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Abstract 

A power dense DC-DC converter is required to interface a 
supercapacitor energy buffer with a higher voltage traction 
drive in a small electric vehicle application. A converter 
design and component selection process is described for a 
bidirectional, 18 kW, dual interleaved boost converter with 
interphase transformer. The physical construction of the 
converter is optimised to increase volumetric and gravimetric 
power density and simplify assembly. The prototype 
converter achieves a power density of 6.5 kW/kg and 
7.9 kW/l. Converter efficiency and thermal results are 
presented and component mass and loss audits are included. 

1 Introduction 

Electric vehicle traction drives are often operated at fixed 
high voltages to improve traction system efficiencies whilst 
sources such as supercapacitors, batteries and fuel cells often 
operate at lower voltages, which vary with demand or state-
of-charge. DC-DC converters are therefore required to 
interface these components with, high power density being a 
key design criterion of automotive systems. 

The target vehicle in this research was a small electric vehicle 
(1800 kg) which utilises a 200 V, 20 kW, traction drive, a 
10 kW fuel cell with voltage varying from 140 V to 70 V at 
full load and a supercapacitor bank operating between 100 V 
and 50 V. The drive-train configuration is shown in Figure 1 
and the 18 kW bidirectional converter used to interface the 
supercapacitors is the focus of this paper. 

 

 
Figure 1. Traction System Architecture 

 
 
 

2 Converter Topology 
The boost converter is a simple non-isolated topology, which 
has been widely implemented in vehicles due to its simplicity 
[1-5]. The drawback of the converter is the discontinuous 
output current resulting in a larger capacitor requirement. The 
majority of designs therefore operate multiple converters in 

. A variation of 
this approach is used by Calderon-Lopez [1] and Hirakawa 
[6] where a single inductor is used along with an interphase 
transformer (IPT) or inversely coupled inductor shown in 
Figure 2. 
 

 
Figure 2. Interleaved Boost Converter with IPT 

 
 
The interleaved boost converter with IPT switches with a 
phase shift of 180 and uses the IPT to reduce the AC voltage 
across the input inductor. Furthermore, the input inductor is 
subjected to operation at twice the switching frequency, 
reducing the inductance requirement for a given input current 
ripple and allowing the use of smaller magnetic cores. A 
cancellation of the DC flux is also experienced by the IPT 
allowing its design to be optimised for AC excitation. A range 
of designs for an IPT configuration and a two inductor 
configuration are compared in [1] and the IPT designs result 
in consistently lower losses.  The IPT circuit is therefore 
likely to produce lower losses and lower mass magnetic 
components which should result in a higher power density 
converter. 
 
Assuming that the input current is shared equally by the two 
phases and that the input current is continuous, three distinct 
operating modes are possible for Duty ratio D: D < 0.5, 
D = 0.5 and D > 0.5. Figure 3 shows the operation of the 
converter using ideal, lossless components, at D = 0.5 and 
D = 0.75, the two extremes of operation for this converter. 
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Figure 3. Dual interleaved boost with IPT waveforms 

 

3 Converter Design and Construction  
Water cooling is used as a common method of reducing the 
volume of a converter as the internal space required for air 
flow is no longer required. The thermal management concept 
for the converter is to use a single liquid-cooled cold plate to 
remove all losses, allowing the final unit to be housed in a 
sealed case. It is assumed that the converter is a minimum of 
95 % efficient at maximum input power resulting in 900 W of 
losses when operating at 18 kW. The Lytron CP15 [7] pressed 
tube aluminium cold plate is used as a typical off-the-shelf 
water-cooled cold plate. The CP15 has a thermal resistance of 
0.01  

  the maximum 
coolant temperature for the traction drive in this example. 

3.1 MOSFETS 

The switching device losses are calculated for operation in 
boost mode as in this application there is a higher demand 
during vehicle acceleration than during supercapacitor 
recharge. In this operating mode, Q1 and Q2 are the 
conducting MOSFETs whilst the body diodes of MOSFETs 
Q3 and Q4 are operated as the converter freewheeling diodes.  

It is assumed that the currents in the converter are shared 
equally by the two phases due to the use of peak current mode 
control and the losses in the devices are therefore considered 
to be equal for each leg, PQ1 = PQ2 and PQ3 = PQ4. 

A range of 300 V, 100-140 A, MOSFETS were compared and 
the APT30M17JLL device was selected due to lower 
expected losses and a low junction to heat-sink thermal 
resistance. 

3.2 Inductor 

To design the inductor an algorithm was used to identify 
inductor designs which satisfy the minimum inductance 
requirement for the converter specification. A range of core 
parameters is loaded, in this case the FINEMET C core range 
from Hitachi are used due to the low loss and high operating 
flux limit (1.2 T). For each core size, the gap length is 
calculated for an increasing number of turns from one to an 
upper limit. Designs which have a gap length, which exceeds 
the manufactures recommendations are removed from the 
suitable designs list. The peak flux density is then calculated 
to ensure it does not exceed the material saturation point. The 
gap, core and copper losses are then calculated using 
equations from [8, 9] assuming a copper foil winding. There 
are multiple solutions that satisfy the converter requirement, 
for each core, trading the gap length against an increasing 
number of turns. The results allow a comparison of suitable 
designs by individual loss mechanisms as well as total 
component loss.

