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Abstract. The paper presents an analytical approach to the determination of power losses in a high-frequency transformer operating in the dual
active bridge (DAB). This transformer, having two single-phase transistor bridge inverters, couples two DC circuits that significantly differ in
voltages (280 V and 51 V +20%). Power losses in the core and windings of the planar transformer 5600 VA /100 kHz were calculated taking
into account changes in the value and direction of the energy flow between the coupled DC circuits. These circuits represent storage or renew-
able energy sources and intermediate circuits of the converters used in distributed generation systems. Calculations were performed using the
Steinmetz’s and Dowell’s equations. The analytical results have been verified experimentally.
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1. Introduction

Transformers operating at pulse voltages with higher frequen-
cies represent major components of various types of power elec-
tronic devices, such as switch mode power supplies or isolated
DC/DC converters (e.g. dual active bridge — DAB) allowing bi-
directional energy flow between DC circuits (e.g. [1-3]). In the
DAB converter the transformer provides the galvanic isolation
of both coupled DC circuits, but also the possibility of energy
exchange in the case of large differences between the DC volt-
ages. In addition, these voltages may fluctuate, which is char-
acteristic of storage and renewable energy sources [4, 5]. An
important application field of these converters is also automo-
tive and aeronautical engineering, where there are multi-voltage
DC systems [6, 7].

DAB converters in which the hard switching technique is
applied are the subject of research in many research centers
reporting their investigation results in numerous publications.
Those publications mainly concern converters operating at a rel-
atively low frequency, not exceeding 20 kHz (e.g. [2-4, 7, 8]).

In many cases, high power density and miniaturization of
the electronics devices is necessary, which is also associated
with material savings. This is achieved by increasing the fre-
quency of voltage and current so as to enable the reduction
of the values of the electrical parameters and geometrical di-
mensions of the inductors, capacitors and transformers, also in
relation to DAB systems.

In the case of power electronic devices with high power den-
sities (approx. 10 kW/dm?), power losses generated in the indi-
vidual elements must be determined, so as to be able to provide
adequate cooling conditions for the inverter. These problems
are the subject of many publications (e.g. [6, 9-16]). Particu-
larly noteworthy are works [6, 10, 11] showing the method of
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determining the power losses in the core and windings of high
frequency transformers. However, the results reported in these
publications are obtained in an experimental way and confirmed
using a complex analytical description, which is difficult to use
in practice. In a number of publications (e.g. [11, 13—15, 17]),
attention is paid to the impact of the growth of the winding re-
sistance for the harmonic current of the transformer, but with
no reference to the operation in the DAB system.

This paper presents the analytical determination of the
power losses in the core and windings of the high-frequency
transformer which operates in a dual active bridge. For the de-
termination of these losses, the Steinmetz and Dowell models
were used [ 18, 19]. The results of the power losses calculations
include the influence of the transformer temperature different
relationships between the DC voltages and varying shift mod-
ulation ratios of the DAB converter.

Section 2 presents an overview of a DAB system that in-
cludes the transformer being the main subject of this study.
Section 3 provides a description of the construction of the trans-
former and its basic parameters. Sections 4 and 5 are devoted
to the discussion of the analytical models used to determine
the power loss, as well as the presentation of the results of
calculations of the losses in the core and windings of the trans-
former under consideration. Section 6 provides the results of
calculations of the total power loss and transformer energy ef-
ficiency with respect to the DAB system. In Section 7, the re-
sults obtained analytically and the results of experimental mea-
surements are compared. Section § is a summary of the study,
containing a brief assessment of the results and conclusions
regarding the suitability of the proposed analytical description.

2. The dual active bridge (DAB)

Among different versions of dual active bridges, the most com-
monly presented in the literature are single-phase systems. They
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Fig. 1. Schematic diagram of the DAB system with a high-frequency transformer: T1 + T4 — CoolMOS-type transistors; TS + T8 — MOS-
FET-type transistors

contain two H-bridges, whose AC circuits are connected, either
directly or through additional inductors, to the windings of the
high-frequency transformer (Fig. 1).

In the case considered in this paper the voltage E; is fixed at
280 V, while the voltage £, may vary in the range of 51V +20%,
i.e. from 40.8 V to 61.2 V. This means that the voltage conver-
sion ratio, as defined by the formula

k=22 (1)
nk,

may vary in the range from 0.8 to 1.2, where n = N,/N; = 2/11

— turns ratio of the transformer; N;, N, — the number of turns of

the high-voltage (primary) and low-voltage (secondary) wind-

ing, respectively.

