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Layer 1 Layer 2 

FIG. 18A FIG. 18B 

   
Layer 3 Layer 4 

FIG. 18C FIG. 18D
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VARIABLE 

INVERTER-RECTIFIER-TRANSFORMER 

CROSS REFERENCE TO RELATED 

APPLICATIONS 

This application is a U.S. National Stage of PCT appli- 

cation PCT/US2018/020658 filed in the English language on 

Mar. 2, 2018, and entitled “VARIABLE INVERTER-REC- 
TIFIER-TRANSFORMER,” which claims the benefit under 

35 U.S.C. § 119 of provisional application No. 62/466,142 

filed Mar. 2, 2017, which application is hereby incorporated 

herein by reference. 

STATEMENT REGARDING FEDERALLY 

SPONSORED RESEARCH 

This invention was made with government support under 

ECCS1609240 awarded by the National Science Foundation 

(NSF). The government has certain rights in the invention. 

FIELD 

The concepts, systems, circuits, devices and techniques 

described herein relate generally to power converter circuits 

and more particularly, to the use of magnetic circuit struc- 

tures (e.g. transformer or coupled inductor structures), 

inverter, rectifier and cycloconverter structures and associ- 

ated control techniques for use in power converter circuits. 
The concepts, systems, devices circuits and techniques 

described herein improve the efficiency and size of power 
electronic converters that employ transformers, including 

grid-interfaced chargers, isolated dce-de converters, grid- 

interfaced inverters such as for photovoltaics, de-ac con- 
verters such as for uninterruptible power supplies, and ac/ac 

converters such as for solid-state transformers. 

BACKGROUND 

As is known in the art, advancements in switch technolo- 
gies, such as the introduction of Gallium Nitride (GaN) field 

effect transistors (FETs), have led to tremendous gains in the 

size reduction and performance of active switches used in 
power electronic converters. Advances in the design of 

passive components, however, have lagged. 
In many cases, passive components dominate the size and 

performance of power electronic converters and therefore 
present a major bottleneck to size reduction (i.e. “miniatur- 

ization”) of such converters. While both capacitive and 

inductive elements limit miniaturization, power-stage mag- 
netic components (i.e. those inductors and transformers that 

are fundamental to the power transfer mechanism of the 
converter) present an important limitation on achievable size 

and efficiency. 
Many power electronic converters rely on transformers to 

satisfy isolation safety requirements and to achieve the bulk 

of their voltage conversion ratio. For example, wall chargers 
for conventional USB-powered portable devices must inter- 

face at their input to the ac grid (up to 375 V peak voltage 
in regions employing a 240 Vac grid) and must step-down to 

as low as 5 Vdc at their output, corresponding to a 75:1 
voltage conversion ratio. To achieve such step-down, it is 

typical to employ a transformer having a large turns ratio 

(e.g. a turns ratio on the order of 22:1). This demanding 
specification aggravates the volume and efficiency limita- 

tions of the transformer for two key reasons. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
First, in applications where the transformer processes low 

voltages and high currents at one of its ports (as in the output 

of many converters), it is likely that the copper loss of the 

transformer far outweighs the core loss, and this imbalance 
compromises the efficiency of the transformer. For a given 

transformer conversion ratio (e.g. 22:1), the choice of the 
number of primary and secondary turns used to implement 

this ratio provides a means to re-balance core and copper 
loss inside the transformer to minimize total loss. Specifi- 

cally, as the number of turns is scaled down, copper loss is 

reduced at the cost of increased core loss. In applications 
with low voltages and high currents, this is the desired 

trade-off. However, this trade-off is fundamentally limited 
since fractional turns cannot be employed in a conventional 

transformer. If the transformer losses are not reduced (and 
ideally, minimized) after scaling down to a single-turn on 

either of the windings, one must either accept the reduced 

efficiency of the transformer or find another means to 
optimize loss (typically by increasing the size and window 

area of the transformer core). 
A second limitation of transformers requiring large turns 

ratios is that placing a high number of turns on a core can in 
itself be problematic or unfeasible. This is particularly 

important when planar transformers, which offer tremen- 

dous potential for improved fabrication and miniaturization, 
are employed. In a planar transformer, windings are routed 

(e.g. etched or otherwise provided) as conductive traces on 
a printed circuit board (PCB), and these traces must adhere 

to the trace width and spacing fabrication requirements of 
the PCB manufacturing process. Thus, in addition to meet- 

ing current and voltage requirements, the width of each trace 

width as well as the edge-to-edge spacing between traces 
must be selected to meet the PCB fabrication requirements. 

FIG. 1 provides an illustration of this penalty, where 
traces in a twelve (12) turn transformer 5 have less than 

one-third of the width of a six (6) turn transformer 8. It 

should be noted that in the limit where no trace-spacing 
requirements exist, the windings would have half the width. 

Not only does this increase the resistance and copper loss of 
the transformer, it creates the possibility that a given number 

of turns cannot be accommodated at all if they require trace 
widths smaller than can be fabricated on the board (i.e. not 

only does this manufacturing constraint increase the resis- 

tance and copper loss of the transformer, it creates the 
possibility that a required number of turns cannot be accom- 

modated at all in a given core window width). It will also be 
appreciated that with limited numbers of turns and the need 

to use integer numbers of turns in traditional designs, the 
achievable resolution in achievable turns ratios may often 

limit how close to a desired ratio is realized. 

One attractive means to mitigate these limitations is to use 
a transformer providing “fractional” turns in realizing the 

turns ratio (e.g. 1:0.5). Such a transformer enables reduced 
turns counts in planar magnetics where window breadth is at 

a premium while also offering the preferred trade-off 
between copper loss and core loss in applications with low 

output voltages and high output currents. One concept for a 

“fractional” turns transformer in power electronics was first 
introduced in the mid-1980s in the context of multichannel 

power supplies, with initial focus on its ability to fine-tune 
the turns ratio of unregulated transformer outputs (see G. 

Perica, “Elimination of leakage effects related to the use of 
windings with fractions of turns,” IEEE Transactions on 

Power Electronics, vol. PE-1, no. 1, pp. 39-47, January 1986 

and L. H. Dixon, “How to design a transformer with 
fractional turns,” in Unitrode/TI] Magnetics Design Hand- 

book, no. Topic R6, TI Literature Number: SLUP132, 2000).
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One key idea in these transformers is to wind a complete 

turn-around a section of the transformer core that only 

carries a fraction of the primary-generated flux. 

FIGS. 2A-2C illustrate three prior art techniques for 

achieving a transformer having a “fractional” turns ratio. 

FIG. 2A, illustrates a prior art transformer having a 

fractional turns ratio provided by having a single-turn sec- 

ondary wound around a core-leg that carries only half of the 

primary-generated flux. Thus, in this embodiment a ratio of 

primary voltage Vp to secondary voltage Vs corresponding 

to 1:0.5 (.e. Vp:Vs=1:0.5) is achieved. 

FIG. 2B, illustrates an alternate embodiment of a prior art 

transformer having a fractional turns ratio provided by 

connecting two outer leg windings in parallel such that a 

secondary voltage Vs is induced by only half the primary- 

generated flux. Thus, in this embodiment a ratio of primary 

voltage Vp to secondary voltage Vs corresponding to 1:0.5 

(i.e. Vp: Vs=1:0.5) is achieved. 

FIG. 2C illustrates another alternate embodiment of a 

prior art transformer 10" having a fractional turns ratio by 

utilizing two half turns 18a, 186 to achieve the same voltage 
coupling effect as in the transformer embodiment of FIG. 

2B. In the embodiment of FIG. 2C, it is assumed that there 

exists a means to parallel the half-turns. Such means may be 
provided, for example, as proposed in the above noted L. H. 

Dixon, “How to design a transformer with fractional turns”). 
In this embodiment, the wires could be arranged in a 

direction perpendicular to the surface of FIG. 2C (ie. 
brought “out of the page”) and connected above the core 

(indicated by the dotted lines). These out-of-plane connec- 

tions complete turns on sections of the transformer core, and 
impose additional conduction length on the secondary, 

greatly reducing the “half-turns” benefit in terms of conduc- 
tion loss. 