 
 

Equation (1), from [8, 10], describes the required air-gap, lg, 
to satisfy a given inductance requirement, L, assuming a peak 
current, Î, maximum flux, BMAX, and a core cross-sectional 
area, Ac.  

   

-7 24 C
l =g L   (1) 

The fringing flux at the core gap has the effect of reducing the 
reluctance of the circuit and therefore increasing the 
inductance, L. Equation (2) from [8] is an approximation of 
the fringing factor, F, to account for this effect, where c is the 
core window height. 

ln
l 2cgF = 1 +

lA gc
  (2) 

To remove the recursive process for calculating the fringing 
factor, equations (1) and (2) are combined to form (3) which 
can be rearranged into the form of (4) where p is defined by 
(5).  
 

ln
-7 24 c l 2cgl = 1+g L lA gc

 (3) 

e e

p Ac
lp A p AA gc cc =

2c lg
 (4) 

-7
p =

24 c
L   (5)

 

 
The Lambert function, denoted by the operator W, can be 
used to calculate the solution of equation (6) for any complex 
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number, z. This allows equation (4) to be resolved into 
equation (7). 

e
W z

z = W z
   (6) 

 

e

Acl =g L Ac
-7 24A ccW

2c
  (7)

 

 
 
The approximated losses of the most efficient design for each 
core are shown in Figure 4.

 
The inductor designs are then 

compared using a thermal FEA model to approximate the 
temperature rise in the hotspot of the core. This allows the 
smallest core design to be selected that does not exceed the 
thermal limit of the core epoxy including a safety factor. 

 

Figure 4. Inductor Loss Comparison 
 

 

Figure 5. Inductor thermal FEA model example result 
 
The FEA model has been experimentally validated and 
produced less than a 5°C error in experimental testing [9]. 
The model assumes the inductor is encased in an aluminium 

heat-sink as shown in Figure 6. The simulation results 
identify the F3CC0025 core as a thermally suitable design, 
which is smaller than the F3CC0040 core selected for forced 
air cooling at 2 CFM. 

 
Figure 6. Potted inductor drawing 

3.3 Interphase Transformer 

The IPT design is performed in the same manner as the 
inductor design, but the highest losses occur at 50 % duty 
ratio, with maximum input current, 180 A, since under this 
condition the VA-VB voltage is a square-wave of ±Vout, 
resulting in the maximum AC flux condition. As the IPT has 
very little DC flux it is not gapped and so the losses are more 
evenly distributed throughout the core and coil. This is 
apparent in the example IPT FEA results shown in Figure 7 
for a ferrite ETD core and FINEMET C core, left and right 
respectively, compared with the inductor results in Figure 5. 
 

 
Figure 7. IPT thermal FEA model example results 

 

3.4 Bus-bars and Capacitors 

The bus-bars are etched copper sheets. A large surface is used 
and a thin layer of insulation to reduce EMI from the bus-bars 
and to minimise parasitic inductance [11]. Adhesive 

sheets before 
assembly. The bus-bars are etched to locate onto a number of 
nylon pillars mounted on the cold plate. The bus-bars are then 
connected directly to the switching devices using aluminium 
pillars to simplify assembly and reduce converter height. 

The EVS ceramic capacitor series was selected as these 
components have a lower mass and volume than the 
alternative polypropylene capacitors. The ceramic capacitors 
have only 8 % of the volume of the Colonel Dubilier 
polypropylene alternative, with the added advantage of the 
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low profile package improving heat extraction [12]. These 
capacitors also appear to have been an enabling feature of the 
power dense converter described by Hirakawa [6].  
 

 
Figure 8. Capacitor comparison 

 
The converter uses a double-sided connection of capacitors on 
the bus-bar before the module is mounted onto the converter. 
This reduces the converter footprint and ensures equal 
distances between all of the capacitors to improve current 
sharing. 
 

 
Figure 9. Bus-bar and capacitor module 

3.5 Physical construction 

The converter is constructed around a pressed copper tube 
aluminium water-cooled cold-plate. The cold-plate acts as the 
central structure of the converter, the switching devices and 
output capacitors are on the top face and the two potted 
magnetic components are on the bottom to maximise 
utilisation of the cooling surfaces. 
 
The inductor and IPT are encased in aluminium heat-sinks 
with a small clearance around the components filled with a 
thermally conductive compound. The inductor is a  
FINEMET C core (F3CC0025), wound with copper foil 
whilst the IPT is an Epcos ETD59 core wound with strands of 
enamelled copper wire. The inductor and IPT are shown 
before potting in their aluminium enclosures in Figure 10 
from left to right respectively. 
 