Assuming that the transformer magnetizing current is
negligibly small, the currents i; and i, in the two windings
are dependent on the voltage difference u; and u,/n and the
resultant inductance L of the AC circuit. This inductance
is the sum of the leakage inductance of the two transform-
er windings (2L, = 0.9 pH) and two additional inductances
(Ly=Ly; + Ly =20.1 uH), arranged on the high-voltage side.
The main task of the chokes is to limit the range of the trans-
mitted power and to reduce the sensitivity of the inverter to
change in the control signal [9]. Due to the high switching
frequency, /= 100 kHz, phase shift modulation is used for the
control of the DAB. With this control method, each of the
bridges generates a rectangular voltage of approx. £280 V and
+(40.8 = 61.2) V at its AC terminals (with the duty cycle be-
ing equal to 50%). The DAB converter allows the bi-directional
flow of energy between the coupled circuits £; and E, by ad-
justing the time shift between the rectangular voltages u; and
u, of the both bridges [20].

The value of the power transferred between the circuits is
given by [9]

T
P, = EElEzD(l -D) )

where T = 1/f— the period of voltages u; and u, (the switching
period of the transistors); D — the shift ratio, defined as D7/2,
is a time shift between the voltages u; and u,.
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Fig. 2. Power transmitted by the DAB between the DC circuits E;
and £, depending on the shift ratio D at different voltage conversion
ratios &,

The power Py, transmitted by the DAB as a function of the
shift ratio D for different values of the voltage conversion ratio
k, is shown in Fig. 2.

The energy flows always from the bridge generating the
leading voltage. The shift ratio D is defined as positive if the
energy flows from the circuit £; to the circuit £,. The opposite
direction of energy flow occurs at a negative time delay, i.e. if
the voltage u; is in advance of the voltage u; by the time equal
to DT/2. In practice, the change in the duty ratio D is limited
to £0.5 [9] due to the reduced power loss in the DAB system.

The analytical description of the power losses, proposed
in this paper, is performed on the assumption that the DAB
converter is fully symmetric. Therefore, only the positive shift
ratio D was examined.

3. The transformer
The subject of the study is a commercially available planar

transformer with a rated power of 5600 VA at the primary rect-
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angular voltage +360 V, 100 kHz (Table 1). The transform-
er core is composed of two ferrite parts with the symbol ER
64/13/51, characterized by a circular central column (Fig. 3).

Table 1
Parameters and characteristic values of the transformer under
consideration
Parameter Value
rated power Sr=5600 VA
rectangular primary voltage with a frequency
=4

of 100kHz Ui=+360v
number of primary winding turns N;=11
number of secondary winding turns N,=2
DC resistance of the primary winding at B
Tp=20°C Ry =15mQ
DC resistance of the secondary winding at -~
Tp=20°C Ry =0.20 mQ
re.sult.ant leakage 1nductanct? of the _transformer 20,=0.9 uH
windings (referred to the primary side)
magnetizing inductance of the transformer L,=770 uH

. ferryt typ 3F3
core material (Ferroxcube)
central core column surface area Spe = 566 mm?
volume of the complete core _ 3
(two ER/64/13/51 parts) Vre=352.60 cm
calculated peak value of the AC induction B =015T
component at = 100 kHz; U; =360V; N, =11 o
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Fig. 3. A 3F3 ferrite part constituting half of the core of the SX Standex
64-56-360-28-R /RS type planar transformer [27]
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In the case of a high-frequency transformer, the windings

must be designed so that the magnetomotive force is minimized.
Thanks to this, a limitation of the proximity effect and, as a con-
sequence, a reduction of the eddy currents and the power losses
in the windings is achieved.
In the transformer under discussion, the proximity effect has
been reduced by dividing the windings into sections and plac-
ing the primary (high-voltage) and secondary (low-voltage)
winding sections alternately. In addition, in order to reduce the
skin effect, the primary winding is made from multilayer print-
ed circuit boards, while the secondary winding is made from
thin copper sheets. Winding technique of the high-voltage and
low-voltage windings is shown in Figs. 4, 5 and 6.

