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ABSTRACT Compact and low profile power converters are the main business of today’s power industry.
A significant volume of a power converter is occupied by the power transformer. This article proposes a
unique solution that would make the power converters low profile. Instead of designing a power converter
by using a single bulky transformer, the solution proposed is to split the main bulky transformer into a number
of low profile transformers. This not only reduces the total weight and volume of the converter but also the
total transformer losses. The use of more than one transformer in series reduces the applied voltage on the
transformers, which minimizes the required turns ratio and decreases the stress on the secondary rectifiers and
filter elements. Moreover, the decrease in the applied voltage reduces the proportional loss per transformer
and makes it possible to design a hybrid transformer by combining Litz wire and traces of a printed circuit
board. The reduced copper loss and lower heat dissipation per transformer simplify thermal management.
An analytical comparison is made between the utilization of a single transformer or a number of transformers.
The procedure of splitting a volume of a single transformer into a number of small transformers has been
comprehensively discussed. The idea is investigated both experimentally and in computer simulation for an
example application of a phase shifted full bridge dc-dc converter. The converter is characterized up to a load
power of 2.2 kW at V;;, =400 V4. and V,,,;; = 48 V4..To make the approach more practical, the transformers
are modeled using the traditional analytical method. The design of the example application using the split
transformer approach reduces the total transformer weight by 45%, compared to the traditional approach
with a single transformer. The converter also shows good performance with a maximum efficiency of 96%.

INDEX TERMS Series transformers, modeling of transformers, transformer design, isolated converter,
medium power converter, low profile converter, ZVS converter, PSFB converter, lightweight converter.

I. INTRODUCTION frequency degrades remaining elements such as switching

The demand for smarter and low profile electronic solu-
tions is rapidly increasing in nearly all industrial applica-
tions. To meet this challenge, the power electronics industry
is progressing towards smart and low profile power con-
verters. It ranges from tiny mobile charging applications
to high power electric vehicles and smart grid applica-
tions [1], [2]. The power density of a power converter has
a direct relationship with the switching frequency; increas-
ing the switching frequency has been trending as a way to
reach the goal of a compact power converter. The increase
in switching frequency reduces the size of the magnet-
ics and the capacitors. However, the increase in switching
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losses, parasitic effects, proximity losses and electromag-
netic noise (EMI). This becomes worse with the increment
in power and line voltage. Thus, the increase in switching
frequency makes it less favorable [3], [4] for medium and
high power applications.

In medium and high power applications, the power trans-
former occupies a significant volume. This is a main con-
straint preventing from the improvement of the power density
of the converters. As the power level increases, the size and
weight of the transformer make it even more difficult to obtain
high power density and better efficiency. The loss in power
transformers is mainly depends on the applied voltage and
switching frequency. The loss increases with the increase in
applied volt-second. For fixed frequency power converters,
this can be brought down by decreasing the applied voltage
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FIGURE 1. Transformation of a traditional single transformer into a number of small transformers in an example converter.

to the transformer. The decrease in the applied voltage not
only improves the size and efficiency of the transformer but
also eliminates the need to increase the switching frequency
for improved power density.

The overall volume and weight of a power converter can
be reduced by splitting a single bulky transformer into a
number of small transformers. In practice, the transformer
design is often based on the heating that is allowed in the
transformer without overheating. The acceptable power loss
can be distributed in a split transformer design as the loss
per transformer reduces and the thermal path becomes much
shorter. This indicates that designing the power converter
with more than one transformer connected in series would
make the design more compact than if there was only a
single transformer. For example, when splitting a single main
transformer into a series connection of N transformers, each
transformer is subject to the applied voltage N times smaller
than for a single transformer. The allowed power loss spreads
among N low profile transformers, simplifies heat manage-
ment and improves the power density. This concept is shown
in Fig. 1 as an example case of a full bridge converter, where
a single transformer is split into N transformers. The primary
winding of N transformers is connected in series and the
secondary winding is connected in parallel. The reduced input
voltage to the transformers reduces the turn ratio for the
given input and power application. Consequently, this helps
to reduce the amount of copper in the transformer. In addi-
tion, this configuration also reduces the current stress on the
secondary rectifiers by the number of transformers. For a par-
ticular application, splitting the transformer into two or four,
connected in series on the primary side and parallel on the
secondary side, assuming constant overall transformer loss,
the parameters seen for each individual transformer change
according to table 1.

A range of power converters has been discussed along
with the configuration of series-connected transformers.
In [5]-[12] authors discuss the phase shifted full bridge
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TABLE 1. Comparison of key parameters for each transformer.

# Transformers 1 2 4
Primary voltage per transformer Vin Vin /2 Vin /4
Secondary voltage V. V, Vi
Primary current I, I, I,
I I
™ | b | "
Turn ratio 7, n’”/nS n "/ /4
Allowed power 1088, Pioss Poss Pposs/2 Pposs/4

converter with more than one transformers connected in
series on the primary side, and in [13]-[17] there is a dis-
cussion on LLC power converters along with the series con-
figuration of multiple transformers. However, the discussion
regarding how to split a single transformer into a number
of transformers is lacking in the literature. Moreover, the
configuration of series-connected transformers has not been
addressed in order to achieve the goal of improved power
density. Instead, the main focus on the use of more than one
transformer has been to balance the output current in multi-
level resonant converters; as clamper to reduce the stress
on rectifiers and; to balance and reduce the input current.
In [12], the focus is on eliminating the need for output filter
inductor by using series-connected transformers. However,
the reduction in output filter inductance reduces the range
of zero voltage switching (ZVS) of the lagging leg. In [13]
and [17], the series-connected transformers have been uti-
lized for improved power density and better heat management
in LLC power converters, but the methodology of splitting
the design into a number of small transformers has not been
discussed.