Referring briefly to FIG. 2A, consider winding a single 

turn primary around the center-post of a conventional three- 
legged core and a single turn secondary around one of the 

outer legs. By symmetry of the core, half of the primary- 
generated flux enters each outer core leg. Thus, by Faraday’s 

law, the voltage coupled onto the single-turn secondary is 
one half the voltage applied to the primary, thereby creating 

an effective 1:0.5 transformer ratio (i.e. a “half turn” trans- 

former). 
However, by extracting a “half turn” in this way, half of 

the primary generated flux does not link to the secondary and 
instead circulates through the relatively low reluctance of 

the unused core leg, resulting in a leakage inductance on the 
order of the transformer’s magnetizing inductance. Permu- 

tations of this idea have been proposed, including using 

more complicated core shapes to further reduce the effective 
“tum fraction” of the secondary and developing special 

windings to cancel out the unwanted circulating flux. 
For example, and with reference now to FIG. 2B, a simple 

solution to the circulating flux problem is shown in FIG. 2B. 
Here, a single turn is wound around both outer legs of the 

three-legged core and then these windings are connected in 

parallel. In this configuration, half of the primary-generated 
flux is linked into each secondary winding, removing the 

“leakage” path of FIG. 2A. However, since these windings 
are connected in parallel, the secondary voltage Vs is still 

only induced by half of the primary-generated flux, thus the 
voltage conversion ratio remains Vp: Vs=1:0.5. 

An equivalent representation of the winding scheme in 

FIG. 2B is shown in FIG. 2C. This technique is proposed as 
means to further reduce the leakage inductance of the 

secondary. Here, two “half turns” achieve the same voltage 
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4 
coupling effect and improve on FIG. 2B as long as there is 

a means to parallel the voltages without going around the 

outer perimeter of the core. In a non-planar transformer, the 

wires can be brought “out of the page” and connected above 

the core, completing the turns around the core. However, 

such a structure cannot be exploited as-is in a planar 

configuration. 

It is important to note that all of the above “fractional 

turns” design concepts, the amount of fluxed linked by 

windings is “fractionalized,” but ac currents still appear 

around full loops of conductors around core sections, impos- 

ing associated conduction losses in the windings, so the 

turns are not “fractional” as regards conduction loss. 

“Emulation” of fractional turns has also been proposed for 

push-pull topologies, where integer-and-a-half turns ratios 

(e.g. 1:1.5) can be implemented via a center-tap transformer 

with an unequal number of secondary turns. While this 

configuration may be attractive for achieving precise voltage 

conversion ratios, it is not suitable for miniaturization at 

high conversion ratios as it does not enable transformer 

ratios less than 1:1 (e.g. it cannot exploit a ratio having a half 

turn as one of the windings) and it requires a center-tapped 

transformer, which can be problematic for achieving good 

current-handling capability if planar magnetics are used. 

SUMMARY 

It would, therefore, be desirable to provide a transformer 
having the true ability to provide fractional turns since such 

a transformer would offer strong benefits for achieving 

miniaturization in applications that benefit from fractional 
turns, such as with high step-up/down ratios. 

Accordingly, described is a hybrid electronic and mag- 
netic structure that realizes a transformer with a fractional 

and reconfigurable effective turns ratio. Unlike previous 

“fractional” turn designs, the technique described in some 
embodiments herein yields ac currents flowing in only 

fractions of a complete turn prior to rectification, enabling 
reduced conduction loss as compared to previous concepts. 

In other embodiments, described herein for some operating 
modes of the hybrid electronic and magnetic structure it is 

possible for ac currents to flow outside a magnetic core, 

providing a trade-off for achieving increased gain in those 
modes. Moreover, the proposed concepts, systems, circuits, 

devices and techniques enable dynamic electronic reconfig- 
urability of the effective transformation ratio, providing 

added degrees of flexibility. Together, these qualities enable 
miniaturization of a transformer stage in converters where 

variable high step-up/down ratios are required. The pro- 

posed structure is referred to herein as a “Variable-Inverter- 
Rectifier-Transformer” (VIRT), named this way because it 

fundamentally connects the rectifier stage (or inverter, or 
both) of a converter to the magnetic structure of the trans- 

former and through this hybridization enables variable con- 
version ratios, fractional effective turns, and reduced con- 

duction loss. 

The described concepts, systems, circuits, devices and 
techniques realize transformers with fractional and recon- 

figurable voltage conversion ratios, enabling transformers 
that can reap the benefit of fractional turns (which to date has 

been an unexploited benefit for a variety of reasons prevent- 
ing the manufacture of practical circuits) while simultane- 

ously making transformers better suited to accommodate 

wide operating ranges. Together, these characteristics offer 
substantial improvement to the transformer stage in many 

converters, and the concepts, systems, circuits, devices and



US 11,716,030 B2 

5 
techniques described herein, therefore, offers tremendous 

potential for higher-performance and miniaturized power 

electronic converters. 

Embodiments of the broad concepts described herein 

provide a functionality which is valuable in converters with 

wide operating voltage ranges and high step-up/down, as it 

offers a means to reduce the turns count and copper loss 

within the transformer while also facilitating voltage dou- 

bling and quadrupling. These properties are especially ben- 

eficial for miniaturizing transformer stages in many power 

electronics applications, such as USB wall chargers. Some 

embodiments of VIRT described may comprise four half- 

bridge switching cells distributed around a planar magnetic 

core and coupled to two “half-turns” wound through that 

core. By controlling the operating modes of the half-bridge 

cells, control over the flux paths and current paths used in the 

transformer, is gained and this hybridization enables frac- 

tional and reconfigurable effective turns ratios. 

In one embodiment, a VIRT comprises a transformer 

having a magnetic core and a set of fractional turns. The 

VIRT may further comprise sets of switching cells coupled 
to fractional turns of a conductor forming a secondary 

winding on a magnetic core, wherein the a first set of 

switching cells operates in a first operating mode and a 
second set of switching cells operates in a second operating 

mode. The effective turns ratio of the transformer may be 
based upon the operating modes of the first and second 

switching cells. The operating modes of the first and second 
cells may or may not be the same. The set of fractional turns 

may likewise include a non-integer set of turns, including a 

non-integer turn count that is greater than 1 (e.g., 1.5 turn 
sections). 

It should be appreciated that two switching cells are 
sometimes referred to herein a “power converter.” This 

should, of course, be distinguished from use of the term 

power converter to refer to the entire system together which 
does indeed form a power converter (e.g. a completer power 

converter). 
The VIRT may further include one or more of the fol- 

lowing features taken either alone or in combination: 
wherein a first set of switching cells is coupled to a second- 

ary side of the magnetic core by a half-turn and a second set 

of switching cells is coupled to the secondary side of the 
magnetic core by a half-turn; wherein a first cell of the first 

set of switching cells and a first cell of the second set of 
switching cells are located on opposite ends of the secondary 

side (e.g. B1 and Al in FIG. 3); wherein a second cell of the 
first set of switching cells and a second cell of the second set 

of switching cells power are located on opposite ends of the 

secondary side; wherein the first set of switching cells is 
further coupled to an output of the transformer and wherein 

the second of switching cells is further coupled to the output 
of the transformer. In embodiments the switching cells may 

be provide as any of half-bridge switching cells, multi-level 
switching cells (e.g. multilevel converters), single-transistor 

switching cells (such as class E switching cells), current and 

voltage multiplying switching cells, etc. It should be appre- 
ciated that selection of a particular switching cell structure 

to use is dependent upon the needs and requirements of a 
particular application. In some embodiments, the operating 

modes of the sets switching cells may be symmetrical while 
in other embodiments the operating modes of the sets 

switching cells may not be symmetrical. In embodiments in 

which the sets of switching cells as considered as power 
converters, the power converters may comprise at least one 

of a rectifier or inverter or cycloconverter. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
In one embodiment, a VIRT comprises a transformer 

comprising a magnetic core and having a turns ratio. The 

VIRT may further include first and second power converters 

coupled to a secondary side of the magnetic core, wherein 
the first power converter operates in a first converter oper- 

ating mode and the second power converter operates in a 
second converter operating mode and the turns ratio of the 

transformer may be based upon the first converter operating 
mode and the second converter operating mode. 

The VIRT may further include one or more of the fol- 

lowing features taken either alone or in combination: 
wherein the first power converter is coupled to the secondary 

side of the magnetic core by at least a half-turn winding and 
wherein the second power converter is coupled to the 

secondary side of the magnetic core by a like winding; 
wherein the first power converter is coupled to the secondary 

side of the magnetic core by a winding comprising a 

non-integer set of turns and wherein the second power 
converter is coupled to the secondary side of the magnetic 

core by a like winding; wherein the first power converter 
comprises a first switching cell and a second switching cell 

and wherein the second power converter comprises a first 
switching cell and a second switching cell; wherein the first 

cell of the first power converter and the first cell of the 

second power converter are disposed at a first end of the 
secondary side of the magnetic core; wherein the second cell 

of the first power converter and the second cell of the second 
power converter are disposed at a second, opposite, end of 

the secondary of the magnetic core; wherein the first and 
second cells of the first power converter are disposed 

proximate to a first half-tumn winding and the first and 

second cells of the second power converter are disposed 
proximate to a like winding; wherein the first and second 

switching cells of the first power converter and the first and 
second switching cells of the second power converter each 

comprise at least one of a multilevel switching cell, half- 

bridge switching cell, single-transistor switching cell, cur- 
rent multiplying switching cell, or voltage multiplying 

switching cell; where each of the first and second switching 
cells of the first power convert and the first and second 

switching cells of the second power converter operate in a 
respective switching pattern; wherein the operating mode of 

the first power converter is based upon the switching pattern 

of the first and second switching cells of the first power 
converter; and wherein the operating mode of the second 

power convertor is based upon the switching pattern of the 
first and second switching cells of the second power con- 

verter. 