The winding resistance values for DC current given in Ta-
ble 1 have been calculated based on the dimensions of the print-
ed circuit board (PCB) and the copper plates making up the
winding, assuming that the resistivity of copper at a tempera-
ture of 20°C is p = 1.7x10°* Qm. The leakage and magnetizing
inductances of the transformer were determined based on the
analysis of the current waveform in the primary winding of the
transformer for rectangular voltage (100 kHz).
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Fig. 4. The primary (high-voltage) winding: a) a multi-layer printed

circuit board (11 layers, each having a copper layer thickness of

g;=0.05 mm; b) a parallel connection of two sections s, and s4, each

of which has eleven turns; 1 — laminate (PCB); 2 — copper layer;
3 — outline of the core
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Fig. 5. The construction of the secondary (low-voltage) winding, made

up of plates of copper sheets with a thickness g, = 0.5 mm (each of the

sections s; and ss has two layers; section s; has four layers, whereas
only two of them were considered in the calculation)

?
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Fig. 6. The connection diagram of the primary (s,, s4) and secondary
(sy, 83, 85) windings

Appropriate tests were performed for the short-circuit (Fig.
7a) and the no-load (Fig. 7b) condition of the transformer, re-
spectively. For the calculations, time intervals were chosen, in
which there was an approximately constant voltage and a linear
current change.

The above-mentioned parameters were used for the analysis
of the power losses generated in the windings and in the core
of the transformer. Due to the fact that the magnetizing induc-
tance is much (by approx. 850 times) larger than the leakage
inductance, the magnetizing current will be omitted in further
discussion.
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Fig. 7. The waveforms of primary winding voltage and current: a) short-
-circuit condition (2us/div; 20 V/div; 5A/div); b) no-load condition
(2ps/div; 100V/div; 500mA/div)

4. Power losses in the core

For the analytical evaluation of the power losses generated in
the ferrite core of the transformer, Steinmetz’s modified equa-
tion was used, which, for rectangular voltage, takes on the fol-
lowing form (e.g. [11, 18])

8
PFe:TTZkfaBEn(co_ClTT+C2TTz)VFe’ )

where Pr, — power loss in the core [W]; f— induction frequency
[Hz]; B,, — peak value of the induction [T]; 77 — core tempera-
ture [°C]; Vj, — core volume [cm®].

The considered core is made of ferrite 3F3. For this material,
the Steinmetz coefficients for the frequency /' = 100 kHz and the
polynomial coefficients taking into account the effects of tem-

Bull. Pol. Ac.: Tech. 64(3) 2016
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perature, are [11]: £k =0.25x 107 a = 1.60; L =2.50;c,=1.26;
c;=1.05x1072[°C"]; ¢, =0.79x107*[°C].

It should be noted that the polynomial taking into ac-
count the temperature influence on the core power losses is
equal to 1 for the temperature 77 being approximately equal
to 30°C and 100°C, respectively. The smallest value of this
polynomial (approx. 0.9) occurs at a temperature of approx-
imately 65°C.

The maximum values of the induction B,,, which are nec-
essary to calculate the power loss in the core, were determined
based on the instantaneous values of the voltage waveforms u;
and u,, the induced voltage u, and the magnetic induction B.

According to the equivalent circuit shown in Fig. 8, the volt-
age u,, which determines the instantaneous value of induction,
is given by the formula

o LO‘ + Ld
u, =, +u, (5)
2L +1L, 2L +1L,
where L, = L;; = L, — leakage inductance of each winding con-
verted to the high-voltage circuit; L, — total inductance of the
additional chokes in the primary circuit; u’, = u,/n — secondary
voltage converted to the primary (high-voltage) winding.

Ld Lc LG
o YY) /YY) YY) o
— «— —
Uy 27 U,

Fig. 8. Equivalent diagram with values converted to the high voltage
side of the DAB system (L = L;+2L,=21 uH)

Disregarding the voltage drops on the semiconductor devic-
es, the voltages u; and u, have the form of alternating square
waves with maximum values of, respectively, £E; and =FE.

Figures 9 + 11 show the instantaneous values of voltage and
induction at a different voltage conversion ratio and different
D172 time shifts between the voltages of the both windings. In
order to simplify the waveform, it is assumed that there are no
additional inductors (L, = 0). On this assumption, there will be
the least favorable working conditions of the core, in which the
magnetizing voltage u, = (u; + u’,)/2 and the maximum values
of the induction B, are the greatest.