This work mainly focuses on the methodology in order
to split the main single transformer into a number of small
transformers. A generalized method is developed that can
be easily used by replacing with the specifications for the
intended power applications. The proposed work follows the
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traditional methodology of how to make a design pro-
cedure generalized and easy to implement. The resulting
methodology/configuration is evaluated in an example appli-
cation of an isolated dc-dc converter where the main trans-
former is split into a number of small transformers. The
phase shifted full bridge converter is selected for the example
application, and the topology is selected for its advantages
over counterparts in medium and high power applications,
such as zero voltage switching of all power devices and low
EMI. Although the procedure is taken over for phase shifted
full bridge converter, it can also be used in other applica-
tions. Different configurations of the transformers have been
compared analytically to examine the losses in the main
transformer. For the example application, the converter is
built with a four series-connected transformer configuration
and is investigated for input voltage V;, = 400 Vg4, output
voltage V,,; = 48 Vqc and up to the load power of 2.2 kW.
The results are based on the characterization of the converter
both on the prototype and on the computer simulation.

The remainder of this article is structured as follows: in the
next section, the procedure of splitting the main transformer
into small transformers is discussed, followed by a compari-
son of loss between different configurations, and finally the
performance of the example application is discussed.

Il. THE PROCEDURE OF DESIGNING

SPLIT TRANSFORMERS

The design of a power transformer is usually based on the
specification of the converter and the chosen topology. There
are multiple design approaches [18]-[21] available in the
literature on how to estimate the initial size of the cores of a
transformer. However, there is a lack of a discussion on how
to divide the estimated volume into a number of transformers.
The power handling capability of a transformer depends on
the type and characteristics of the core material as well as the
physical geometry, i.e. area and length of the magnetic path.
Furthermore, the choice of appropriate core geometry for the
intended specification always needs a number of iterations
throughout the design phase. The design procedure of the
transformer consists of a few general considerations. Among
these, there is the selection of core material, size, and form,
winding space and the diameter of the wires. Each consider-
ation requires many iterations to meet the goal of acceptable
performance. The first measure is the choice of appropriate
size of the transformer for the intended application.

The methods available in the literature require pre-
determining the core material, winding fill area, and the
allowed core and copper loss. The most commonly used
approaches are the evaluation of the window-area products
and the measure of geometrical constant K,. Both methods
require determining the maximum flux density and value of
the wire’s current density in advance [22]. However, the opti-
mum value of these factors depends on the geometry of the
core [23]. This makes them less optimized, because in most
applications, the maximum operating flux density is limited
by the allowed core loss rather than saturation. The other
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limitation of these methods is that the dc copper loss is con-
sidered evenly distributed between both sections of the wind-
ings, i.e. the primary winding and the secondary winding.
Moreover, copper and core loss are not accounted for together
in these methods. In [24]-[30], an approach similar to the K,
method is discussed; it is called the effective core geometrical
constant Kgr, which accounts for both the copper loss and
the core loss, providing more flexibility in optimizing the
operating flux density. Therefore, this work proceeds with
this approach to develop a procedure for splitting a single
transformer into several transformers.

The discussion on the high-frequency effects has not
been accounted for in any of the above methods. The high-
frequency effects severely degrade the performance of the
transformer. It is well documented [31]-[33] that the winding
resistance increases with the increase in number of turns and
winding layers. This work also takes into consideration the
high-frequency effects in order to make the initial estimation
more accurate.

A. SELECTION OF CORE SIZE

Generally, the core size is chosen in such a way that it could
dissipate both copper and core loss. The total loss of the
transformer can be expressed as a sum of the copper loss and
the core loss,

Pr=P.+ P,y (D

where Py is the total loss of the transformer, P, and P, are
the core loss and the copper loss respectively. The core loss
depends on the volume of the core, operating frequency, and
peak flux density. For fixed frequency applications, the core
loss P, can be estimated using the well-known Steinmetz
equation as given

Pe = Kz(B,)P V. 2)

The parameter K is a constant of proportionality that
depends on the operational frequency, B is the mate-
rial loss exponent, which for ferrite material ranges from
2.6-2.8 [18], [20]. The volume of the core V., is the product of
the core’s mean magnetic path length L,, and the core’s cross
sectional area A.. A cross section of a core along with the key
dimension is shown in Fig. 2. The copper loss also depends
on the peak operating flux density B, and can be written as a
function of flux density

_ > o Vantow? (X 1,)° (MLT)
Pey = (Z Ip> Reu = [ KW A2 3)

where Vipt,, is the applied volt-second, > 1 » is the sum of
all the rms currents seen by the primary winding, R, is the
dc resistance of the winding, p is the resistivity of the copper
wire, MLT is the mean length of a single turn, W, A., and
B, are the core window area, core cross-sectional area, and
the peak operating flux density respectively. The copper fill
factor K, is the ratio of the total copper area occupied by all
windings to the window area of the core, i.e. K, = ’%
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FIGURE 2. Cross-sectional view of a core, and dimensions required for
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As shown in equation (2) and (3), the core and copper
losses both depend on the operating flux density, thus the total
transformer loss depends on the chosen flux density. This
dependency is shown in Fig. 3, where the optimized value
of the flux density minimizes the total transformer loss [19].
At the point where the flux density is optimum, (1) can be
written as

d(Pr) _d(Po)  dPa) _ @
d(By) d(By)  d(B)