In another embodiment, a VIRT comprises a transformer 

having a turns ratio and a magnetic core. Further the VIRT 

may include a first rectifier coupled to a secondary side of 
the magnetic core, wherein the first rectifier comprises a first 

half-bridge cell and a second half-bridge cell and a second 
rectifier coupled to the secondary side of the magnetic core, 

wherein the second rectifier comprises a first half-bridge cell 
and a second half-bridge cell. Additionally, the first rectifier 

may operate at a first rectifier operating mode, the second 

rectifier may operate at a second rectifier operating mode, 
and the turns ratio may be based upon the first rectifier 

operating mode and the second rectifier operating mode. 
The VIRT may further include one or more of the fol- 

lowing features taken either alone or in combination: 
wherein the first rectifier operating mode and the second 

rectifier operating mode each comprise one of a full-bridge 

mode, half-bridge mode, or zero mode; wherein the turns 
ratio of the transformer is 2:1 when the first rectifier is 

operating in full-bridge mode and the second rectifier is
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operating in full-bridge mode; wherein the turns ratio of the 
transformer is 3:2 when the first rectifier is operating in 

full-bridge mode and the second rectifier is operating in 

half-bridge mode; wherein the turns ratio of the transformer 
is 1:1 when the first rectifier is operating in half-bridge mode 

and the second rectifier is operating in half-bridge mode; 
wherein the turns ratio of the transformer is 1:1 when the 

first rectifier is operating in full-bridge mode and the second 
rectifier is operating in zero mode; wherein the turns ratio of 

the transformer is 1:2 when the first rectifier is operating in 

half-bridge mode and the second rectifier is operating in zero 
mode; wherein one of the first half-bridge cell or second 

half-bridge cell of the first rectifier is held in a low state 
when the first full-bridge rectifier is operating in a half- 

bridge mode; wherein the first half-bridge cell and second 
half-bridge cell of the second rectifier are held in a low state 

when the first full-bridge rectifier is operating in a zero 

mode; wherein the first half-bridge cell of the first rectifier 
and the first half-bridge cell of the second rectifier are 

located at a first end of the secondary side of the magnetic 
core; wherein the second half-bridge cell of the first rectifier 

and the second half-bridge cell of the second rectifier are 
located at a second, opposite end of the secondary side of the 

magnetic core. 

In another embodiment, a method for adjusting a turns 
ratio of a VIRT comprises: determining a desired turns ratio 

for a transformer, wherein the transformer comprises a 
magnetic core and adjusting an operating state of a first 

rectifier according to the desired turns ratio, wherein the first 
rectifier is coupled to a secondary side of the magnetic core. 

Further, the method may include adjusting an operating state 

of a second rectifier according to the desired turns ratio, 
wherein the second rectifier is coupled to a secondary side 

of the magnetic core. 
The method may further include one or more of the 

following features taken either alone or in combination: 

wherein the first rectifier comprises a first half-bridge rec- 
tifier cell and a second half-bridge rectifier cell; wherein 

adjusting the operating state of the first rectifier comprises 
adjusting a switching pattern of the first half-bridge rectifier 

cell and the second half-bridge rectifier cell according to the 
desired turns ratio; wherein the second rectifier comprises a 

first half-bridge rectifier cell and a second half-bridge rec- 

tifier cell; wherein adjusting the operating state of the second 
rectifier comprises adjusting a switching pattern of the first 

half-bridge rectifier cell and the second half-bridge rectifier 
cell according to the desired turns ratio. 

In another embodiment, a VIRT comprises a transformer 
having a turns ratio, wherein the transformer comprises a 

magnetic core and a first rectifier coupled to a secondary side 

of the magnetic core, wherein the first rectifier comprises a 
first half-bridge cell and a second half-bridge cell. The VIRT 

may additionally include a second rectifier coupled to the 
secondary side of the magnetic core, wherein the second 

rectifier comprises a first half-bridge cell and a second 
half-bridge cell, a third rectifier coupled to the secondary 

side of the magnetic core, wherein the third rectifier com- 

prises a first half-bridge cell and a second half-bridge cell, 
and a fourth rectifier coupled to the secondary side of the 

magnetic core, wherein the fourth rectifier comprises a first 
half-bridge cell and a second half-bridge cell. Further, 

wherein the first rectifier may operate at a first rectifier 
operating mode and wherein the second rectifier may oper- 

ate at a second rectifier operating mode. Also, wherein the 

third rectifier may operate at a third rectifier operating mode; 
wherein the fourth rectifier may operate at a fourth rectifier 

operating mode; and wherein the turns ratio is based upon 
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8 
the first rectifier operating mode and the second rectifier 
operating mode and the third rectifier operating mode and 

the fourth rectifier operating mode. 

The VIRT may further include one or more of the fol- 
lowing features taken either alone or in combination: 

wherein the first rectifier operating mode, the second recti- 
fier operating mode, the third rectifier operating mode, and 

the fourth rectifier operating mode each comprise one of a 
full-bridge mode, half-bridge mode, or zero mode; wherein 

the first half-bridge cell of the first rectifier and the first 

half-bridge cell of the fourth rectifier are located at a first end 
of the secondary side of the magnetic core; wherein the 

second half-bridge cell of the first rectifier and the second 
half-bridge cell of the fourth rectifier are located at a second, 

opposite end of the secondary side of the magnetic core; 
wherein the first half-bridge cell of the second rectifier and 

the first half-bridge cell of the thirds rectifier are located at 

a third end of the secondary side of the magnetic core, 
wherein the third end is adjacent to the first end; wherein the 

second half-bridge cell of the second rectifier and the second 
half-bridge cell of the third rectifier are located at a fourth 

end of the secondary side of the magnetic core, wherein the 
fourth end is opposite the third end; wherein each the first, 

second, third, and fourth rectifiers are each coupled to the 

secondary side of the magnetic core via at least a quarter- 
turn winding. 

In embodiments, a hybrid electronic and magnetic struc- 
ture, referred to herein as a Variable-Inverter-Rectifier- 

Transformer (VIRT), that enables a transformer with frac- 
tional and reconfigurable effective turns ratios (e.g. 12:0.5, 

12:74, 12:1, and 12:2) includes a plurality of half-bridge 

switching cells distributed around a magnetic core and 
coupled to half-turns wound through that core. By appro- 

priately controlling the operating modes of the half-bridge 
cells with a controller, it is possible to gain control over the 

flux paths and current paths used in the transformer. 

With this particular arrangement, a variable-inverter-rec- 
tifier-transformer (VIRT) having a fractional and reconfig- 

urable effective turns ratios is provided. A VIRT is valuable 
in a wide variety of applications where for a desired turns 

ratio a single turn on one side of the transformer results in 
high conduction losses such that realizing fractional turns on 

that side of the transformer enables total transformer loss 

(core loss plus copper loss) to be reduced. This includes 
applications requiring a high step-up/down (e.g. greater than 

20:1). VIRT is also valuable in applications where the 
desired conversion ratio changes over a wide range (e.g., 

greater than a 3:1 range) 
The VIRT, thus provides a means to reduce the turns count 

and copper loss within the transformer while also facilitating 

changes in conversion ratio such as voltage doubling and 
quadrupling. Such characteristics are especially beneficial 

for reducing the size of a transformer stage in many power 
electronics applications, such as USB wall chargers. 

In one illustrative embodiment, the VIRT is integrated 
with a stacked bridge LLC converter to accommodate a 

widely varying input (120-380 Vdc) and output (5-20 Vdc) 

and VIRT is shown to be highly beneficial in keeping 
efficiency high over this wide output voltage range. 