In the case, where the voltage conversion ratio is k, =1
with respect to both the positive and negative D7/2 time shift
(Fig. 9), it is obtained:

B =

m

E(1-D) 6)

Z 1
4 NISFe

where S, is cross-sectional area of the core.
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Fig. 9. Simplified waveforms of voltages on either of the transformer
windings, the magnetizing voltage and the magnetic induction at
k,=1:2a) DT/2>0;b) DT/2<0
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Fig. 10. Simplified waveforms of voltages on either of the transform-
er windings, the magnetizing voltage and the magnetic induction at
k,>1:a) DT/2>0;b) DT/2<0

With a voltage conversion ratio of k, > 1, then for a time
shift of either D7/2 > 0 (Fig. 10a) or DT/2 <0 (Fig. 10b), it
can be written:

m:ABZ;AB3=Z ! El

1-2D+k 7
avs By(-20k) O

N | —
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Fig. 11. Simplified waveforms of voltages on either of the transform-
er windings, the magnetizing voltage and the magnetic induction at
k,<1:a) DT/2>0;b) DT/2<0

In case of the conversion ratio being &, < 1, then for both posi-
tive and negative D7/2 time shifts (Fig. 11) we have

AB+AB _r 1 1

B E—[1+k (8)
B b ek -20)
i |
\ k,=1.2
°TN
AN \ T,=100°C
|
4 \,
\ \
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\ . \k=1
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\,\\.
\}.\\\
.\.b\tk
TS
0 01 02 03 04 05 06 07 08 09 10
D]
0° 30° 60° 90° 120° 150° 180°
_—
(o

Fig. 12. Core power losses of the planar transformer versus the shift
ratio | D| for the voltage conversion ratio k, being equal to 0.8, 1 and
1.2 (the core temperature 77 equals 30°C or 100°C)
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Equations (6 + 8) were used for the calculation of the B,,
induction peak values, based on which the core power losses
were determined. The values of these losses as a function of the
shift ratio D (absolute value) for different voltage conversion
ratios k, are shown in Fig. 12. It is worth noting that for a core
temperature of 20°C, core power losses are larger by 8.2% com-
pared to the losses at 30°C and 100°C (4).

5. Power losses in the windings
of the transformer

5.1. Windings resistances. To reduce the resistance for alter-
nating current, the primary and secondary windings are divid-
ed into sections and arranged, as shown in Fig. 13. Based on
Dowell’s model, the AC resistance of the j-th winding section
(Racq)) consisting of m; layers can be expressed with the fol-
lowing relationship (e.g. [19-24]):

sinh(2y)+ s1n(2y)
Ry = Rapyy Losh(Zy)

cos(2 y) o)
N %( 3 1\ sinh(y)— sm(y)} |
3 o) o)) K0

where R, ), Rqj) — respectively, the AC and DC resistances of
the j-th winding section; Ky — the ratio between the AC resis-
tance and the DC resistance, which takes into account the skin
and proximity effect for sinusoidal current with a frequency of
f: mg— the effective number of layers in the considered winding
section (taken for calculation).

The term y occurring in formula (9) represents the relative
thickness of the layer and is expressed as follows:

h

w 5

where k,, — the copper fill factor (for copper sheets and PCBs,

k,, =1); h —the effective layer thickness which is equal to the

thickness of the copper path (for PCB, g; = 0.05 mm) and the
thickness of copper sheet (g, = 0.5 mm); J — skin depth.

The depth of the skin effect, being characteristic of the ma-

terial from which the windings are made, is given by the fol-
lowing relationship:

y =4k (10)

o=_|L

Tfu

where f— sinusoidal current frequency; i, p — magnetic perme-
ability and resistivity of the winding. For copper conductors at
the current frequency f= 100 kHz and temperature 20°C, the
skin depth is 6 = 0.22 mm.
According to equations (10) and (11) the relative thickness of
the layers of primary and secondary windings are respectively:
Yprim = 0.23, Yoo = 2.3.

The number of sections and layers taken for calculations
may be different from the number of the actual sections and

(11)
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Fig. 13. Cross-sectional view of the winding configurations and the indicative distribution of the magnetomotive force according to Dowell’s
assumption; 1 — sections of the secondary winding made up of copper sheet; 2 — section of the primary winding made up of multilayer
printed circuit boards (PCB)

layers. In order to determine the sections and layers taken into
account in calculations, it is convenient to draw up an indicative
sketch representing the distribution of the magnetomotive force
F,,(x) along the x-axis perpendicular to the layers and the leak-
age flux (Fig. 13). The number of m, layers include only those
layers which lie between the extremes of the magnetomotive
force and the x axis.

The primary winding, which is made up of multilayer
printed circuit board, has two sections, s, and s4,connected in
parallel, each of them having 11 turns. The number of layers
in two sections is identical, being mgy, = my = 5.5. The sec-
ondary winding, made of copper sheet, consists of three sec-
tions. The sections S1 and S5 have two layers (mg; = mgs = 2),
while the section S3 has four layers, but in this case, the
number of layers equal to two (my; = 2) should be taken for
calculation.

