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Abstract 

This paper deals with the design of the magnetic component of an isolated bidirectional multiportcon-
verter. This converter is intended to be embedded in an autonomous surface marine vehicle with a 
power rating in the kilowatt range and is intended to exchange power between photovoltaic panels, a 
lithium battery and the propulsion system in which the motors can also be operated as a tidal turbine. 
This magnetic component is a three-port symmetrical three-phase transformer that allows to interface 
three three-phase inverters with a six-step control. The converter is galvanically isolated and can operate 
in a fully bi-directional way. Phase shifting of the inverters allows the power flow between them to be 
adjusted.
 

1 Introduction 
The development of UAVs and ASVs is compli-
cated by the amount and availability of onboard 
power, which is an essential element for the oper-
ation of the vehicle. The space available on these 
exploration vehicles is relatively limited and high 
power density converter architectures must be 
used to reliably and efficiently power the ASV. 
 
A three-port power management system may en-
able the advantages of the photovoltaic source 
and storage to be intelligently combined to per-
fectly manage the redistribution of instantaneous 
power in the system or to use storage as a way of 
buffering the power flow from the primary source 
[1,4].  
 
The use of storage elements also makes it possi-
ble to size the primary source solely on the basis 
of the average power of the load and not only on 
the basis of the peak power draw of the load, as 
the storage can supply the difference very quickly 
and thus avoid oversizing the primary energy 
source[2, 3, 1]. Finally, the storage can be used as 
a back-up energy source when the primary source 
is not available.  
 

 
A three-phase, magnetically isolated three port 
converter in which the number of inductive ele-
ments that usually contribute significantly to the 
weight and volume of the converter is minima 
therefore appears to be well suited to power man-
agement in a small, autonomous on-board sys-
tem. The magnetic component at the heart of the 
system is a three-port symmetrical three-phase 
transformer to interface three three-phase invert-
ers with full-wave control, so the converter is gal-
vanically isolated and can operate fully bi-direc-
tionally as shown in Fig. 1. 
 
The phase shift of the converter commands allows 
the power flow to be directed between the convert-
ers and therefore to the DC sources if they allow 
it.  The three three-phase systems are therefore 
slightly shifted according to the transfer require-
ments. 
A power converter such as this one has already 
been described in [5] but the magnetic component 
was a high frequency symmetrical transformer 



 

with coaxial windings which requires a large num-
ber of toroidal cores and a complicated winding to  
make up for the availability of cores with the right 
shape for the transformer. 
 
In the following sections a more conventional 
transformer structure and a planar winding is pre-
sented. Fig. 2 shows an exploded view of the mag-
netic core of the transformer wich was made by 
sawing commercially available ETD cores with a 
diamond saw to recover the central cylindric leg. 
Then the resulting ferrite cylinders were glued onto 
type I cores. 

2 Three port transformer model 

As mentioned before, the converter consists of 
three inverters connected by a specially designed 
transformer whose primary and secondary can be 
connected in star or delta and as there is no inter-
phase coupling the component study can be con-
ducted on a per phase basis.  
As shown in Fig. 3, on one leg of the transformer 
there are three electrically independent phases 
but magnetically coupled to each other and to the 
other legs through various mutual inductances. In 
the following, the currents fed by the inverters are 
assumed to form a balanced three-phase sine sys-
tem, we will have, for example, for inverter a: 𝑖 +
𝑖 + 𝑖 = 0. 
 

For example, to write the magnetic flux through 
winding 1a (inverter a, phase 1), the self-induct-
ance must be taken into account, as well as the 

Fig. 1: Complete schematic of the converter 

Fig. 2: Exploded view of the magnetic 
component (grey) and its plastic supports 
(red) 

Fig. 3: Inverters phases and windings arrange-
ment on the transformer 



 

mutuals linking this coil to the 8 others in the trans-
former (the mutual between winding 1a and 2b, for 
example, will be noted M1a2b). Fig. 4 shows how 

the mutuals related to phase 1 of inverter A and its 
winding are placed and as shown in Eq. 1.  