Thus, described are concepts, systems, circuits, devices 
and techniques which address a need to accommodate wide 

operating ranges in many power electronic converters where 
a transformer is employed to achieve large voltage conver- 

sion ratios. For example, USB PD wall chargers must 

accommodate universal ac voltage (85-265 V,.) at their 
input, while regulating voltages between 5 and 20 Vdc at 

their output.
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BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing features may be more fully understood 

from the following description of the drawings in which: 

FIG. 1 is a schematic diagram of a prior art system which 

illustrates the impact of doubling the number of turns wound 

around a planar magnetic core; 

FIG. 2A is a diagram of a prior art transformer having a 

fractional turns ratio provided by having a single-turn sec- 

ondary wound around a core-leg that carries only half of the 

primary-generated flux; 

FIG. 2B is a diagram of an alternate embodiment of a 

prior art transformer having a fractional turns ratio provided 

by connecting two outer leg windings in parallel such that a 

secondary voltage Vs is induced by only half the primary- 

generated flux; 

FIG. 2C is a diagram of an alternate embodiment of a 

prior art transformer having a fractional turns ratio provided 

by utilizing two half turns to achieve the same voltage 

coupling effect as in the embodiment of in FIG. 2B; 

FIG. 3 is a schematic diagram of a variable-inverter- 

rectifier-transformer (VIRT). 

FIGS. 4A, 4B are schematic diagrams which illustrate a 

path of induced secondary ac current when operating in a 

full-bridge/full-bridge mode (FIG. 4A) and a full-bridge/ 

zero mode (FIG. 4B); 

FIG. 5 is a model of the current flow around the core, used 

to derive the magnetic circuit model of the VIRT; 

FIGS. 6A-6C are a series of magnetic circuit models of 

the VIRT where FIG. 6A corresponds to a full model, FIG. 

6B represents loss associated with the path around the core 

can be modeled by a transferance term £, and FIG. 6C 

illustrates that in the limit where there is no loss in the path 

around the core £—>0, yielding the ideal magnetic model; 

FIG. 7A is a simplified electrical model of the VIRT; 

FIG. 7B is a model of the VIRT including magnetizing 

and leakage inductances; 

FIG. 7C is a simplified electrical model of the VIRT; 

FIG. 8 is a prior art 2N,:1 transformer connected to a 

full-bridge rectifier; 

FIG. 9 is a simplified VIRT electrical model in the HB/0O 

mode; 
FIG. 10 is a prior art 2N,:1 converter in HB/O mode 

operating with the same output voltage as in the VIRT 
HB/HB mode; 

FIG. 11A is a schematic diagram of an alternate embodi- 
ment of a VIRT having four rectifier/inverters coupled via 

quarter-turns around a 5-legged core; 

FIG. 11B is a schematic diagram of an alternate embodi- 
ment of a VIRT having three full-bridge rectifiers coupled 

through third-turns on a 4-legged core; 
FIG. 12 is a VIRT technique employing two sets of 

one-and-a-half turns on the secondary. The terminal con- 
nections of the rectifiers is the same as in FIG. 2; 

FIG. 13 is a schematic diagram of a combined LLC and 

VIRT converter; 

FIG. 14 is a stacked half-bridge capable of being operated 

in two modes to achieve voltage halving and voltage quar- 
tering of the input voltage; 

FIG. 15 is an example transformer layer stack-up of the 
LLC+VIRT converter of FIG. 13, with primary (P) and 

secondary (S) layers indicated; 

FIG. 16 is a series of diagrams corresponding to a series 
of layers of an illustrative transformer winding arrangement 

of an LLC+VIRT converter having a 12:0.5 turns ratio; 
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10 
FIG. 17A is a top view of an illustrative converter having 

transformer windings which illustrate an implementation of 

the winding pattern shown in FIG. 16; 

FIG. 17B is a cross-sectional view of the converter of 
FIG. 17A taken across lines 17B-17B shown on FIG. 17A; 

FIGS. 18A-18D are a series of diagrams corresponding to 
a series of layers of an illustrative transformer winding 

arrangement of an LLC converter having a conventional 

24:1 transformer; and 
FIG. 19 is plot of power loss (estimated magnetic losses) 

vs. operating mode for twelve operating corners in an 
example VIRT and a conventional converter, arranged from 

maximum to minimum 

DETAILED DESCRIPTION 

Before proceeding with a detailed description of FIGS. 

3-19 below, some introductory concepts are explained. In 
general overview, described herein are concepts, systems, 

circuits and techniques directed toward hybrid electronic 
and magnetic structures generally referred to herein as 

Variable-Inverter-Rectifier- Transformers (sometimes 
referred to herein as “VIRT structures” or more simply a 

“VIRT” or “VIRTs”). In general, the hybrid magnetic/ 

electronic structures and techniques integrate a plurality of 
rectifiers, inverters, cycloconverters, or any combination 

thereof into the windings of a transformer to form the VIRT 
structures. 

Such VIRT structures are used to provide transformers 
having a wide range of fractional and reconfigurable effec- 

tive turns ratios. For example, fractional and reconfigurable 

effective turns ratios of 12:14, 12:74, 12:1, and 12:2 may be 
achieved. Other fractional and reconfigurable effective turns 

ratios may, of course, also be achieved via circuits provided 
in accordance with the concepts described herein. 

Thus, the described concepts, systems, circuits, devices 

and techniques may be used to address a need to accom- 
modate wide operating ranges in many power electronic 

converters where a transformer is employed to achieve large 
voltage conversion ratios. For example, USB PD wall char- 

gers must accommodate universal ac voltage (85-265 V,,_.) at 
their input, while regulating voltages between 5 and 20 V,, 

at their output. 

The described concepts systems, circuits and techniques 
offer a means to reduce a turns count and copper loss within 

a transformer while also facilitating realizing adjustable 
conversion ratios. To reduce turns count and copper loss, 

VIRT firstly enables fractionalized conversion ratios (e.g. 
Np:0.5, where Np is the number of primary turns). Frac- 

tional conversion ratios are beneficial when, after reducing 

a transformer design to a single turn on either side of the 
transformer, copper loss is high. For example, if an 2Np:1 

transformer design has high copper loss, moving to an 
Np:0.5 design will reduce copper loss while maintaining the 

same voltage conversion ratio. Copper loss is reduced in this 
case because half as many turns are wound on the primary. 

This is a means to reduce turns count and, correspondingly, 

to reduce copper loss. Second, in the case of VIRT, copper 
loss is also reduced compared to “fractional turns” concepts 

in the prior art because ac current only need conduct through 
the two half-turns (or more generally N fractional 1/N turns) 

rather than having to conduct in full loops around the core. 
The concepts described herein are valuable in a wide 

variety of applications including, but not limited to, con- 

verters having wide input or output operating voltage ranges 
(e.g. operating voltage ranges on the order of 3:1 or greater). 

A wide operating voltage range may include an operating
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voltage range yielding a large loss and/or stress in a candi- 
date topology. For example, a 4:1 output voltage range may 

be problematic to accommodate in a high step-down flyback 

converter because of high converter stresses. 
Furthermore, the techniques described herein result in 

circuits, devices and systems having a size and/or loss which 
is reduced in comparison with prior art circuits—devices 

and systems having the same or similar operating charac- 
teristics and/or design constraints. Thus, in some applica- 

tions such as power electronics applications, such as Uni- 

versal Serial Bus (USB) wall chargers, it is possible to 
achieve a size reduction (e.g. a miniaturization) of trans- 

former stages. Similar advantages can be found in de-de 
converters in a number of different applications including, 

but not limited to telecommunications, electric and hybrid 
vehicles, dc distribution systems—to name a few. For 

example, an electric vehicle may have a large step-down 

requirement (e.g. 400 to 12) which may result in a trans- 
former design with a single secondary turn that would be 

further optimized by moving to fractionalized turns. This is 
a scenario where VIRT is beneficial. 

Tt should also be appreciated that reference is sometimes 
made herein to embodiments implemented using half-turns 

and quarter-turns. It should be understood that such refer- 

ences represent only illustrative embodiments and should 
not be construed as limiting of the broad concepts described 

herein. It is recognized that alternative implementations are 
possible, including distributing the copper traces of each 

fractional turn on a plurality of the layers of a printed circuit 
board, or using wound wire. It should also be appreciated 

that the length and width of the fractional turns described 

herein are controllable and that a half-turn or quarter-turn 
need not have a length that is precisely one-half or one- 

quarter of the core window length, respectively. For 
example, the rectifiers can be placed inside a window of the 

transformer, shortening the length of each fractional turn. 

Also described herein is a principle of operation of the 
VIRT structure as well as models for magnetic and electrical 

behavior of the VIRT structure. 
As a case-study for understanding the VIRT structure and 

technique, portions of this application make reference to an 
illustrative embodiment of a VIRT shown in FIG. 3. It 

should, however, be appreciated that that this represents only 

one instantiation of an embodiment provided in accordance 
with the broad concepts, systems, circuits and technique 

described herein. It should also be appreciated that the 
purpose of focusing on an illustrative embodiment is merely 

to promote clarity in the description (text and figures) of the 
broad concepts described herein. It should be noted that 

variants of the VIRT illustrated in FIG. 3 are also described 

to further illustrate the broad concepts sough to be protected 
herein. 