The AC resistance ratio, expressed as the ratio of AC resis-
tance to DC resistance, for a given section (Kgj) = Rue(j/Rag)
can be either calculated using equation (9) or red out from the
graph prepared based on this relationship, which is shown in
Fig. 14.

20 P
pd
mg :S?I ms—2 //
/
10 , i
V|
Ky /
6 / A
5
/1

4

3 /

2 ///

1 A

0.1 0. 1 1.5 2 25 3 4 5 6 7

Fig. 14. The AC resistance ratio K of the planar transformer windings
depending on the relative thickness of the layer y with the number of
layers m, as a parameter
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In the case of the primary winding, for which y < 1.5, for-
mula (9) can be approximated with sufficient accuracy with
a simple expression in the following form [25]:

S5m? -1
Ky=1+20 "¢

45 (12)

Equations (9—12) and the graphs shown in Fig. 14 both refer to
the currents of sinusoidal waveforms with a frequency f. How-
ever, in the windings of a transformer operating in the DAB
system, distorted currents occur. The stray field, induced by
higher current harmonics, induces eddy currents that cause an
additional increase in the resistances of the windings.

Power losses in the copper should be calculated by summing
the losses for each current harmonic according to the following
formula (e.g. [15]):

K K
2 2
PCu = Pcm + Pcllz = le(k)Racl(k) + ZIZ(k)RaCZ(k) (13)
k=1 k=1

where Pc,;, Py, Pcy, — power losses generated in the high-
and low-voltage windings and the total copper losses; kK — index
for current harmonics; 1,4, [x)— RMS values of the k™ current
harmonics in the high- and low-voltage windings; R,.;u), Rac20)
— AC resistances of the windings at the A" harmonic; K — the
order of the highest harmonic considered in calculation.

To determine the R,.;q) and R, it is necessary to take into
account the influence of the frequency of the current harmonics
at the skin depth, and therefore also the relative thickness of the
windings layers, which is given by the formula below:

Yy =k (14)
where y; — relative layer thickness for the frequency fy) = &f;
y — relative layer thickness for the base frequency f'= 1.

The rise in winding temperature is the cause of the increase
of copper resistivity. Increasing the resistivity results in an in-
crease in winding resistance for DC current, but also a decrease
in the relative thickness of the layers (10, 11) and a reduction
in the skin and proximity effects. As a consequence, the AC to
DC resistance ratio is reduced.
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Table 2 shows the ratios Kz; = R,.;//R;; and Kp> = R,.5/R 5,
and the resistances of the high- and low-voltage windings for
several frequencies fy,) = kf corresponding to the frequencies
of the current harmonics, for winding temperatures of 20°C
and 100°C.

Table 2
AC resistance ratios and windings resistances for several current
harmonics and the temperatures 20 °C and 100 °C

Based on Fig. 15, the effective current /; in the high-voltage
winding can be described with the following formulas [7], [9]:
— in the case where k, < 1

201 1 1
I = \/?[glgu +§152z3 +[1§2 +§Alf +1L2A1thc} (15)