 
Figure 10. Magnetic components in aluminium heat-sinks 

Figure 11 shows the exploded converter diagram identifying 
the key components whilst Figure 12 is a photograph of the 
prototype converter. 
 
 

 
Figure 11. Converter exploded diagram 

 
 

 
Figure 12. Converter prototype 

 
 

 
The converter prototype shown in Figure 12 achieves 18 kW 
operation in a volume of 2.3 litres resulting in a power density 
of 7.8 kW/l. The masses of the individual components are 
shown in Table 1, including an approximated casing mass 
assuming a 1.5 mm thick aluminium enclosure. The total 
uncased mass is 2.79 kg resulting in a gravimetric power 
density of 6.45 kW/kg, this is reduced to 4.3 kW/kg when the 
casing is included as the total mass is increased by 49 %. 
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Table 1. Converter mass breakdown 

Component Description Mass 
(g) 

Copper bus-
bars 

Input and output copper 
bus-bars 122 

Filter 
capacitors 

Murata filter capacitors 
Input and output 208 

MOSFETs Switching devices 116 

Cold plate Lytron CP15 cold plate 
(dry) 348 

Inductor and 
coil 

F3CC0025 FINEMET core 
and copper coil 660 

Inductor 
casing 

Potting compound and 
aluminium for inductor 396 

IPT core and 
coil ETD59 core and copper coil 544 

IPT casing Potting compound and 
aluminium for IPT 293 

PCB PCB populated with 
components 81 

Mounting 
pillars etc. 

Mounting pillars, cabling, 
connectors 100 

Casing 

Predicted mass of a 1.5mm 
aluminium case surrounding 
the converter volume +10% 

for mounting 

1360 

TOTAL Total converter mass 
(including case) 

2787 
(4147) 

 

4 Converter Test Results and Losses 
The converter efficiency was measured at a range of input 
voltages and powers and compared with the loss 
approximations used in the design. At low current operation 
the converter operates at approximately 98% efficiency. As 
the converter power is increased the efficiency drops as low 
as 90 %.  

The expected efficiency at minimum input voltage, 50 V, is 
within 1 % of the measured efficiency. The expected losses in 
the converter are dominated by the conduction losses in the 
MOSFETs and small errors can be accounted for by an 
increased device resistance over the specified value. The 
approximations of the IPT and inductor losses will have a 
smaller effect as the combined magnetic component losses 
account for approximately one sixth of the total converter 
losses. 

At the maximum input voltage, 100 V, the difference is 
significantly greater between expected and measured 
efficiency values. At powers below 15 kW the trend is 
towards a peak power efficiency of 94 %, similar to the 
expected value. Table 2 shows a breakdown of approximated 
losses and the converter efficiency at maximum input voltage 
(50 % duty ratio) and minimum input voltage (75 % duty 
ratio). 
 

Table 2, Estimated major component losses 
Duty 
Ratio 

Inductor IPT Each 
MOSFET 

Each 
Diode 

Efficiency 
(Power) 

50 % 23 W 68 W 180 W 55 W 96 % 
(18 kW) 

75 % 39 W 45 W 272 W 28 W 92 % 
(9 )kW 

 
The temperature rise of a number of thermocouples embedded 
in the inductor and IPT is shown in Tables 3 and 4 for 
operation at 75 % duty ratio and 50 % duty ratio respectively. 
The results are within 5 °C of the FEA model steady state 
predictions. 
 
Table 3. Steady state temperature rise over heat-sink at 50% 

duty ratio, 175A input current 
Location Temperature rise 

above heat-sink 
Inductor gap face 1 3 °C 
Inductor gap face 2 3 °C 
Inductor core side 3 °C 
IPT core centre 40 °C 
IPT coil centre 29 °C 

IPT coil top 28 °C 
IPT core mid leg  20 °C 

 
Table 4. Steady state temperature rise over heat-sink at 75% 

duty ratio, 160A input current 
Location Temperature rise 

above heat-sink 
Inductor gap face 1 24 °C 
Inductor gap face 2 25 °C 
Inductor core side 6 °C 
IPT core centre 42 °C 
IPT coil centre 33 °C 

IPT coil top 32 °C 
IPT core mid leg  7 °C 

 
The model accuracy is higher for the inductor than for the IPT 
as the individual strands copper winding are more complex to 
model due to the increased number of thermal boundaries. 

5 Conclusions 
A prototype DC-DC converter has been designed and 
constructed to achieve a high power density, 7.8 kW/l and 
6.45 kW/kg. The converter uses a water cooled cold-plate and 
magnetic components potted in aluminium heat-sinks to 
achieve the power density. An inductor design algorithm for 
comparing losses and a thermal FEA model of the magnetic 
components has been used to identify a low volume and low 
mass solution within material thermal limits.   
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