As seen in Fig. 3, since both the core loss and the copper
loss, has a non-linear relationship against the flux density,
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the optimum flux density does not exist when the core and
the copper losses are equal, rather it exists when

d(P) _ d(Pa)
d(By) — d(Bp)

Substituting (2) and (3), the derivatives of the core loss and
the copper loss with respect to flux density yields

&)

d (Bp) = Kfeﬁ(Bp) V. (6)
dPe) _ _, p Vinton)* (1) (MLT) .
d (By) 4K,W AZB;

Solving (5) together with (6) and (7), for the optimum flux
density

) (7)
o [p(vmrm (1) (MLT)} )

[ 2K,W ALy, Ky B

Substituting (8) in (1) - (3) and (5), the simplified expression
for the total loss results

_B_
_ kv () [ £ Vinton® (2 )" L) (%)
¢ 4K, W A2

) (g)‘(ﬁﬁz)Jr(g)(/ﬁz) o

Equation (9) is dependent on the volume and geometry of a
particular core. In order to relate the core geometry with the
operating conditions of the transformer, (9) is regrouped as
given in (10)
B+2
28-1) ) -5
w a5 <ﬂ>_<ﬂ+2) . (ﬂ)(ﬂiz) (%)

(MLT) (L,)@P | \2 2
2 2
_ Y (Vinl‘on)2 (Z Ip) Kf(e /»

4Ku(PT)(%)

The left-hand side of (10) belongs to the parameters of the
core geometry, while the right-hand side represents the spec-
ifications of the intended application as well as the parameters
of the core material. As given in [20] and used in [26], the left-
hand side of this equation can be termed as geometrical
constant Kgr,, which represents the minimum value of the
affective dimensions of the core for the intended applica-
tion, i.e.

(10)

w o ()

YT MLT) (L) @/P)

()] %)

OO -
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In order to design a transformer, a core with a geometrical
constant that exceeds the specifications of the intended appli-
cation should be selected, i.e.

p(Vintun) (ZI) KQ/’B)
()
4K,P, "

In practice, the total transformer loss Pr is the loss that
is allowed in the transformer. Replacing Pr as the allowed
power loss Pj,ss and adding the conversion factor for meters-
centimeters, (12) results

P (Vinlon) (Z ) ) K(Z/ﬂ)
Kofe > &) 108 (13)
4K, P

Kefe = (12)

loss

As shown in Fig.1, the applied input voltage in a split
transformer approach is reduced by the number of transform-
ers and the allowed loss is spread between the transformers.
If Nr represents the total number of transformers in the
configuration, then (13) can be written as

o () (£ KC
4K (Plos_s ) (%)
Nr

This equation sets the new limits for the minimum geometri-
cal dimensions in accordance with the number of transform-
ers in the configuration. This means that the volume of the
core that is required in (13) is split between a number of
transformers Nr. Therefore, the geometrical constant of each
core in the configuration must satisfy (14). After selecting
the core, the maximum flux density B,, and the number of
primary turns can be evaluated by using (15) and (16).

()

Kgfe > 108 (14)

0 (]Vv—Tton) 12,,,(MLT) 10}

B, = 15
" 2K, WLy A3K7 B (1
P 2BuA.

The computation of converter specific parameters such as
primary current Iy, secondary current Iy, and duty cycle
D depends on the topology chosen.

The optimization of the core geometry should be done
for the change in wire resistivity due to the effects of high
frequency. High frequency effects such as proximity loss and
skin effect increase the dc resistance of the wire many times
higher depending on the operational frequency and layout
arrangement of the windings. This is further discussed later
in this section. The increased ratio of the wire’s ac resistance
to the dc resistance increases the effective resistivity of the

wire as
RLIC
= — 17
Peff = P ( Rdc) (17)
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where R,. and R;. are the ac and dc resistance of the
wire respectively. By the addition of high-frequency effects,
equation (14) results

R (mton) (1) K(Z/ﬂ)
Rdc) 4K, (Plow>(ﬂﬂ)

In order to achieve the desired performance, after the selec-
tion of the core, wire diameter and length/structure of turns,
the frequency effects should be added in the copper resistivity,
then the geometrical constant of the core should satisfy (18).

Koo > p< 108 (18)

B. CONSIDERATIONS OF COPPER LOSS

Copper loss is important to consider in a high-performance
converter, especially for wide voltage ranges as this requires
the converter to operate at low duty cycles. At a low duty
cycle, the rms current increases more than the mean current
and will always degrade the efficiency. After calculating the
number of turns for both primary and secondary windings,
the next step is selecting the correct wire/trace dimensions.
The copper skin depth at the frequency of the operation
should be considered before the final choice is made. Another
important factor in the selection of the wire diameter is the
allocation of window area to all windings. The total winding
loss can be minimized with proper allocation of window area
to each winding. The losses are minimal when the alloca-
tion is made relevant to the apparent power of the wind-
ings [20], [21]. In order to determine the winding geometry,
it is important to evaluate the total copper loss including high-
frequency effects. If the loss exceeds the allowed limit, fur-
ther optimization may be required by re-iterating the design
considerations.