— in the case where k, = 1

High-voltage (primary) winding | Low-voltage (secondary) (2
winding I =1 ?(gt/: +tc) (16)
- Tr=120°C Tr=100°C Tr=120°C Tr=100°C
R;=15mQ | R, =19.90 R;=02 | Rj=0264 | —inthe case where k,> 1
mQ mQ mQ
211, 1, : 1o
k| Kgi | Reer | Kri | Racr | Kro | Racz | Krz | Rueo L= |=| =t +=1,t,+| I, +=Al; =1,,Al, |t. | (17)
[mQ] [mQ] [mQ] [mQ] T|3 3 3
1]1.008 |15.12[1.0065| 19.93 | 7.0 | 1.4 | 58 [ 1.53 | where Al =15—1;,.
All the time intervals ¢4, ¢z and ¢, and the characteristic val-
3 1.0085 | 15.13 | 1.058 | 20.96 | 11.5 | 2.3 |11.3 | 2.98 ues of the instantaneous currents /;, and /; ; can be determined
based on the relationships below:
511.21 18.15| 1.16 23.00 | 14.0 | 2.8 |13.0 | 343
7(140 [21.00(132 |2607 |18.0| 37 [17.0 | 449 T nE, +E,(2D-1)
t,=— (18)
4 nk - FE,
9 11.67 25.05|1.52 30.15 | 19.5 | 3.9 |18.0 | 4.75
T
11 | 1.95 29.50 | 1.77 3514 | 220 | 44 |195 | 5.15 ty, = DE—ZA (19)
. , o . T
Due to the ratios Kz; and K, decreasing with increasing t-= —(1 - D) (20)
temperature, the resistance increase for AC current is smaller
than for DC current. nE, +E,
I, = —L ty 21)
5.2. Winding currents. Disregarding the magnetizing current, n
the currents in the windings of the transformer depend on the nE + E
winding voltage differences u; and u, and the resultant induc- I,,= —1 2y y (22)
tance L occurring in the AC circuit of the DAB (Fig. 1, Fig. 15). nL
a) b) c)
A A A
u u u
E.+Ey/n U E+E,/n U E+Ey/n U
I: E,-E,/n
0] T T T >0 T T
DT ' 2 |E-Enm T t DT ' 2 [E-E/n Tt DT E-E/n2 b
2 1 ! 2 ! | 2 1 i
I o T I L 1 EEM
12 | : 12 i | 12 i :
A L A ! L A L
: | hs-lo ! ! L Cul bl T ! : I, i l !
|_2: | ! i | L2 \ i Low 1 L2 1 :I — 'I i !
//\ P /_:\ Pig o | ! 15 o i
4 : | . | Iy ! | — iy CL ; i l Ly
Olty, Mtiit, it \t o%u b it NG it o it ;ts\i/:t
| o : ' | b : ' loly & 4 |
Wty gl o Lt to Pl e to

Fig. 15. The instantaneous values of voltage u; and current i; for: a) E; > Ey/n, (k, <1); b) E; = Ey/n, (k,=1); and ¢) E; < E,/n, (k,> 1)
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Fig. 16. The RMS value of current in the high-voltage (primary) wind-
ing of a transformer operating in the DAB converter as dependent on
the shift ratio D for different conversion ratios &,

Taking into account the parameters of the system under con-
sideration, the effective current in the high-voltage winding can
be calculated for a different shift ratio D and a varying conver-
sion ratio k, (Fig. 16).

The waveform shapes of currents in transformer operating in
the DAB converter are similar to triangular, exponential or trape-
zoidal ones. A simple method to achieve these currents is to pow-

er supply the transformer from H-bridge converter in the cases:
short — circuit operation (triangular shape), resistive load oper-
ation (exponential shape) and an inductive — load rectifier con-
nected to the secondary winding (trapezoidal shape). For these
waveforms, the RMS values of the individual winding current
harmonics relative to the RMS value of the base harmonic are:
winding resistances for each of the current harmonics are high-
er than for the base current components (Table 2), the power
losses in the copper caused by the harmonics of the order & >3
are negligible.

5.3. Copper losses. Calculating the winding power losses by
summing the losses caused by individual current harmonics
(formula (11)) is very time-consuming. Therefore, an attempt
was made to calculate the power dissipation in the windings
based on the RMS of the winding currents /; and I, = [;/n. The
calculations were performed for the windings resistance at 100
kHz according to the following formula:
PC"u = 112Racl(1) + 122Ra62(1) (23)
The relative percentage differences between the results of

calculations based on the advanced formula (13) and the sim-
plified relation (23), defined as

P, — P,
Epay = %100% (24)

Cu

are presented in Fig. 17.

Due to the small difference between the calculations results
(not exceeding 6%) relative to the original inverter cooling sys-
tem design, the power losses in the transformer windings can

} X
5 x £1_ 71 t
4 x
Er1) o Dwﬂt)t
o A
2
A
1 A
+ D : '
0 1 2 3 4 5 6 7 8 9 10 M
P, [W]