𝜙 = 𝐿 . 𝑖 + 𝑀 . 𝑖
+ 𝑀 . 𝑖
+ 𝑀 . 𝑖
+ 𝑀 . 𝑖
+ 𝑀 . 𝑖
+ 𝑀 . 𝑖
+ 𝑀 . 𝑖
+ 𝑀 . 𝑖  

  

(1) 

By doing the same for the other 8 windings, we can 
obtain the (9x9) matrix of inductances of this trans-
former. 

 

(2) 
 
This matrix only contains values that are easily ac-
cessible through the use of an impedance ana-
lyser. 
The inter-leg mutual inductances of the same in-
verter (A here) are assumed to be the same and 
we note 𝑀 = 𝑀 = 𝑀 , we then obtain: 
 

𝐿 . 𝑖 + 𝑀 . 𝑖 + 𝑀 . 𝑖

= 𝐿 . 𝑖 + 𝑀 . 𝑖 + 𝑀 . 𝑖

= (𝐿 − 𝑀 ). 𝑖  

(3) 

 
We define 𝐿𝑐  the cyclic inductance which takes 
into account the effect of the other two phases of 
the inverter a with 𝐿𝑐 = 𝐿 − 𝑀 . 
 
This result is possible provided that the currents 
are sinusoidal. However, the three-phase system 

prohibits the 3rd harmonic. The leakage induct-
ances filter the currents as a 1st order, the imped-
ance at harmonic 5 (1st non-zero harmonic) is 5 
times larger than that of the fundamental. The am-
plitude of the voltage 5th harmonic is 5 times 
smaller than that of the fundamental. We can con-
clude that the amplitude of the current 5th har-
monic is 25 times smaller than that of the funda-
mental and that the currents are sinusoidal. 
 
Inter-leg and inter-inverter mutuals are also as-
sumed to be identical (𝑀 = 𝑀 = 𝑀 ) with 
𝑀  : Mutual inductance between legs and be-
tween two inverters. 𝑀   is the mutual on the 
same leg and between two inverters, then: 

𝑀 . 𝑖 + 𝑀 . 𝑖 + 𝑀 . 𝑖
= (𝑀 − 𝑀 ). 𝑖  

 
(4) 

Defining M𝑐𝑎𝑏  the mutual cyclic inductance be-
tween converters A and B that reflects the impact 
of the windings fed by converter B on those of con-
verter a we have M𝑐 = 𝑀 − 𝑀  
On the third part of 𝜙 , assuming again that the 
inter-leg and inter-inverter mutuals are identical 
(𝑀 = 𝑀 = 𝑀 ) we will have: 

𝑀 . 𝑖 + 𝑀 . 𝑖 + 𝑀 . 𝑖

= (𝑀 − 𝑀 ). 𝑖  
(5) 

The cyclic inductance between inverter C and in-
verter A is noted M𝑐  with 𝑀𝑐 = 𝑀 − 𝑀 . 
And like the previous one, it reflects the impact of 
the windings fed by the C converter on those of the 
A converter. 
Finally, the magnetic flux of Eq. 1 can then be writ-
ten: 
 

𝜙 = 𝐿𝑐 . 𝑖 + 𝑀𝑐 . 𝑖 + 𝑀𝑐 . 𝑖  (6) 

 

This expression is now equivalent to what we have 
for a single-phase transformer with 3 windings. 