The actual resistance of the winding is needs to be deter-
mined at the intended frequency of the operation in order
to achieve the expected performance. The copper loss in
combination with the core loss dissipates as heat in the form
of radiation and convection. The excess heat degrades the
efficiency of the transformer and consequently the perfor-
mance of the system where it is installed. In the following
discussion, the effective resistance of the primary and the
secondary windings will be evaluated in order to estimate the
copper loss.

In medium power applications, a power transformer with
a hybrid structure receives more attention. In this structure,
multi-strand Litz wire is used in the primary windings and the
copper traces of the printed circuit board (PCB) are used as
the secondary winding. This minimizes the frequency effects
and makes it possible to build a low profile transformer. This
work also uses the Litz wire for the primary winding and PCB
traces for the secondary winding. The total copper loss is the
sum of the copper loss in the primary winding and secondary
winding,

Pcu = FRac_p (Ig_rmstc_p) + FRac_s (Is rmstC s) (19)
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where F’ Rm is the frequency loss factor, which is defined as
Frae = . In order to make the estimation of the copper
loss more accurate, the high-frequency loss factor Fpr,e for
both the secondary winding and the primary winding needs
to be determined. Therefore, for the hybrid structure of the
transformer, the approximation for both winding types, i.e.
copper traces and the Litz wire, are discussed separately.

The ac-dc resistance ratio mainly depends on the diameter
of the wire, the number of turns and the number of winding
layers. Dowell [31] derived an analytical expression for the
calculation of the ac-dc resistance ratio by taking into account
both the proximity and the skin effect. The Dowell expression
for ac-dc resistance ratio for m-layered of a copper trace is
defined as

sinh2A+sin2A
cosh2A — cos2A

2(m® — 1) [ sinh A—sin A
+ ( ) (20)
3 cosh A + cos A

The notation A represents the ratio of layer height/diameter
d to the skin depth, i.e. A = d/S;. The skin depth S; of
a conductor as a function of conductivity and frequency is
defined as, Sy = 1/+/fom ojtr, where o is the conductivity
of the copper, wo is the magnetic permeability of air, and
Wy 1s the air’s relative permeability. The dc resistance of the
secondary winding can be calculated as

Rye s = PN MLT) 21

AS@C

where A, is the cross-sectional area of the trace of a sec-
ondary turn. Equation (20) together with (21) is used to
estimate the ac-dc resistance ratio of the secondary winding.

The Dowell expression was originally derived for wide
copper foil wound transformers in the one-dimensional wind-
ing structure; later it has been adapted [32]-[35] for other
forms of the conductor such as round, square, rectangular
and multi-strand Litz wire. The total number of turns in a
layer are modeled as an effective single turn of a copper
foil covering the complete window area of the core. The
transformation [19]-[21] of winding with Litz wire into a
single turn of copper foil is shown in Fig. 4. First, the Litz
wire is replaced with a round conductor with a diameter equal
to the total diameter of the Litz wire D;. Next the round
conductor is transformed into a square conductor with the
same cross sectional area as the copper. The height & of the
square conductor, becomes i = /7 /4D;. Finally, the square
conductors are transformed into a layer of copper foil with
a width equal to the window W of the core. During this
transformation the effective cross-sectional area increases.
In order to maintain the same resistivity, a porosity factor n
has been introduced, which is the ratio of the copper area to
the area of the effective copper foil.

For the estimation of the ac resistance of Litz wire, there
are many adapted analytical models available in the liter-
ature [22], [34]-[37]. In order to apply a one-dimensional
Dowell’s approximation on Litz wire, each layer of strands

F Rac_s =
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FIGURE 4. Transformation of Litz wire into a single turn of copper foil.

is first considered as a single layer of a solid wire with a
thickness equal to the diameter of a strand and then it is
extended to the whole winding by introducing the porosity
factor. In cases where the strand diameter d < Sy, the simpli-
fied one-dimensional approach derived in the literature [35],
[38], [39] and used in [22], [37] have been adopted in this
work. This approach approximates the ac-dc ratio directly by
modeling the physical parameters of the Litz wire such as the
diameter of single strands, number of strands, bundle, and the
bunch characteristics. For a Litz wire of N; number of strands
each with the diameter d, the ac-dc resistance ratio Frgc_p can
be approximated as

Frw o= |14 (KN [ o 24 1) ( 4 )
Rac_p = 192 G 28,

(22)

where K is an effective fill factor of the Litz wire, and defined
as the ratio of the effective copper area to the total area. If the
total diameter of the Litz wire is Dy, then K; can be expressed
as K; = N;(d/D;)?. The dc resistance of the primary winding
can be calculated as

4pN , (MLT)

23
aN;d? 23)

Rc p =
C. TOTAL TRANSFORMER LOSS
Once the dc resistance and the ac-dc resistance ratio Fg, for
both windings have become known, the copper loss is calcu-
lated by using (19). The core loss for the selected geometry
of the core is calculated by using (2). The total transformer
loss is then estimated by adding both the copper loss and
the core loss, i.e. Pt = P. + P.,. If the transformer loss
exceeds the allowed limits, the design needs optimization to
meet the requirements of the intended application. Some of
the factors that can be re-considered are the core geometry,
peak flux density, and fill factor, resistance of the winding
and saturation flux density of the core.