Referring now to FIG. 3, in one illustrative embodiment 
described herein, an instance (i.e. an illustrative example) of 

a Variable-Inverter-Rectifier-Transformer (VIRT) 30 com- 
prises four half-bridge switching cells 32a, 32, 33a, 33b 

shown here configured as two variable power convertors 

(here represented as variable rectifiers 32, 33) distributed 
around a planar magnetic core 34 each coupled at least one 

fractional turns of conductor (represented here as “half- 
turns” 36a, 365) wound through the core. According to some 

embodiments, the fractional turns of conductor may include 
a non-integer set of turns (e.g. 1.5 turns). Each variable 

power converter may comprise a rectifier, invertor, cyclo- 

converter, or any combination thereof. The cross-hatched 
areas represent the cross section of the magnetic core on the 

plane where the traces are routed. Conductive traces 37 
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12 
represent the secondary-turn. Note that the placement of the 

rectifiers reflects their physical location relative to the mag- 

netic core. Capacitors 38a, 38b correspond to blocking 

capacitors. Each variable power converter includes at least 

one switching cell (here represented as half-bridge switching 

cells) operating in a switching pattern. For example, a first 

variable rectifier 32 includes half-bridge switching cells 32a 

and 32b and a second variable rectifier 33 includes half- 

bridge switching cells 33a and 33b. Switching cells may 

include multi-level switching cells (e.g. multilevel convert- 

ers), single-transistor switching cells (e.g. class E switching 

cells), current and voltage multiplying switching cells, half- 

bridge switching cells, or any combination thereof—to name 

a few examples. 

The switching cells of the power converters are disposed 

symmetrically (i.e. proximate to the half turns in an identical 

layout) around the magnetic core. For example, half-bridge 

switching cells 32 a, 326, 33a, and 336 are distributed 

around a planar magnetic core 34 so that a first half-bridge 

switching cell of the first rectifier 32 and a first half-bridge 

switching cell of the second rectifier 33 are located at a first 
end of magnetic core 34 and a second half-bridge switching 

cell of the first rectifier 32 and a second half-bridge switch- 

ing cell of the second rectifier 33 are located at a second, 
opposite end of magnetic core 34. For example, half-bridge 

switching cells 32a and 33a are located at a first end of 
magnetic core 34 and half-bridge switching cells 325 and 

33 are located at a second, opposite end of magnetic core 
34. Note that the placement of the rectifiers reflects their 

physical location relative to the magnetic core. 

Each variable power converter (such as variable rectifiers 
32, 33) is configured to operate in different operating modes 

according to switching patterns of its respective switching 
cells (such as half-bridge switching cells 32a,b and 33a,b). 

For example, variable rectifier A is configured to operate in 

an operating mode according to the switching pattern of 
half-bridge switching cells 32a and 326. 

By appropriately controlling the operating modes of the 
switching cells (e.g. the switching patterns of switching cells 

such as the half-bridge switching cell of the illustrative 
embodiment of FIG. 3.) It is possible to gain control over 

flux paths and current paths used in the transformer. This 

hybridization enables fractional and reconfigurable effective 
turns ratios. 

It should be appreciated that the “operating modes” of the 
half-bridge cells are described herein below at a higher level, 

in terms of the consequences of operating in various modes 
e.g. FB/FB, HB/HB, HB/0 mode, etc. 

In terms of how the cells are explicitly controlled, the 

following states exist for each half-bridge cell: 
(1) Upper switch on, lower switch off 

(2) Upper switch off, lower switch on 
(3) Both switches off 

(4) Both switches on 
It should be understood that State 4 is invalid because it 

yields a short-circuit across the input of the cell. 

Various control modes are achievable that use one or more 
of the available states. 

When “switching,” the half-bridge cells may follow this 
state trajectory: 2, 3, 1, 3, 2, 3, 1,3... (@e. alternating 

between the upper switch on and the lower switch on, with 
State 3 in-between where they are both off—this is a 

practical requirement to avoid operating in State 4). 

The half-bridge cells can also be “bypassed” such that 
they are held in State 1 or State 2 indefinitely. If bypassed 

in State 1, the cell will feed the input voltage it its output. If
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bypassed in State 2, the cell will output zero voltage. They 

are equivalent from an ac perspective. 

In one embodiment, an experimental prototype integrates 

the VIRT with a stacked bridge LLC converter to accom- 

modate a widely varying input voltage (e.g. an input voltage 

in the range of 120-380 Vdc) and a widely varying output 

voltage (e.g. an output voltage in the range of 5-20 Vdc). In 

this illustrative embodiment, the VIRT is shown to be highly 

beneficial in keeping efficiency high over such a wide output 

voltage range. 

Two variable rectifiers (which in some embodiments may 

be full bridge rectifiers) are distributed around a magnetic 

core 34 and connected through two “half-turns” on the 

secondary side, i.e. the low voltage side of magnetic core 34. 

A primary winding (not visible in FIG. 3) comprises an 

arbitrary number of turns wound around the center-post. The 

two rectifiers are designated as “A” and “B” in FIG. 3. In this 

illustrative embodiment, rectifier A (generally denoted 32) 

comprises first and second half-bridge switching cells (or 

more simply “cells”) designated Al and A2 and identified 

with reference numerals 32a, 325. Similarly, rectifier B 

(generally denoted 33) comprises first and second half- 

bridge switching cells designated B1 and B2 and identified 

with reference numerals 33a, 334 in FIG. 3. In this illustra- 

tion, each half-bridge cell is directly connected to the output 

bus through the terminals labelled +V, and -V,,, for example 

through power and ground planes that are outside the 

magnetic core. In other embodiments, it may be desirable or 

even necessary to couple each half-bridge cell to the output 

bus through the terminals labelled +V, and -V,,, though one 

or more intervening (or intermediate) circuits or compo- 

nents. For example, the cell could be part of a larger rectifier 

and therefore might not directly connect to the output bus. 

Each rectifier 32, 33 can be independently operated in any 

of: full-bridge, half-bridge, or “zero” mode. That is, it is 

possible for each rectifier to be concurrently operated in a 

different mode (i.e. each rectifier need not be operated in the 

same mode at the same time). 

With respect to full-bridge mode, a variable rectifier 

switches as a full-bridge rectifier. When a variable rectifier 

(such as rectifier A, for example), is operated in full-bridge 

mode then both first and second half-bridge cells Al and A2 
are active (i.e. switching). Because both the first and second 

half-bridge cells Al and A2 are both active, half-bridge cells 
Al and A2 together switch as a conventional full-bridge 

rectifier. 
According to an embodiment, in full-bridge mode, both 

switching cells are switch with a phase delay between them. 

Namely, when one cell is in State 1 the other cell is in State 
2. For example, when a power converter is operating in 

full-bridge mode, a switching pattern for a first switching 
cell may comprise CELL1: 1, 3, 2,3, 1,... anda switching 

pattern for a second switching cell may comprise CELL2: 2, 
3,1,3,2,.... 

With respect to half-bridge mode, a variable rectifier 

switches as a half-bridge rectifier. When a variable rectifier 
(such as rectifier A) is operated in half-bridge mode, a first 

one of the rectifier’s switching cells is active and a second 
one of the rectifier’s cells is “held” (.e. biased via a bias 

signal such as a voltage signal) in the low or high state (i.e. 
with its lower switch or upper switch, respectively, kept on 

(i.e. biased into its conductive state) continuously so that the 

half-bridge provides a constant potential at the winding and 
ac current cannot be rectified to the de output by that 

half-bridge). For example, if variable rectifier A is operating 
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in a half bride mode then cell Al may be active and switch 

as a conventional half-bridge rectifier while cell A2 is 

“held”. 
According to some embodiments, the positive current 

direction in the primary side of the magnetic core defines a 

dot convention in the transformer that will set up induced 

currents with a particular polarity on the secondary side of 
the magnetic core. A person of ordinary skill will appreciate 

that the choice of which cell to switch and which cell to 
bypass (and how to bypass that switch) must respect that 

polarity. 
With respect to “zero” mode, a variable rectifier effec- 

tively behaves as an ac short. When a variable rectifier (such 

as rectifier Al) is operated in a “zero” mode, both of the 
rectifier’ s switching cells are “held”, as discussed above. For 

example, if rectifier A, is operated in “zero” mode, then both 
cells A1 and A2 are held in the low (or high) state, providing 

an effective ac short of that section of the winding. 
The principle of operation can be intuitively understood 

by considering the path of the induced secondary-side 

current. For example, consider operating in a “full-bridge/ 
full-bridge” (FB/FB) manner in which rectifiers A and B are 

both in full-bridge mode and cell Al is switched in-phase 
with cell B1. Assume that flux through the core is generated 

by applying an ac voltage with peak V,, onto N,, primary 
turns such that ac current 36 is induced in the secondary 

winding as shown in FIG. 4A. Under these conditions, when 

operating in full-bridge/full-bridge mode, as illustrated in 
FIG. 4A, the induced current flows such that the output 

voltage V,, is inserted twice into the secondary loop. Equat- 
ing the V/N ratios in this case, 

  

Simplifying, 

Vo = Vp 
1/2 

Np 

This is equivalent to the voltage conversion ratio of an 

8.
 