Fig. 4: Self and mutual inductances related to phase a 
of inverter 1 and its winding 

Fig. 5: Three phase to single phase transformer con-
version  



 

The inductance matrix can now be written as Eq. 
7 shows and allows the conversion of a three-
phase transformer to an equivalent single-phase 
transformer with three windings on the same core 
as shown in Fig. 5. By circular permutation, we find 
all the elements of the new inductance matrix 
(Eq.7): 

𝑉𝑎

𝑉𝑏

𝑉𝑐

=

𝐿𝑐𝑎 𝑀𝑐𝑎𝑏 𝑀𝑐𝑎𝑐

𝑀𝑐𝑎𝑏 𝐿𝑐𝑏 𝑀𝑐𝑏𝑐

𝑀𝑐𝑎𝑐 𝑀𝑐𝑏𝑐 𝐿𝑐𝑐

.
𝑑

𝑑𝑡

𝑖𝑎

𝑖𝑏

𝑖𝑐

 

 

(7) 

With the matrix in equation 7 and the definition of 
its elements, it will now be possible to relate the 
magnetizing inductance and leakage inductances 
of the single-phase 3-winding system [6] (Fig. 6) to 
the matrix of inductances and thus to measurable 
quantities. 
 
Using the diagram in Fig. 6 it is possible to relate 
the voltages across the windings to the magnetiz-
ing inductance and leakage inductances of the 
component and: 

𝑉 = 𝐿 + 𝐿𝑓 .
𝑑𝑖

𝑑𝑡
+ 𝐾 . 𝐿 .

𝑑𝑖

𝑑𝑡

+ 𝐾 . 𝐿 .
𝑑𝑖

𝑑𝑡
 

𝑉 = 𝐾 . 𝐿 .
𝑑𝑖

𝑑𝑡
+ 𝐾 . 𝐿 + 𝐿𝑓 .

𝑑𝑖

𝑑𝑡

+ 𝐾 . 𝐾 . 𝐿 .
𝑑𝑖

𝑑𝑡
 

𝑉 = 𝐾 . 𝐿 .
𝑑𝑖

𝑑𝑡
+ 𝐾 . 𝐾 . 𝐿 .

𝑑𝑖

𝑑𝑡

+ 𝐾 . 𝐿 + 𝐿𝑓 .
𝑑𝑖

𝑑𝑡
 

(8) 

With 𝐾 = =  and 𝐾 = =  

These equations can be represented as a matrix 
system which only contains quantities that can 
now be calculated using the inductance matrix of 
Eq. 2. 
 

𝑉
𝑉
𝑉

=

𝐿 + 𝐿𝑓 𝐾 . 𝐿 𝐾 . 𝐿

𝐾 . 𝐿 𝐾 . 𝐿 + 𝐿𝑓 𝐾 . 𝐾 . 𝐿

𝐾 . 𝐿 𝐾 . 𝐾 . 𝐿 𝐾 . 𝐿 + 𝐿𝑓

.
𝑑

𝑑𝑡

𝑖
𝑖
𝑖

 (9) 

  

Using Eq. 7 and Eq. 9 we obtain a system of 6 
equations with 6 unknowns: 

(1) 𝐿𝑐 = 𝐿 + 𝐿𝑓  

(2) 𝐿𝑐 = 𝐾 . 𝐿 + 𝐿𝑓  

(3) 𝐿𝑐 = 𝐾 . 𝐿 + 𝐿𝑓  

(4) 𝑀𝑐 = 𝐾 . 𝐿  

(5) 𝑀𝑐 = 𝐾 . 𝐿  

(6) 𝑀𝑐 = 𝐾 . 𝐾 . 𝐿  

(10) 

And finally, the transformation ratios, magnetizing 
inductances and leakage inductances can be cal-
culated: 