Ill. DESIGN EXAMPLE

In order to evaluate the performance of the proposed model,
it is implemented in an example application of the dc-dc
power converter. Instead of using the traditional approach of
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TABLE 2. Key parameters for the design of transformers.

Input voltage (V) 400 Vg,

Output voltage (V) 48 Vo

Output power (P,) 22 kW

Frequency (f) 260 kHz

Duty cycle (D) 0.9

PQ Core material Magnetics Inc P-material
Allowed power 1oss (Pjoss) 5%

Number of transformers (N7) 1,2,4

Fill factor (K,) 0.25

Core loss exponents () 2.7

7.6 W/emTB

1.724x10° Q-cm

Referenced to manufacturer’s
data for the respective set of

cores
d=0.1mm, N=200,

Core loss co-efficient (Ky.)

Resistivity of copper wire (p)

Cross-sectional area, (4.)

Magnetic path length, (L,,)

Litz Wire

a single bulky transformer, a series/parallel configuration of a
number of small transformers is applied in a phase shifted full
bridge (PSFB) power converter. A detailed explanation of the
workings of this topology is outside the scope of this article.
The performance of the proposed model is first theoretically
compared with the traditional design of a single transformer,
after which the model is characterized in a software simula-
tion as well as in a prototype, up to a load power of 2.2 kW.

A. TRANSFORMER DESIGN CONSIDERATIONS

The first consideration for the design of a power transformer
is the evaluation of the initial size of the core according to the
specification of the intended application. Next, the maximum
flux density, the number of primary and secondary turns
are calculated by using the parameters of the selected core.
Following this, the core loss and copper loss are evaluated.
Table 2 shows the specifications of the example application
and other key parameters necessary to determine the core
size. PQ cores are chosen in this example because of their
low profile geometrical characteristics.

For the design of transformers, the iterative script of
(1)-(22) along with the other converter specific equations, are
written in Matlab. The parameters of the transformers, such as
core size, flux density, and the number of primary/secondary
turns are determined for the increased number of transform-
ers, i.e. 1, 2 and 4. For example, in a traditional design with
a single transformer, the number of transformers Ny = 1,
equation (14) results in the minimum value of the required
geometrical constant Kgf, as 0.0318. As shown in the table of
data on PQ cores provided by the manufacturer, the smallest
possible core size that fits this number is PQ-40; the given
Ko for this core geometry is 0.0392. Nevertheless, if this
design is built by adopting a configuration of four transform-
ers Ny = 4, then the minimum required geometrical constant
results in 0.0021. Looking through the manufacturer’s data,
it is clear that the geometry of the core’s part number PQ-20
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FIGURE 5. Comparison of copper loss in different transformer
configurations.

meets this number. The size of PQ-20 is much smaller than
the size of PQ-40. The combined weight of all four PQ-20
cores is 45% less than the weight of a single PQ-40 core.
This contributes to making the power converter compact and
lightweight.

Similarly, the number of primary turns and the primary
to secondary turns ratio are also evaluated for the same
number of transformers. There is a significant decrease in
the number of turns and the turns ratio when using the
configuration of four transformers. For example, in the case
of design with a single transformer, the required number of
primary turns and the turns ratio are 20 and 8 respectively,
while the design with four transformers, this requirement
is reduced to approximately 5 and 2 respectively. After the
evaluation of the primary number of turns and the secondary
number of turns for each configuration, the ac resistance of
the primary winding and the secondary winding is estimated.
Then, in order to compare the loss for each configuration,
the respective core loss and the copper loss are evaluated.
The core loss and the copper loss are estimated by using (2)
and (19) respectively. The comparison plot of the copper loss
is shown in Fig. 5, and the comparison plot for the core loss
is shown in Fig. 6. As shown, both core and copper losses are
minimal while in the configuration with four transformers.
The increased number of turns as in the case of a single trans-
former 7' = 1 adds more resistive and proximity losses, and
consequently more copper loss. In the configuration with four
transformers, the applied volt-second is reduced by a factor
four and the volume of the PQ-20 transformer is 10 times
lower than a single PQ-40 transformer, which reduces the
proportional core loss per transformer. As a comparison of the
contribution of total transformer loss in this example, the con-
figuration of four transformers shows better performance than
the remaining two configurations. The comparison is shown
in Fig. 7. At 2 kW load power the sum of the loss of all four
transformers for the configuration 7 = 4 is approximately
20% less than a traditional case with a single transformer, and
10% less than the configuration with two transformers.

Therefore, the design with the configuration of four trans-
formers is more advantageous than the design with a single
bulky transformer or the design with two transformers. The
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FIGURE 6. Comparison of core loss in different transformer
configurations.
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FIGURE 7. Comparison of the contribution of the total transformer loss in
the example application.

reduced primary to secondary turn ratio results in improved
form factor and consequently better efficiency for the trans-
former. The reduced number of winding turns not only
decreases the copper loss but also makes it possible to
design a hybrid transformer. Furthermore, by implement-
ing the design with the four-transformer configuration, i.e.
connected in series on the primary side and parallel on the
secondary side, the total output current is shared by the four
transformers. As a result, the current stress on the secondary
side elements such as secondary winding and rectifiers is
75% less compared to the traditional approach with a single
transformer. This could help improve the power density of the
converter.