N
I
e
 

transformer. 
Now consider operation in the half-bridge/half-bridge 

(HB/HB) mode where both rectifiers act as half-bridges. 
Note that in this operating mode series capacitors 38a, 386 

are required to prevent de voltage from being applied across 

the windings. The path of induced secondary current is 
identical to the full-bridge/full-bridge case but now only 

yields a single V,, insertion into the loop due to the voltage- 
halving action of the half-bridges. Thus, the voltage con- 

version ratio is changed to 

1 
Yo = Vex 

A 

This is equivalent to the conversion ratio of an N,:1 

transformer.
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Tt should be appreciated that the implementation of half- 

turns and quarter-turns described below represent only an 

illustrative embodiment. Alternative implementations are 

possible, including distributing the copper traces of each 

fractional turn on a plurality of the layers of a printed circuit 

board, or using wound wire. It should also be appreciated 

that the length and width of the fractional turns are control- 

lable and that a half-turn or quarter-turn need not have a 

length that is precisely one-half or one-quarter of the core 

window length, respectively. For example, the rectifiers can 

be placed inside the window of the transformer, shortening 

the length of each fractional turn 

Referring now to FIG. 4B, by operating in a “half-bridge/ 

zero” (HB/O) mode, it is similarly possible to achieve a 

conversion ratio of 

2 
Yo = Ver 

A 

equivalent to an N,,:2 transformer. It is likewise possible to 

operate in a “full-bridge/half-bridge” (FB/HB) mode that 

provides a conversion ratio of 

2 
Yo = Vp arp 

P 

equivalent to an N,:(%) transformation ratio. 

Referring now to FIG. 5, to derive a magnetic circuit 

model of the VIRT, the current flow in the system may be 

described by closed loops around the core. To achieve a 

model in this form, “virtual” current components are 

employed such that all currents form closed loops around the 

core. Currents t, and t, represent the currents that flow 

between the half-bridge cells in rectifier A and B (e.g. see 

FIG. 3, 4A, 4), respectively. For the purposes of modeling, 

these currents are drawn as returning outside the core via a 

ground plane. Note that these virtual currents, le and the 

out-of-core components of t, and t,, cancel one-another and 

are invoked exclusively for modeling purposes. That is, 

virtual current component Ug is included in the model where 

Ugl 42ly such that the (virtual) outer current components of 

L, and ty are cancelled. The resulting net current flow in this 

model is equivalent to the physical current that flows 

through each half-turn as in FIG. 4A. 

From the model of FIG. 5, it is straightforward to syn- 

thesize the magnetic circuit model shown in FIG. 6A. In 

practice, the magnetomotive force (MMF) associated with 

lg arises due to the small resistance RSH of the ground- 

plane, thus this MMF can be modeled by a transference 

element £ as shown in FIG. 6B. In the limit where R,,,0, 
£—»oo and the circuit simplifies as shown in FIG. 6C. 

From the simplified magnetic circuit model of FIG. 6C 

and assuming symmetry between the core legs so that 
Rei=Rez, the simplified electrical models in FIGS. 7A and 

7C can be derived. It should be noted that FIG. 7C shows the 
transformers having Np/2:4 ratios rather than Np:1 ratios 

shown in FIG. 7A. While these are equivalent, but FIG. 7C 
better reflects the “real” numbers of effective turns with the 

same “total” numbers of turns. It should also be noted that 

with further modeling it can be shown that each N,, trans- 
former does provide a magnetizing inductance and leakage 

inductances as in FIG. 7B. Thus, this is a very apt model. 
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Magnetizing and leakage elements of the VIRT magnetic 

structure can be used as a part of a resonant or other 

soft-switched converter. 

Referring now to FIG. 8, a conventional the 2N,,:1 trans- 

former/rectifier structure is shown. It is insightful to com- 

pare the model of FIG. 7A with the 2N,:1 transformer/ 

rectifier structure in FIG. 8. For ease of comparison it is 
assumed that all rectifier switches can be soft-switched, and 

conduction loss is the only source of loss in the switches. 
This can be achieved, for example, if the transformers are 

connected as part of an LLC converter. 
When operating in FB/FB mode, and assuming square- 

wave modulation, the input to each rectifier in FIG. 7 is a 

square wave with peak V,. These voltages are reflected 
across the transformer yielding 

1 
V, = v2 

Np 

Those of ordinary skill in the art should be appreciate that 

that “square-wave” modulation refers to a version of the 

“switching” pattern discussed above, in which a half-bridge 
cell switches between states as follows: 1, 3, 2, 3, 1, 3, 2,3, 

lh... 
In square-wave modulation, State 3 is relatively short 

(theoretically instant) and the end result is that the output of 
the cell has the appearance of a square wave. 

When operating the conventional 2N,,:1 transformer in the 

same mode, the same expression is derived. This is an 
expected outcome from the transition between a 2N,,:1 

transformer and an 

8.
 

N
I
e
 

transformer: the voltage conversion ratio is not changed 
when the number of primary and secondary turns are scaled 

by the same multiple. 
Although the VIRT requires twice the number of switches 

than the conventional full-bridge rectifier of FIG. 8, the 

conventional configuration must employ switches that are 
rated for twice the current. The net effect of this is that the 

conduction loss in both configurations is identical for the 
same transistor area. This aligns well with the expectation 

that the overall current flow across two transformers with the 
same voltage conversion ratio should not be impacted by the 

number of turns used to create that conversion ratio. More- 

over, as the rectifiers are physically distributed in the VIRT 
structure (while they are co-located in the conventional 

implementation), there can be benefits in reducing parasitic 
ac resistance in interconnecting the transformer to the VIRT 

rectifier elements; this can be particularly valuable in high- 
current applications. 

A trade-off between copper loss and core loss between 

these two configurations is also evident. For the same output 
voltage V,, both configurations have the same primary 

voltage V,, but the 2N,,:1 transformer divides this voltage on 
twice as many turns as the VIRT, reducing the peak flux 

density and therefore the core loss. Similarly, for the same 
current 1, in the primary, the 2N,,:1 transformer carries twice 

the current in its secondary compared to the VIRT, thus 

increasing its copper loss. 
There are four additional modes available to the VIRT in 

this example and their voltage conversion ratios are sum-
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marized in Table 1 (e. Table 1 shows a comparison of 

voltage conversion ratios for each VIRT mode). 

  

  

TABLE 1 

VIRT, N,: = 
Mode Conventional, 2N,: 1 

FB/FB V.av 1/2 V.=v 1/2 
op Np op Np 

HB/HB V.av 1 V.av 1 
o= "NS o= ’N, 

FB/HB —_— Viav 2 
oF ?3N, 

FB/O —_— V.av 1 
o=Yp N, 

HB/O —_— 2 
Vo = Vp we 

  

Example switching patterns that can be used to implement 

the modes are provided in Table 2 (i.e. Table 2 illustrates 

example switching patterns for each VIRT mode). 

  

  

TABLE 2 

Mode Switching pattern 

FB/FB Al and A2 switched complementary 

B1 and B2 switched complementary 

Al switched in-phase with B1 

HB/HB A2 and B2 held in low state (or alternatively in high 

state) 

Al and B1 switched in-phase 

FB/HB Al and A2 switches complementary 

B2 held in low state (or alternatively in high state) 

Al and bl switched in phase 

FB/0 B1 and B2 held in low state (or alternatively in high 

state) 

Al and A2 switched complementary 

HB/O Bl, B2, A2 held in low state (or alternatively in high 

state) 

Al switched 
  

It should be noted that the HB/HB mode follows an 

identical discussion as the FB/FB mode with the exception 

that the output of each rectifier is now a square-wave with 
peak 

Vo 
2 > 

thus yielding an N,,:1 voltage conversion ratio. 