𝐾 =
𝑀𝑐

𝐾 . 𝐿
=

𝑀𝑐

𝑀𝑐
 

𝐾 =
𝑀𝑐

𝐾 . 𝐿
=

𝑀𝑐

𝑀𝑐
 

𝐿 =
𝑀𝑐

𝐾 . 𝐾
=

𝑀𝑐 . 𝑀𝑐  

𝑀𝑐
 

𝐿𝑓 = 𝐿𝑐 − 𝐿 = 𝐿𝑐 −
𝑀𝑐 . 𝑀𝑐  

𝑀𝑐
 

𝐿𝑓 = 𝐿𝑐 − 𝐾 . 𝐿 = 𝐿𝑐 −
𝑀𝑐 . 𝑀𝑐

𝑀𝑐
 

𝐿𝑓 = 𝐿𝑐 − 𝐾 . 𝐿 = 𝐿𝑐 −
𝑀𝑐 . 𝑀𝑐

𝑀𝑐
 

(11) 

Fig. 6: Full model of the three windings transformer 



 

 

In [7,8], it has been shown that an N branch trans-
former can be described with a so-called T model 
using N+1 branches of inductances.  

 

In the case of the equivalent three-winding trans-
former presented in the previous calculations, the 
T-model can be used and the equivalent circuit 
has one leg for the magnetizing inductance, one 
for the primary leakage inductance and two for the 
secondary leakage inductance as shown in Fig. 7. 
Theoretically, the magnetizing inductance is much 
greater than the leakage inductances 
 
The equivalent source voltages at the B and C 
secondaries and the related leakage inductances 
are given by Eq. 12. 

𝐿𝑓 =   𝐿𝑓 =  

𝑖 = 𝐾 . 𝑖   𝑖 = 𝐾 . 𝑖  

𝑉 =   𝑉 =  

 

(12) 

3 Calculation of the power deliv-
ered by the sources 

To carry out this calculation, we will use the dia-
gram in fig. 7, the T-model. The power calculation 
is done for one leg of the inverters A, B, C. A mul-
tiplication by 3 will give the total power. 
 
Hereafter, VM is the midpoint voltage, Va is the 
phase origin and the voltages Vb and Vc are re-
spectively phase shifted by an angle φab and φac 
with respect to Va. Using Kirchhoff’s laws we have: 
 

𝑉 − 𝐿𝑓 . 𝑖 − 𝑉 = 0 

𝑉 − 𝐿𝑓 . 𝑖 − 𝑉 = 0 
(13) 

𝑉 − 𝐿𝑓 . 𝑖 − 𝑉 = 0 

𝑖 + 𝑖 + 𝑖 = 𝑖 =
𝑉

𝑗𝐿 𝜔
 

And then : 

𝑉 =
1

3 +
𝐿
𝐿

(𝑉 + 𝑉 + 𝑉 ) 
(14) 

And by injecting the complex voltage notation 
( 𝑉 = [𝑉 ; 0°], 𝑉 = [𝑉 ; 𝜑 ], 𝑉 = [𝑉 ; 𝜑 ] ) into 
Eq. 14 it leads to: 

𝑉 =
𝑉

3 +
𝐿
𝐿

(1 + cos(𝜑 ) + cos(𝜑 )

+ 𝑗 sin(𝜑 ) + 𝑗 sin(𝜑 )) 

(15) 

And 

𝑖 =
−𝑉

𝐿 𝜔 3 +
𝐿
𝐿

sin(𝜑 ) + sin(𝜑 )

+ 𝑗 2 +
𝐿

𝐿
− cos(𝜑 )

− cos(𝜑 )  

(16) 

In generator convention (no conjugate current), we 
can write that: 
 

𝑃 =
1

2
𝑅𝑒𝑎𝑙(𝑉 × 𝐼) (17) 

hence, 
 

𝑃 =
−𝑉

2𝐿 𝜔 3 +
𝐿
𝐿

[sin(𝜑 ) + sin(𝜑 )] (18) 

 
The same thing can be applied to inverters B and 
C (𝜑 = −𝜑 , 𝜑 = −𝜑 , 𝜑 = −𝜑 =
𝜑 − 𝜑 ). 
Hence, the total power expression for each in-
verter is: 

𝑃 =
−3𝑉

2𝐿 𝜔 3 +
𝐿
𝐿

[sin(𝜑 ) + sin(𝜑 )] (19) 

Fig. 7: T-model of the three windings transformer 



 

𝑃 =
−3𝑉

2𝐿 𝜔 3 +
𝐿
𝐿

[sin(−𝜑 )

+ sin(𝜑 − 𝜑 )] 

𝑃 =
−3𝑉

2𝐿 𝜔 3 +
𝐿
𝐿

[sin(−𝜑 )

+ sin(𝜑 − 𝜑 )] 

With the conventions used for these calculations, 
the power is negative if the source draws power 
and positive when it delivers power. 

