ 2ሺାଵሻܭπሺିଵሻ ቀ1.1044  6.8244α  1.354ቁ (2) 

 
where α, β and Kୡ are the core Steinmetz coefficients. In (2), 
the core volume can be expressed as ܸ ൌ ܦଶൣܦ2  ൫5ܦ ܰ൯൧ , with ܣ ൌ ܭଶܦ  being the core effective cross-
sectional area, and ܭ  the core stacking factor. By 
combining (1) and (2), the total TPT losses are given by: 
 ்ܲ ൌ ݇ܦଶሺଵିஒሻ ܰି ఉൣܦ  ൫5ܦ  ܰ൯൧  ⋯  … ݇௨ ቈܦ  ܦ ቆ2  ටௌೞௌቇ, 

 
(3) 

 
where ݇ ൌ ቂ2ሺଵିଶஒሻ ௦݂௪ሺିஒሻ ܸ௫ஒ  ିఉ݇ቃ. Note that in (3), ܰܭ

and ܦ  are the only two parameters needed to be selected, 
while the remainder are system parameters or previously 
determined core material and wire parameters. To obtain an 
estimate of the transformer rise in temperature, the basic  
 relationship for heat transfer by convection ்ܲ ൌ  ௦௨∆ܶ isܣ݄
used [17], where ∆ܶ is the rise in temperature of the TPT 
surface (of area ܣ௦௨) with respect to the ambient, and ݄ is 
an empirical heat transfer coefficient (	݄ ൌ 22 W/m2 is used 
in this work). By using the sum of the  core and winding 
volumes ܸ௨ ൌ ܸ  ܸ௨ , with ܸ௨ ൌ πܦଶ ܰൣ2  ܵ௦/൫݊ܵ൯൧ൣܦ  ൫2  ඥܵ௦/ܵ൯ܦ൧ , the simplified expression ܣ௦௨ ൎ ට36ߨ ܸ௨ଶయ  that corresponds to the surface area of a 

sphere with a volume ܸ௨  is generated.  By inserting the 
losses from (3), the transformer surface rise in temperature 
can be estimated by: 
 
 Δܶ ൎమሺభషಊሻேషഁൣା൫ହାே൯൧ାೠା൬ଶାටೄೞೄ൰൨ √ଷగయ ൜ଶమൣା൫ହାே൯൧ ାగమேଶା ೄೞೄ൨ା൬ଶାටೄೞೄ൰൨ൠమ/య 

(4) 

 

Furthermore, it is desirable to limit the total transformer 
volume ்ܸ  that it will occupy in a cabinet: 

 

Pcu ൌ ρcuNp

Alitz
ቈ൫lp1+lp2൯

Sp
Ip
2+

ls
nSs

Is
2 ൌ kcuൣD+Dp൫2+ඥSs/Sp൯൧, (1) 
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 ்ܸ ൌ ܦଶൣ2ܦ  ൫ܦ ܰ  2ඥ ௦ܵ/ܵ  7൯൧ … . . ൫ܦ		. ܰ  1൯ ܦ  ܦ2 ቌ3  ඨܵܵݏቍ ܦ  ܦ2 ቌ2 ඨܵܵݏቍ (5) 

 
Unlike ܸ௨ , ்ܸ  additionally considers the extra space 
volume for bobbin and insulation. 
 

TABLE I.  SYSTEM SPECIFICATIONS 

Symbol Value 

n 1 

fsw 20 kHz 

η > 99.6 % ܬ௫ 3A/mm2 

Vin ; Vout 1.3 kV ; 2.6 kV 

Ismax;  Ipmax 135Arms; 67.5Arms 

VT < 20 L 

ΔT <100 °C 

 

IV. TRANSFORMER PROTOTYPE DESIGN  

In this section, a TPT for a TAB with the specifications listed 
in Table I is designed. Because of its advantages considering 
design requirements [5], [18], [19], nanocrystalline core 
material with the parameters listed in Table II is selected. To 
satisfy ܬ௫ , commercially-available Litz wire with 4000 
strands of ܣ௧௭ ൌ 0.0131݉݉ଶ

 (adequate for ௦݂௪ ൌ  (ݖܪ20݇
is selected. With the aim of keeping copper losses and low 
building complexity low, this wire is selected for all 
windings, resulting ܵ௦/ܵ ൌ 1  and ܦ ൌ12.39mm. Having 
selected the core material and the wire, the equations 
presented in Section III can be analyzed in order to select the 
parameters ܰ  and ܦ   that best satisfy the TPT design 
requirements. For the converter operating at nominal 
conditions and maximum power transferred ܲ ൌ 150kW, Fig. 
3 (a) illustrates ்ܲ  (3), evaluated for three values of ܰ (10, 
15 and 25), and for	2ܿ݉ ൏ ܦ ൏ 24ܿ݉. Similarly, Fig. 3 (b) 
displays the total volume ்ܸ  (5), and Fig. 3 (c) shows the 
temperature rise Δܶ  (4). Minimum ்ܲ  is the target usually 
considered in transformer design [15], however this does not 
occur at optimum values of ்ܸ . 