Since this configuration has to be implemented in the phase
shifted full bridge converter, the effect of the configuration on
equivalent parameters of the transformers such as magnetiz-
ing inductance, leakage inductance, and winding resistance
is necessary to investigate. By connecting four transformers,
series on the primary side and parallel on the secondary side,
the simplified equivalent model of the configuration can be
drawn as shown in Fig. 8. As seen, the magnetizing induc-
tance of each transformer adds up to make a combined mag-
netizing inductance, i.e. Lyt = L1 +Ly2+Lyyz+Lina, where
Ly, is the total magnetizing inductance and L,,; through
L4 are the individual magnetizing inductance of each trans-
former. Similarly, the individual leakage inductance of each
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FIGURE 8. Simplified equivalent model of the configuration with four
transformers.

transformer adds up as Lxp = Lyp1 +Lip2 +Lip3 +Lipa, where
Lgp is the total leakage inductance referred to the primary
side and Lgp1 — Lyp4 are the separate leakage inductances
of each transformer. This increased collective leakage induc-
tance is helpful in soft-switched power converters such as
phase shifted full bridge converters and resonant converters
where the amount of leakage inductance plays a key role
in determining the range of soft switching. To achieve soft
switching, an extra inductor is usually required to be con-
nected in series with the main transformer. This extra inductor
is bulky and degrades the power density of the power con-
verter; the configuration with four transformers eliminates
the need for this inductor because the collective amount of
leakage inductance is comparable to the inductance of this
external inductor.

B. SIMULATION INVESTIGATIONS

For the computer simulation of the split transformer approach
in this example application, the dc-dc converter discussed
in the previous section along with the configuration of four
transformers is modeled in the software LTspice. As men-
tioned, instead of using a single bulky transformer the
required volume is split into four low profile cores. The cores
selected for this example are PQ20/20 with the characteristics
of 3C95 ferrite material. Fig. 9 shows the schematic diagram
of the converter. As can be seen, the primary winding of each
transformer is connected in series. On the secondary side,
the windings are connected in parallel.

The LTspice model of the components and the operating
condition for the simulation are chosen the same way as for
the prototype. Wolfspeed part number CMF20120 is used as
power devices S4-Sp, and ON Semiconductor part number
FSV20120 is used as rectifier devices D1-Dg. The physical
key parameters of each transformer such as magnetizing/
leakage inductance and the primary/secondary winding’s ac
resistance are calculated and verified by using the Bode-100
impedance analyzer at the intended frequency of opera-
tion, i.e. 260 kHz. The parameters are then modeled in the
simulation. In the schematic, a single inductor represents
the collective primary winding leakage inductance of the
entire four transformers, while on the secondary side separate
inductors represent the leakage inductance of each winding.
Table 3 summarizes the key components of the converter
along with the physical parameters of a single transformer.
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FIGURE 9. Schematic diagram of the converter with the four-transformer
configuration, modeled for the simulation and the prototype
characterization.

TABLE 3. Specifications/parameters of the example application.

Power devices, S4-Sp CMF20120
Rectifiers, D;-Dy FSV20120
Primary/secondary winding mutual inductance, L,/L, 70/20 uH
Primary/secondary leakage inductance, L,/ L, 3.5/0.05 uH
Primary/secondary winding ac resistance, R,/R 400/180 mQ

Turn ratio 7, Ny:Ng:Ng 4:2:2

Inductor, L, 20 pH
Core cross sectional area (4c¢) 0.62 cm’
Core’s magnetic path length (L,,) 3.74 cm

The switching of the primary devices is controlled by gen-
erating a typical phase shifted full bridge control drive given
at gates S4-Sp. This way, the proposed approach makes it
simple to design a power converter avoiding complex control.

In PSFB converters, the legs, consisting of the power
devices, are considered the leading leg and the lagging leg
depending on the drive signal. Here, the leg of devices S4-Sp
is configured as the leading leg, and the leg of devices
Sc-Sp as the lagging leg. Fig. 10-15 show the simulated
waveforms of the converter based on the transient analysis.
The operating condition for the simulation is V;, = 400V,
Vour =48V, Py, = 2.2 kW. The simulation running time is
set to 5 ms to get stable operating points. Fig. 10 shows the
waveforms of the input voltage V (Leg,p, Legcq) to the series-
connected transformers and the current I7 flowing thor-
ough the primary winding of one of the transformers. These
waveforms are similar to the waveforms of the traditional
PSFB converter with a single transformer. Between the power
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transfer intervals, there is a period where resonance occurs
to charge and discharge the output capacitance of the power
devices in order to prepare them for zero voltage switching.
As explained in the introduction, the line voltage is divided
into a number of transformers as seen in Fig 11. The differen-
tial probe V (Legap, Legcq) represents the total input voltage to
all four transformers, i.e. the differential voltage V), between
common points of both legs, which is equal to £400 V. The
other waveforms represent the input voltage on each trans-
former T-T4 with respect to the common point of devices
Sc and Sp i.e. leg_cd. From this, it can be seen that the
voltage stress on each transformer is 2100 V instead of the
full input voltage as in the case in a traditional converter with
a single transformer. Fig. 12 explains the effective dc con-
version ratio of the converter. The waveform V(Legap, Legca)
represents the input voltage on the series-connected primary
windings of all transformers, and waveforms V (g, 4) and
V(sec_p) represent the voltage on the secondary windings of
transformer T; with respect to the center-tapped common
point. For greater legibility, here voltage V (Legup, Legcq) is
scaled down by four. Since the physical turn ratio of each
transformer is 2:1:1 and the effective input voltage on each
transformer is 100 V, each secondary winding shows a voltage
swing of £50 V. This makes the effective dc conversion ratio
of the converter 8:1.