Fig. 17. Relative differences &g ;) between the winding power loss calculation results obtained from formula (13) and (23) for currents of various
waveforms (A — triangular, x — exponential and o — trapezoidal), as a function of the power loss as calculated from formula (13)
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20 be calculated based on the resistance R,; ;) and Ry, ;) and the
) RMS value of the currents /; and I, = I,/n.
18 / The power losses in the windings of the transformer under
/ consideration as a function of the RMS value of the primary
16 current and as a function of the shift ratio D for several con-
/ / version ratios k, are shown in Fig. 18 and Fig. 19.
14 / The graphs in Figure 18 are universal and can be used re-
T;=100°C / / gardless of the system in which the transformer under consid-
12 v/ eration operates.
_ / / T 220°C The power losses generated in the windings at the tem-
E. 10 / —" perature 100°C are only by approx. 15% higher than at 20°C.
Q? / This is due to the winding resistance increase for AC current
/ (100 kHz) being smaller than for DC current (for the tempera-
B ture increase by 80°C the copper resistivity p increases by
approx. 32%).
6 //
4 // 6. Total power losses in the transformer
/ operating in the DAB converter
2 i
- The total power loss Py = Pp, + P¢, as dependent on the shift
— ratio D for k, = 0.8, 1.0 and 1.2 and for the temperature 100°C
B 2 B B 8 10 12 14 16 18 e given in the diagrams in Fig. 20.
1, [A]
Fig. 18. Transformer winding power losses versus the RMS current in 50 . . : —
the primary winding for 20°C and 100°C r ‘ /
40 4
50 T T T T v : :
i ]
i R i ]
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r _.r g . Fig. 20. The total power loss in the transformer operating in the DAB
L =7 Il ] converter for the temperature 77= 100°C
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0 0.1 0.2 0.3 0.4 0.5
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For a small shift ratio of (|D| <0.1), a dominant role is

Fig. 19. Transformer copper losses in the DAB system as dependent ~ played by power losses in the transformer core. For a shift ratio
on the shift ratio D for different conversion ratios &, at 20°C of |D| > 0.3, the winding power losses are critical. By reducing
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Fig. 21. Relationship between the total transformer power losses for
a temperature of 100°C (Py;;99) and 20°C (Py.59) vs. the shift ratio D
for several conversion ratios &,

the transformer temperature, also the total power dissipation
decreases (Fig. 21).

Taking into account the value of the power P transmitted by
the DAB converter between the DC circuits (eq. (1), Fig. 2) as
well as the Py, power losses, the transformer energy efficiency
n is calculated as follows:

n :Mloo%

E

(25)

The calculated efficiency # as a function of the shift ratio D for
several k, values and for the temperatures 20°C and 100°C is
shown in Fig. 22.

The obtained results confirm the existence of an important
advantage of the planar transformer under discussion, that is the
high energy efficiency, which is achieved owing to the proper
design of the windings and the carefully selected core.

The calculated efficiency values are fully consistent with
the specifications guaranteed by the manufacturer (99.7%). It
should be noted that the transformer has high energy efficiency
only for a specific, narrow range of shift ratios D.

7. Comparison of the analytical
and experimental results

The analytically determined transformer power losses were
verified experimentally in an indirect way by measuring
the Py; and Pp, power values in both coupled DC circuits.
The measurements were made using DC voltmeters and amme-
ters (Pg; = EI;; Pg; = E>l5) and wattmeters (VOLTECH), each
time determining the average of the obtained measurements.
The power losses in the semiconductor devices of the DAB
converter were measured using an infrared camera [26].

The values of transformer power losses Pre,) Were deter-
mined indirectly from the relationship:

Bull. Pol. Ac.: Tech. 64(3) 2016
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Fig. 22. Transformer efficiency variation with D shift ratio for several
k, values, namely: &, = 0.8, 1.0 and 1.2: a) 7= 20°C; b) Tr=100°C

PTr(mea):PEl_PE2|_2PL - P, (26)

semi

- Pbus

where P, — power losses generated in the semiconductor de-
vices; P; — power losses in the two additional inductors con-
nected to the transformer primary circuit, P, — power losses
in the DC bus of the DAB.

The power losses generated in the additional two inductors
were determined analytically by calculating the power losses
in the cores (Pp,;) and in the windings (Pc,;). The inductors
were made using a shell-like ferrite core with parameters cor-
responding to those of 3F3 material.

Similarly as in the case of the transformers, the power losses
in the reactor core depend on the peak value and frequency of
induction and the type and volume of material used to build
the core. The peak value of the induction B,,; can be calculated
based on the voltage across the winding of the inductor with
a known inductance.

The voltage on one of the inductors with an inductance L,
can be determined using the following formulas (Fig. 1):

up =k (u —u;) 27)

Ldl _ Ldl

. | M 28
"oor +L,+L,, L %)

where L;;, L; — inductances of the additional inductors;
uy = u,l/n.
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Fig. 23. The simplified waveforms of winding voltage and induction in the core of one of the inductors on the primary transformer side: a) k, < 1;
b) k,=1;¢) k,>1

In the system under discussion, the following relation-
ships are satisfied: Ly; =Ly = Ly/2; Ly= Ly+tLy> =20.1pH;
kL] = kLZ = kL :Ld/2L, L= 2LJ +Ld: 21 ]J,H

The Figure 23 shows voltage waveforms on one of the in-
ductors and the corresponding instantaneous induction values,
of which maximum value is defined by the formula

2
Al +k,(2D =1)].... for.....k, <1 (29)
= A(l+k,)D............... for.....k, =1
A2D +k, =1)..... for....k, >1
where
TE

A= Lk 30
4S8, N " 0

where Sg,; — inductor core cross-section; N — the number of
turns.