4 Transformer design  

4.1 Finite elements simulation 

In order to validate our assumptions about the de-
sign of the transformer, we have built a prototype 
and have characterised it, but first we have chosen 
to model it using the finite element method [9] with 
the COMSOL Multiphysics software. 
The simulated geometry was created using the 3D 
building interface of comsol. The magnetic core is 
made with three 3 cylindric leg obtained from 
ETD59 cores in 3C90 material and PLT64/50/5. 
The windings were simulated by multiturn coils 
with 2 turn like in the prototype. The software’s 
built-in SPICE simulator was used to simulate the 
inverters and the coils were supplied with sinusoi-
dal voltages with an amplitude of 20V and a fre-
quency of 50kHz.  
 

The 3C90 magnetic material constituting the trans-
former has been described by a Jiles Artheton hys-
teresis model integrated in the software [10] allow-
ing to take into account the magnetic hysteresis 

characteristic of the ferrite material and thus to cal-
culate the iron losses (eddy currents, magnetic 
losses). 
 
The first results showed that the planned design 
would achieve the intended power and indeed al-
low power to be transferred between the inverters. 
As shown in the example illustrated in Fig. 8, in-
verters A and B should send about 300W equally 
to inverter C. The induction in the transformer 
shows that the operating point is far from satura-
tion and that even more power can be transferred 
without significant losses. For this operating point, 
we have about 15W of losses or an efficiency of 
95%. 

4.2 Realization of the transformer 

As previously mentioned, the transformer was 
made by sawing commercially available cores to 
match the dimensions used in the simulation.  
 

(a) (b) 

(c) 

A struers secotom diamond saw was used to ob-
tain the columns, which are in fact composed of 
two cylinders from ETD59 cores placed end to 
end. The flat parts of the transformer are made up 
of PLT64 flat rectangles and the junction between 
the flats was obtained by sawing a PLT64 to make 
an equilateral triangle whose side length is equal 
to the smallest length of the PLT64. All these ele-
ments were then glued together to form a half shell 
(Fig. 9a). Two half-transformers were manufac-
tured and assembled using 3D printed parts (Fig. 
9b). The windings are drawn directly onto the PCB 
of the inverter. This PCB is drilled with holes and 

Fig. 8: Simulation of a power exchange (A and B 
each send 150W to C), induction in the transformer

Fig. 9: The three port transformer prototype 



 

plugged directly onto the transformer columns 
(Fig. 9c). 

4.3 Inductance matrix measurement 

To measure the inductance matrix, the windings 
were connected in star and an HP4194a imped-
ance analyser was used.  The measurement and 
connection diagram of the impedance analyser is 
given in Fig. 10. Although in principle the matrix is 
symmetrical, the 81 self and mutual inductances 
were measured (3 inverters with 3 phases per in-
verter and 3 transformer legs with 3 windings per 
leg) in order to highlight possible imbalances. 

Hcur/Lcur are the current injection ports of the 
HP4194a and Lpot/Hpot are the measurement 
ports. The inductance matrix was measured for a 
frequency of 50kHz which is the intended switch-
ing frequency of the inverters. The resulting induct-
ance matrix is given in Fig. 11. (All values in H). 