TABLE II.  CORE CHARACTERISTICS 

Symbol Value 

α 1.2077 

β 1.6456 

Kc 2.2991 W/m3 

Keff 0.78 

 

 
Fig. 3(a) ࢀࡼ[W]. (b) ࢀࢂ[L]. (c) ઢࢀ[ºC]. (d) ࢀࢂઢࢀ 

 

 
 

Fig. 4(a)  Designed ࢀࡼࢀ. (b) Experimental setup.  
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 The goals in this work are to minimize Δܶ  to avoid 
introducing system losses requiring complex cooling 
methods [3], and to minimize ்ܸ  for cost and size reductions. 
To consider these goals (oppositely related through ܦ), the 
cost function Δ்ܸܶ  plotted in Fig.  3 (d) is analytically 
obtained by evaluated by multiplying equation (4) and (5). 
For each ܰ , there is a value of ܦ  for which Δ்ܸܶ  has a 
minimum, and there is a global minimum for a particular ܰ.The set of ܰ and ܦ	that minimizes Δ்ܸܶ  can be. For the 
current design, the minimum occurs for ܰ ൌ 15	and ܦ	 ൎ 8 
cm. By selecting these values, the remaining core parameters 
are determined following the procedure presented in section 
III. The resultant designed TPT, with a theoretical efficiency 
of ߟ௧ ൌ99.875%, has been constructed and it is shown in Fig. 
4(a).  
 The TPT design methodology can be summarized as follows: 
 

• Select core material and geometry. 
• Select winding wires based on operating frequency 

and Jmax requirement. 
• Express core and winding dimensions based on Np 

and D. 
• Compute (3), (4) and (5) through iterations of Np and 

D. 
• Select the values of Np and D that best accomplish 

design targets. In the presented design, the solution 
minimizing the cost function Δ்ܸܶ 	 has been 
selected.  

 

V. EXPERIMENTAL RESULTS 

 In order to calculate the losses produced in the constructed 
TPT, open-circuit (OC) at nominal voltage operation and 
short-circuit (SC) at nominal current operation were 
performed by using an available 2000V – 100A FB converter.  
The picture in Fig.4(b) displays part of the experimental setup 
used to implement the tests. Supporting waveforms of current 
and voltage for the OC and SC tests are shown in Fig. 5(a) 
and Fig. 5(b) respectively. For an applied nominal 1300V 
square wave, core losses equal to ܲ ൌ 129	W  were 
measured in the OC test, corresponding to a ܴ ൌሺ1300ܸሻଶ/129ܹ ൎ 13	kΩ  magnetizing resistance. By 
using the slope of the OC current shown in Fig. 5(a), a ܮ ൎ12.5	mH		magnetizing inductance can be calculated. For the 
same conditions, the theoretical losses obtained by using (2) 
results in ܲ ൌ 118 W, the difference could be attributed to 
a slight error in the used core Steinmetz coefficients or 
staking factor. By using the measured OC losses in (4), Δܶ ൎ31°ܥ  is expected in the OC test, close to the rise in 
temperature Δܶ ൎ  that can be seen in the thermal image ܥ27°
given in Fig. 4(c). The SC test was implemented for a  ܫ௦ ൎ67.5ܣ௦  current applied to one of the primaries with the 
secondary short-circuited. For this test, the measured losses 
were ௦ܲ ൎ 100	W, so the resistance of the two windings in 
series can be calculated as RscൌPsc/Isc2ൎ	20mΩ	 . By 
assuming that the two windings have the same impedance, 
the per winding series resistance can be approximated as Rsൎ	10	mΩ. The slope of the SC current shown in Fig. 5(b), 
corresponds to a per winding leakage inductance of ܮ ൎ3.5	ܪߤ. By using the estimated per winding resistance, the 
copper losses in the three winding for the TPT operating  

 
under nominal conditions can be estimated as Pcuൎሺ2Ipmax2Ismax2ሻRsൎ		273W	, then expected total losses 
at rated power are PT ൌ ܲ  ܲ௨ൎ	402W , yielding an 
efficiency of ߟ ൌ 99.73% , satisfying the design 
specifications given in Table I.  
 

VI. CONCLUSIONS  

A design methodology for a custom-core transformer design 
was proposed and experimentally verified for the design of a 
150-kW 20-kHz three-port transformer for a triple active 
bridge converter application. The open-circuit and short- 
circuit tests were implemented on the constructed transformer 
at nominal voltage and current ratings, producing results very 
close to the theoretically calculated values. In accordance 
with the obtained results, a high efficiency of 99.73%  is 
expected for the transformer operating at nominal conditions.  
Future work involves extending comprehensive experimental 

 
Fig. 5: (a) OC Test Waveform. (b) SC Test Waveform.  (c) 
Thermal image for OC. (c) Thermal image for SC. 

.  
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testing of the transformer working within the TAB converter 
system to further validate the proposed ideas. 
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