The special case of operating one of the rectifiers in the 
“zero” mode is not available to the conventional configura- 

tion and enables an additional conversion ratio for the VIRT 

converter. As can be derived from FIG. 7, the conversion 
ratio in FB/0 mode is half that of the FB/FB mode. Similarly, 

the HB/O mode conversion ratio is half that of the HB/HB 
mode. Likewise, in FB/HB mode, the conversion ratio is 4/3 

that in FB/FB mode. 
When operating in FB/HB, FB/0 or HB/O mode, there is 

no direct comparison to the conventional 2N,,:1 transformer 

configuration. Instead, these modes offer trade-offs beyond 
simply scaling the turns to reduce total transformer loss. The 

description provided herein focuses on the HB/O mode as it 
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enables a voltage conversion ratio that is unachievable by 

the conventional configuration. 

Consider operating the rectifiers as in FIG. 9 such that A2, 

B1, and B2 are in the low state while A1 remains switching. 

The voltage conversion ratio is 

2 
Vo = Vy 

Pp 

To achieve the same output voltage in the conventional 

2N,:1 configuration, twice the voltage must be applied to the 

primary as shown in FIG. 10. Similarly, for the same power 

throughput, half the current flows through the primary in the 

conventional configuration. 

Without considering the impact of trace-width spacing 

and assuming a planar transformer, the dc resistance of the 
primary turns in the conventional configuration is four times 

larger than in the VIRT. Therefore, although the VIRT 
carries twice the current on its primary, the copper loss 

between the two configurations is theoretically identical. 
In practice, the converter structure (e.g. inverter, resonant 

tank elements, etc.) coupled to the input of each configura- 

tion will not necessarily be operating in an identical manner, 
and a detailed comparison is required to determine which 

configuration “wins out” in terms of copper loss. For 
example, if the transformers are interfaced with inverters 

and passive components to form LLC converters, then the 
frequency of operation required to achieve the desired 

voltage conversion ratio will dictate the magnetizing current 

that flows and this directly impacts the resulting copper loss. 
The HB/O configuration experiences increased core loss 

over the conventional case. While both configurations have 
the same V/N ratios on their primaries, zeroing rectifier B 

has the effect of creating a short-circuit around the right-side 

core leg in FIG. 4. In practice, this short-circuit will have 
some small resistance characteristic (i.e. the resistance with 

not be exactly zero) and this allows flux through this section 
of the core leg as modeled by a transferance term (e.g. see 

E. R. Laithewaite, “Magnetic equivalent circuits for electri- 
cal machines,” Proceedings of the Institution of Electrical 

Engineers, vol. 114, no. 11, pp. 1805-1809, November 

1967.). Assuming this resistance is negligible, the peak flux 
density in the HB/O case is doubled and the effective core 

volume is halved. This yields an overall increase in core loss 
due to the superlinear dependence on flux density. 

A separate detriment to HB/O operation is that eight 
switches are required for such operation and each switch 

must be rated for current N,,i,,. 

In the conventional configuration, on the other hand, only 
four switches with the same rating are required. This implies 

an increase in the conduction loss of the switches for the 
same transistor area. 

Overall, conclusions on the benefit of zero-mode opera- 
tion over “extended HB” operation will depend upon the 

specific operating point of a given configuration. If the 

voltage doubling and associated penalties of the VIRT HB/0 
mode outweigh the penalties associated with increasing the 

gain of the converter used in the 2N,,:1 configuration, then 
the technique is worth applying. 

It is important to note that if the HB/O mode is unfavor- 
able in a particular design, then the HB/HB mode can be 

employed instead to achieve the same trade-offs as described 

above (i.e. trade-offs between copper loss and core loss). 
The ability to operate in a “zero” mode only provides 

additional flexibility.
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Tt should now be appreciated that the high degree of 

re-configurability of the VIRT technique is particularly 

valuable in applications where there is the requirement for a 

wide operating range (in voltage, current, or power) and/or 
where the converter should be designed to be used for 

different applications. For example, one might want to have 
a single converter which can operate well for a wide variety 

of output voltage specifications. Such a wide variety of 
output voltage specifications can be well accommodated by 

re-configuring the operation of the VIRT based upon the 

desired voltage. 
For clarity, the examples described above focused on a 

single, illustrative implementation of the VIRT technique 
using half-turns and two rectifiers. In practice, there are 

numerous variants of the described concepts and technique 
only some of which are next described. For example, instead 

of using half-turn fractional-turn sections, one could use 

one-third turn, quarter-turn or other fractional sections with 
associated switching cell blocks, or other non-integer turn 

counts. It should, of course, be appreciated that all of such 
variants are considered to be within the scope of the con- 

cepts covered by this patent. 
It should also be appreciated that the examples described 

above have focused on the use of “fractional turns” and 

re-configurability afforded by the VIRT structure in the 
context of application to the rectifier. However, it should be 

further appreciated that this can be equally applied to the 
inverter structure and operation in a converter, or to both 

inverter and rectifier subsystems. Additionally, there is no 
requirement that the inverter or rectifier structures be on the 

secondary-side of the transformer. That is, the non-integer 

turns and inverter or rectifier structures can be placed on the 
transformer primary-side as well as, or instead of, on the 

transformer secondary-side. 
In general, it should be understood that the number of 

fractional or non-integer turns and associated converters that 

are used can be increased beyond two, to arbitrary numbers 
within practical geometric and design constraints. When 

doing so, it is desirable that the converters be placed such 
that their connections remain close to the fractional turn 

interconnection points at the core to minimize parasitic 
conduction losses. It is also desirable for many designs that 

the converters be distributed in a balanced fashion around 

the core (e.g., such that the resulting secondary-side struc- 
ture is substantially rotationally symmetric) with switching 

patterns for co-located switching cells ensuring that second- 
ary ac winding currents principally close around the core 

centerpost with external ac currents outside the core sub- 
stantially cancelling for at least some operating modes, 

thereby reducing conduction loss. 

Thus, in preferred embodiments, the rectifiers/inverters 
are physically close to the half-turns in order to exploit the 

half-turns benefit of reduced conduction path length, and 
that they are as identical as possible in their layout around 

the core (to match the modeling assumption). 
In practical systems, this may appear as symmetry of the 

half-bridge cell placements across the central longitudinal 

and latitudinal axes of the transformer core. However, VIRT 
will still work even if one does not maintain precise sym- 

metry. Thus, cell placements may be considered as being 
balanced rather than having ideal symmetry. 

As noted above, the instance of VIRT in FIG. 3 yields four 
unique effective turns ratios, including a half-turns ratio of 

Np:0.5. Permutations of this fundamental structure can be 

implemented by changing the number of core sections 
and/or the rectifier types in order to achieve additional and 

extended conversion possibilities. For example, one can use 
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4 full-bridge rectifiers connected through “quarter-turns” on 
a 5-legged core (a center post and 4 return legs) as in the 

illustrative embodiment of FIG. 114, or 3 full-bridge recti- 

fiers connected through “third-turns” on a 4-legged core (a 
center post and 3 return legs) as in FIG. 11B. While we 

illustrate designs with full-bridge rectifiers comprising half- 
bridge switching cells, it will appreciate that other convert- 

ers (e.g., inverters, rectifiers, and cycloconverters) can be 
utilized, including multilevel converters, single-switch con- 

verters (such as class E and class phi structures), voltage- or 

current-multiplying converters, etc. 
Referring now to FIG. 11A, a VIRT includes full-bridge 

rectifiers 42, 44, 46, 48 coupled through “quarter-turns” 50, 
52, 54, 56, around a 5-legged core 60. In this embodiment, 

core 60 is provided having a commonly available core shape 
(sometimes referred to as an X-core shape). 

Many conventionally available core shapes can be used 

for such designs, including E, EQ, RM, PQ, X and EX core 
shapes. It should, of course, be understood that customized 

core shapes can be used to extend this approach to any 
number of subsections. Those of ordinary skill in the art will 

appreciate how to select a core having a particular shape to 
suit the needs of a particular application. 

Furthermore, after reading the description provided 

herein, those of ordinary skill in the art will also appreciate 
how to select the number and placement of rectifiers/ 

inverters/cycloconverters around the core to achieve a 
desired operational characteristic. One of ordinary skill may 

select the number of converters such that they interconnect 
among the fractional turns to realize a net integer number of 

turns around a core centerpost. As one increases the number 

of core sections and converter blocks, one can increase the 
“fractionalization” of the fractionalized winding set, provid- 

ing greater voltage conversion ratios, a greater degree of 
freedom in trading core and copper loss to minimize total 

transformer loss, and increasing the number of operating 

mode and effective transformation ratios that may be 
achieved, at the expense of design and control complexity. 