The power losses generated in the core of each of the in-
ductors were calculated from formula (4) using the following
data: Sy, =265x10°m?; Vj,, = 18.2cm’; N=8; k; = 0.4785;
T=10x10"s; Tr=100°C.

The windings of these inductors were made from three litz
wire conductors connected in parallel, each consisting of 120
thin wires with a diameter of d = 0.07 mm.

Due to the fact that the d diameter is much smaller than the
copper skin depth (6 =~ 0.22mm for 100 kHz), for the calculation
of the power losses dissipated in the inductor windings it can
be assumed that AC current resistance (R,.;) is equal to the DC
current resistance R;; = 5.21 mQ (at 100°C).

The power losses in the winding of a single inductor, P¢,;,
were calculated taking into account the RMS values of the cur-
rent /; flowing in the primary winding (Fig. 16).
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The total power dissipated in a single inductor, (P, = Pr,;+
Pc,1), as a function of the shift ratio D for three characteristic
coefficients k, is shown in Fig. 24.
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Fig. 24. Power losses in one of the two inductors arranged in the AC
circuit of the DAB converter

Table 3 presents the power loss calculation and mea-
surement results and the absolute (APy7. = Pr — Prigneq)
and the relative (dp7;) differences between the analytical
and experimental results obtained for the identical D ratio
and £k, values.
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Table 3
Results of the measurements and calculations of power losses in the DAB system
ku D PE17PE2 2PL Psemi Pbus PTr(mea) PTr(mea) PTr APTr 5PTr
- - w W w w w W W W %
57.4 0.5 47.6 1.22 8.08
1.0 0.11 5.6 6 0.4 6.66
70.7 0.5 65.9 1.17 3.13
0 106.5 0.6 98 0.35 7.55 7.55 6.5 —-1.05 -16.15
1.2
0.03 120.3 0.9 112.7 0.58 6.12 6.12 6.7 0.58 8.65
The relative differences between the theoretical and exper- Raci(1) Ls; Ls, Rac2(1)
imental results were calculated using the formula O—
P.-P. . AP,
O = 1D 1 00% = —-100% (1) 1 Ny
r —C R Fe|:| N2
Tr Tr Lm
Being aware of the imperfection of the adopted power loss
measurement method, which is due to the class of accuracy o o

of the measuring instruments used (an absolute error of mea-
suring power at a level of 2 kW using a wattmeter in DC cir-
cuits may reach values of several watts), a difference between
analytical calculation and experimental measurement results
of (|0pr:| <20%) can be considered acceptable. The analyti-
cal relationships presented in this paper can therefore be used
to estimate the power losses in the magnetic elements of the
DAB system.

8. Conclusions

The presented analytical description using Steinmetz’s and
Dowell’s formulas has enabled the calculation of the power
losses generated in a 5600 VA/100 kHz planar transformer op-
erating in the DAB system. It has been shown that the power
losses in the windings can be calculated based on the effective
currents without having to determine the winding resistances
for primary and secondary current harmonics. The power losses
calculated by summing the losses for each harmonic component
and based on the RMS currents differ by less than 6%.

The analytical calculation results for transformer power loss
and energy efficiency are fully consistent with the specifica-
tions provided in the data sheets of the transformer under con-
sideration. They show good agreement with the experimental
investigation results (the maximum relative difference does not
exceed 20%). This provides grounds for using relatively sim-
ple analytical formulas for the evaluation of the power loss in
various components of the DAB converter with varying shift
ratios and different relationships between the direct current cir-
cuit voltages. This may facilitate the process of designing the
system, and especially its cooling system.
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Fig. 25. Equivalent transformer circuit for /=100 kHz and u; = £280 V
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Appendix. The equivalent transformer circuit for f = 100 kHz
and ul =£280 V. To determine the basic parameters (Table 4),
the transformer was tested under no-load and short-circuit con-
ditions with 100kHz rectangular voltage (Fig. 25).

Table 4
Basic parameter of the tested transformer
Parameter Value
Racr(1) 15 mQ
Ryeony 1.4 mQ
Rg, 12.6 kQ
Ls; 0.76 pH
Ly 0.025 uH
L, 770 uH
c 0.13 nF
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