Fig. 13 shows the waveform of the current I7,,, flowing
through the output inductor and the waveform of the cur-
rent Igjoqq flowing through the output load. As can be seen,
the load current is the average of the current flowing through
the output inductor. On the secondary side, the windings
are connected in parallel, and the total load current will be
shared between the transformers. The current in the output
filter inductor reflects back towards the primary winding
in accordance with the effective turn ratio of the converter.
As shown in Fig. 10, the reflected current seen by the pri-
mary windings is [, = L,/8 = 6.5A. Since all four
transformers are connected in series, the same amount of
primary current flows through the primary winding of each
transformer. Likewise, the four transformers share the total
load power drawn through the converter. Fig. 14 shows a
comparison of the power drawn through the load and through
each transformer. Fig. 14 (bottom) shows that the average
load power is approximately 2.2 kW, and the average power
drawn through one of the transformers T; is approximately
0.55 kW. Given the combined power of the four transform-
ers, the average of the total load power is as shown in
Fig. 14 (top).

All four transformers share the total output power equally.
Less power drawn through the transformers results in less
heat, compared to the design with a single transformer. This
means that the total heat spread among the four transformers
results in better heat management. On the secondary side,
four transformers in parallel share the total output current
flowing through the load equally. The sum of the current flow-
ing through each secondary winding represents the total out-
put current. It has been mentioned earlier that the turns ratio
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FIGURE 12. Effective dc gain of 2:1 transformers, voltage on the input of series-connected transformers and on both secondary windings of one of
the transformers.
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FIGURE 13. The load current equals the average of the current flowing through the output filter inductor.

decreases as the number of transformer increases, in addition The soft switching characteristics of all the power devices
to this, since four times less current is flowing through the have also been observed. Fig. 15 shows the switching of all
secondary windings, the copper loss is significantly reduced four power devices Sp-Sp. The waveforms show the gate-
compared to the traditional design. This reduced current also source voltage along with the drain-source voltage of the
reduces the power rating for the secondary side elements of respective device. For better comparison, the voltage level

the converter, and hence the possibility to reduce the size of in the waveform of the drain-source voltage is scaled down

the devices. by four. As can be seen, all the devices turn ON when the
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FIGURE 15.

drain-source voltage is at zero volts, i.e. observing zero volt-
age switching.

C. PROTOTYPE INVESTIGATIONS
For the validation of the proposed model in experimental
work, a prototype of the converter is designed by using the
same components/parameters as used in the simulation. Since
the split transformer approach of four transformers reduces
the number of winding turns and provides the possibility
to build a hybrid transformer, the prototype is designed in
such a way that the turns of the secondary winding are made
on PCB with 105 um of copper weight, and Litz wire is
used for the turns of the primary winding. This shapes the
final assembly into a low profile and a compact module. For
better thermal management, the components are assembled
on the inner side of the module, and the appropriate size and
quantity of thermal vias are designed so that heat can dissipate
through these vias and then to the heat sinks. Fig. 16 shows
this concept. The final assembly can be placed between the
appropriate size of heat sink plates to further cool down the
cores and other parts.

In this example, the primary and secondary number of
turns are four and two respectively. This makes the turn
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Soft switching characteristics of all four power devices at a load power of 2.2 kW, all devices observe ZVS.

ratio of each transformer 2:1:1. For better power handling
capabilities, two turns for each secondary winding are made
on a multi-layered PCB by placing two layers in parallel and
the remaining two in series. The turns of the primary winding
are wound directly on the center pole of each transformer.
Typical switching control for the PSFB converter is driven by
using the digital signal processor. The prototype is also char-
acterized for the isolated load power of 2.2 kW. The switching
frequency is set to 260 kHz, and the converter is tested at the
input voltage of 400 V. All of the key signals of the converter,
e.g. switching of primary/secondary devices, voltage, and
current waveforms have been investigated to ensure stable
operation. The operation of the proposed converter is simple
to investigate because all of the key waveforms have the same
characteristics as the typical waveforms of a phase shifted
full bridge converter. Fig. 17 shows the input voltage to the
transformers V(Leg,p, Leg.q) and the output voltage of the
converter. Channel 2 is the differential input voltage between
the common points of both legs, and channel 3 is the output
voltage of the converter. As can be seen, the input voltage
of the transformer is £400 V, the effective dc conversion
ratio of the converter is 8:1, which makes the output voltage
approximately 48 V.
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FIGURE 16. Layout plane of the converter along with the configuration of
four transformers.
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FIGURE 17. Demonstration of the dc gain of the converter, the effective
gain of the converter is 8:1, Ch-2: 200 V/div, Ch-3: 20 V/div, time base:
1 usec/div.