From these measurements it appears that, as ex-
pected, the matrix is symmetrical, taking into ac-
count the geometry. Moreover, the inductance ma-
trix must be block symmetrical and this is what we 
obtain with measurement errors that are not large 
(<1%).  
The self-inductances of the same three-phase 
system are close and the mutual inductances on 
the same leg are close. Furthermore, they are 
close to the self-inductances, which indicates that 
there is little inter-phase leakage and that the com-
ponent is close to a true transformer, and not to 
coupled inductances in the flyback sense. Finally, 
the mutual inductances of the same three-phase 
system are close to one third of the self-induct-
ance, which means that there is little inter-leg leak-
age. 

4.4 Experimental equivalent T-model 

 
Using this matrix of inductances experimentally 
measured with the HP4194a impedance analyser 
and using the relationships determined in the pre-
vious equations it is possible to calculate the ele-
ments of the matrix of equation 7 as shown in Eq. 
20. (All values in H) 

𝑉𝑎

𝑉𝑏

𝑉𝑐

=

4,48 4,09 3,97

4,09 4,46 4,13

3,97 4,13 4,56
.

𝑑

𝑑𝑡

𝑖𝑎

𝑖𝑏

𝑖𝑐

 

 

(20) 

All the windings have 2 turns and are made on 
PCB. We therefore have Kab = Kac = 1 and we can 
determine all the elements of the equivalent T-
model. 
 
L = 3,93H, 𝐿  = 0,552H, Lfb’ = 0,19H, Lfc’ = 
0,534H. 
 
Sawing ferrites, which are very hard ceramic ma-
terials, is difficult and without grinding the sawn 
surfaces it is impossible to obtain a perfect surface 
finish. Finally, the manufacturing tolerances of 
commercial ferrites are of the order of a millimeter 
and it is therefore difficult to perfectly align them 
thus explaining the dissymmetries that are finally 
obtained between the different inductances. Nev-
ertheless, we have introduced the values obtained 
from the measurements into the PSIM simulation 
schematic in Fig. 12. 

All the sources have a frequency of 50kHz and a 
peak voltage value of 25V. Vb has a phase shift of 
8° with respect to Va and Vc an offset of 13° (cho-
sen arbitrarily).  
With the chosen conventions in the previous cal-
culations, power is considered negative when the 
source is absorbing power and positive when it is 
delivering power. The simulation in Fig. 13 shows 
that inverter A absorbs 225.9W and that inverters 
B and C supply 51.5W and 175W respectively. 
There is therefore a transfer of power between the 

Fig. 10: Measurement schematics 

Fig. 11: Inductance matrix of the transformer 

Fig. 12: Psim circuit used for the simulation of the T-
model 



 

different inverters, which can be adjusted by mod-
ifying the phase shift between their respective con-
trols. However, it can also be seen that the asym-
metry in the leakage inductances strongly un-
balances the transfer. 

If, as in the simulation in Fig. 14, the phase shifts 
of Vb with respect to Va and Vc with respect to Va 
are identical, it can be seen that one of the two 
sources delivers much more power than the other 
(232.8W for B and 82.2W for C for total power of 
314W in A), which can eventually lead to involun-
tary saturation of a part of the transformer. It is 
therefore very important that the construction be 
absolutely symmetrical so that the different induct-
ances of the circuit are also symmetrical. 

5 Conclusion 
In this paper we have proposed a three-port sys-
tem based on the use of three-phase inverters and 
a multi-port transformer to facilitate the exchange 
of energy between the converters. The system 
was modelled analytically. The component was 
produced by sawing and gluing commercial ele-
ments, then characterised with an impedance an-
alyser to determine its inductance matrix and a so-
called T-model whose elements were calculated 
from this matrix was proposed and simulated. In 
the light of the results obtained, it is clear that this 
type of component can be used in multi-port con-
verters but that it must be made with particular 
care, so that it is as symmetrical as possible in or-
der that the inductances themselves are symmet-
rical and the power transfer is easily adjustable 
without the need to significantly vary the phase 
shifts between the inverters. 
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