In a phase shifted full bridge converter, there is a leading
leg and a lagging leg. The leg whose devices turn OFF first
is considered the leading leg. Here the devices S4-Sp is
configured as the leading leg, and the devices Sc-Sp as the
lagging leg. As discussed, by connecting the transformers in
series, the individual leakage inductance of the transformers
will also be added. The total leakage inductance acts as an
inductor connected in series between the leading and lagging
legs. This behaves exactly like an external inductor in a
traditional phase shifted full bridge power converter. In order
to verify this, zero voltage switching of both the leading leg
and lagging leg has been investigated for the wide range of
output power. For this, the drain-source voltage of the low
side devices of both the legs Sg and Sp along with respective
gate-source voltage have been monitored. A common issue in
the phase shifted full bridge converters is that the lagging leg
loses the soft switching under light load conditions because
the only energy available for the commutation of the devices
of this leg is the energy stored in the leakage inductance. The

53304

a.00v/ 2 200w/ 3 BO0VY 4 200V 40.002 a00.08/

|
_—— Vs, Device Sg |

Vys » Device Sg

FrTem l“ N

g QM);Z'VS

Device Sp

“ ‘/ Vgs ' | | f' |3
N

| _ZVS Vas , Device Sp ||

FIGURE 18. Soft switching characteristics of the leading leg and lagging
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FIGURE 19. Soft switching characteristics of the leading leg and lagging
leg at a load power of 0.2 kW, Ch-1 and Ch-3: 5V/div, Ch-2 and Ch-4:
200V/div, time base: 0.5 usec/div.

converter shows good soft switching characteristics for a wide
range of load power. Fig. 18 and Fig. 19 shows the switching
characteristics of the devices under 50% of the rated load and
10% of the rated load respectively. As seen, at about 50%
of the load, the device of both the leading leg Sp and the
lagging leg Sp turns ON when the drain-source voltage is
zero voltage, observing complete ZVS, at 10% of the load, the
device of the lagging leg partially enters into hard switching,
whereas the device of the leading leg remains soft switched.
This is because only the energy stored in the leakage inductor
is available for the soft switching of the lagging leg. In phase
shifted full bridge converters, it is a difficult task to achieve
soft switching simultaneously in both legs over the full range
of the load power. Finding optimal operating conditions for
both legs is necessary. The addition of extra inductance and/or
implementing the adaptive control strategy can increase the
range of ZVS at light load.

The temperature profile of all sections of the converter is
monitored by using the Fluke Ti9 infrared camera and the
inside of the module is recorded using thermocouple probes.
The heat from rectifiers dissipates through vias on the alu-
minum plate of thickness 3 mm. The heat from the cores of the
transformers dissipates directly into the air. All of the mea-
surements have been performed at room temperature. Fig.
20 shows the temperature profile of the converter operating
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FIGURE 20. Temperature profile of the transformers; all cores show the
same temperature, the hottest spot is the termination point of the
secondary windings.
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FIGURE 21. Efficiency of the converter for the variation of the load power
0.1 kw- 2.2 kw.

at a load power of 2.2 kW. The thermocouples report a
maximum inside temperature of approximately 45 °C.

The surface temperature of the key elements has been
marked by using PC software. As can be seen, the surface
temperature of the cores of all four transformers labelled
T1-T4 is the same, which is approximately 56 °C. This
indicates that an equal amount of flux and current flows
through the series combination of four transformers, and all
transformers share the total load power. The temperature of
the aluminum plate rises to about 60 °C. The whole assembly
can be further cooled down by the use of appropriate thermal
management. Fig. 20 shows that the maximum recorded tem-
perature is the termination point of the secondary windings.
The full output current flows through these points. The tem-
perature rise at this common point is approximately 61 °C.
The heat spreads out to the adjacent components as seen
in cores and surrounding areas. This can be rectified by
improving the layout plan and enhancing the current carrying
capacity of these termination points.

In addition to the improved power density, the efficiency of
the converter also plays a major role in the development of a
power system. The efficiency of the converter along with the
proposed configuration of transformers has been measured
over the full range of the load power. Fig. 21 demonstrates
the performance of the converter for the variation in load
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power. Here the load varies from 0.1 kW to 2.2 kW. The
recorded peak efficiency is approximately 96%, which is
comparable with the counterparts working at this frequency
and input/load level. This can further be improved by the use
of low loss devices. As discussed, the contribution of all four
transformers in the total losses is 3%, and this contribution
will be more than 5% if the converter had been built using the
traditional approach with a single transformer.

IV. CONCLUSION

A method to split a single bulky transformer into a number of
small transformers is presented. The method is verified both
analytically and experimentally in an example application
with a phase shifted full bridge converter. As comparison
with the traditional design, the suggested design reduces the
weight and volume of the converter by ~45%, which results
in improved power density. It is observed that the design
with split transformer method does not affect the traditional
characteristics of the converter that also simplifies the imple-
mentation. Furthermore, the design of power converters by
splitting the main transformer into a number of transformers
not only makes the converter low profile but also reduces
the stress on the transformer and rectifiers. The reduced
core loss and copper loss minimizes the proportional losses
in transformers. By spreading the losses between a number
of transformers heat management is simplified. A parallel
configuration on the secondary section also decreases the
required current rating of the rectifiers, inductors, and capac-
itors, and improves the power density. The prototype inves-
tigations are consistent with the analytical and simulation
results. The reported efficiency is also comparable with the
converter of this class. Based on the investigations, it can be
concluded that the presented split transformer design method
can help to improve the power density of converters in order
to meet present and future requirements of the industry.
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