When all the rectifiers in FIG. 11A are active and oper- 
ating as full bridges, the effective turns ratio is Np:0.25 and 

the tradeoffs at least somewhat mimic those described above 
for the Np:0.5 turns ratio configuration achievable in the 

VIRT structure of FIG. 3. The Np:0.25 configuration, how- 

ever, enables a further possibility to trade-off between core 
loss and copper loss of the transformer to minimize total loss 

as compared to the Np:0.5 turns ratio VIRT configuration of 
FIG. 3. 

As shown in FIG. 11A, the VIRT is implemented with 
four variable rectifiers 42, 44, 46, 48 disposed symmetrically 

(i.e. proximate to the quarter turns in an identical layout) 

around a 5-legged core and connected with “quarter turns” 
with each variable rectifier comprising two t half-bridge 

switching cells. These cells are also disposed symmetrically 
(i.e. proximate (and ideally, as close as possible) to the 

quarter turns in an identical layout) around a core as shown. 
In practical systems, this would likely end up being a kind 

dual symmetry about the central longitudinal and latitudinal 

axes. There are Np primary turns wound around a center post 
(not shown in FIG. 11A). Multiple additional modes are 

achievable compared to the 3-legged core version described 
above in conjunction with FIG. 3 including “FB/FB/FB/FB” 

mode, which yields an Np: 0.25 effective conversion ratio. 
Thus, the illustrative embodiment of FIG. 11A is a struc- 

ture which can achieve eight effective turns ratios, as listed 

in Table 3 below (i.e. Table 3 is an example of effective turns 
ratios achievable in the 5-legged, quarter-turn VIRT con- 

figuration of FIG. 11).
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TABLE 3 

VIRT Mode Effective turns ratio 

FB/FB/FB/FB Np:1/4 

FB/FB/FB/HB Np:2/7 

FB/FB/HB/HB Np:1/3 

FB/HB/HB/HB Np:2/5 

HB/HB/HB/HB Np:1/2 

HB/HB/HB/O Np:2/3 

HB/HB/0/0 Np:1 

HB/0/0/0 Np:2 
  

One of ordinary skill in the art can arrive at the details of 

each operating mode which can be developed and under- 

stood using the modeling techniques described above. 

One of ordinary skill in the art will now also appreciate 

that the concept of fractional turns can be extended to 

“integer-and-a-half” turns (e.g. one-and-a-half, two-and-a- 

half, etc.) to yield turns ratios with fractional components 

greater than one (e.g. N,:1.5, N,:2.5, etc.). An illustration of 

the meaning of “one-and-a-half” turns is shown in FIG. 12. 

Likewise, it can be expanded to “integer plus a fraction” 

turns. This may be done on the secondary and/or primary. 

Referring now to FIG. 12, is a VIRT technique employing 

two sets 62, 64 of one-and-a-half turns on the secondary. The 

terminal connections of the rectifiers may be the same as or 

similar to that described above in conjunction with FIG. 3. 
Although the above description focused on operation of 

the rectifiers to accommodate square-waves, it should, of 
course be appreciates that there is no requirement that this be 

the case. That is, the concepts, systems, circuits and tech- 

niques described herein may still be used in an input 
waveform having any conventional or unconventional 

shape. Even for half-bridge cells (as described above), 
imposing zero states (when both devices in a given half- 

bridge cell are held off for some duration) allows “non- 

square” voltage waveshapes at a half-bridge terminal; this 
might be done in an LLC type converter operating below 

resonance, for example. Likewise, a rectifier such as a 
current-mode class D rectifier may impose a half-sine volt- 

age at a rectifier input terminal (and a sinusoidal voltage 
across a given secondary winding section), and a multilevel 

rectifier may provide multiple discrete voltage levels at a 

rectifier terminal over the course of an operating cycle. The 
only requirement is a suitable placement and control of the 

rectifiers/inverters/cycloconverters to maintain desirable ac 
current flow paths and the ability to change their modes if 

re-configurability is desired. 
For example, if the switches in FIG. 7 are configured to 

operate as synchronous rectifiers (i.e. mimicking diode 

operation), capacitive current flow into the rectifier would 
yield “dead-times” where none of the switches are conduct- 

ing—this does not violate the operation of the VIRT. 
Tt should also be appreciated that much of the above 

description has been provided for rectifier topologies com- 
prising half-bridge subsections. It will be appreciated that 

the half-bridge subsections could be replaced by other 

rectifier (or inverter or cycloconverter) topologies (converter 
topologies), including but not limited to class E or class Phi 

converters, current-mode class D converters, E/F converters, 
multilevel or switched-capacitor converters, voltage or cur- 

rent multiplier converters, or any combination thereof—to 
name a few examples. 

Furthermore, the description above did not specify an 

inverter-side configuration. It will be appreciated that 
inverter configurations that can be interfaced to a conven- 

tional transformer can also be interfaced to the VIRT struc- 
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ture, including but not limited to full-bridge inverters, half- 
bridge inverters, stacked-bridge inverters, and single-switch 

inverters (e.g. class E, Phi, etc.). One may likewise utilize 

cycloconverter topologies to interface with the VIRT trans- 
former. Likewise, one could apply various resonant tank 

elements (e.g. to form resonant converters) or use interme- 
diate passives in the network (e.g. to form active bridge 

converters). One may use various combinations of structural 
and control techniques, including but not limited to variable 

frequency multiplier (VFX)—or burst-mode inverters or 

stacked architectures. 
Additionally, it should be noted that employing a re- 

configurable inverter (e.g. a stacked architecture) enables the 
possibility of simultaneously re-configuring the inverter and 

rectifier (structure or operation) to enable efficient operation 
with wide output voltage range and wide power range. 

The description provided above focused on applications 

in which a large (e.g. ratio of 20:1 or greater) step-down 
voltage conversion ratio was required. In one specific 

example, (i.e. a peak of 240 Vac [~375V] to as low as 5V) 
corresponds to a 75:1 step-down voltage. And/or where 

input or output voltages varied over a wide range (e.g. of a 
ratio of 3:1 or larger). However, it will be appreciated that 

the VIRT technique is similarly effective for large step-up 

voltage conversion ratios having low voltage inputs (e.g. 
including using a VIRT inverter structure with multiple 

inverter sets connected by fractional turns distributed around 
the core and using multiple operating modes to provide 

operating flexibility). Such implementations may be directly 
realized or arrived at via topological or time-reverse duality 

or bilateral inversion techniques. With appropriate subsys- 

tem selection (e.g., switching cell structures), the concepts, 
systems, devices circuits and techniques described herein 

improve the efficiency and size of many power electronic 
converters that employ transformers, including ac/dc, de/de, 

de/ac, and ac/ac conversion systems. For example, this may 

include ac/de converters such as grid-interfaced chargers, 
isolated de-de converters such as for telecommunications 

and transportation applications, dc/ac converters such as for 
grid-interfaced photovoltaic systems and uninterruptible 

power supplies, ac/ac converters such as for solid-state 
transformers, or any combination thereof—to name a few. 

Illustrative design specifications for a converter that can 

benefit from the VIRT technique are listed in Table 4. 

  

  

TABLE 4 

Parameter Value 

Input voltage range 120-380 Va, 

Adjustable output voltage (Rated output current) 5 V (5 A); 9 V(4 A); 

12V GA) 
Isolation rating between primary and secondary 2.5 kV 
  

The example design of Table 4 is an LLC converter with 

an input voltage range of 120-380 V,,,. (corresponding to 
rectified universal ac voltage) and an adjustable output 

voltage of 5, 9, or 12 V,, (corresponding to the charging 

voltage of many smartphones, tablets, laptops, etc.; one 
could also consider a 15 V operating condition in place of 

the 12 V operating condition and could include an additional 
20 V operating condition such as for laptops). The demand- 

ing step-down ratio and wide operating range of this speci- 
fication make it well-suited for application of the VIRT 

technique. 

Further example designs may be found in: M. K. Ranjram, 
I. Moon and D. J. Perreault, “Variable-Inverter-Rectifier- 

Transformer: A Hybrid Electronic and Magnetic Structure
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Enabling Adjustable High Step-Down Conversion Ratios,” 
in IEEE Transactions on Power Electronics, vol. PP, no. 99, 

pp. 1-1 (Jan. 23, 2018), which is hereby incorporated by 

reference in its entirety. 
Referring now to FIG. 13, a combined LLC and VIRT 

converter 70 capable of accepting an input voltage in the 
range of 120-380 V,.. from a source 72, according to an 

exemplary embodiment. Converter 70 includes a bridge 
circuit 74, here comprising a stacked half-bridge architec- 

ture and balancer circuits 76 coupled thereto to ensure 

voltage balancing between input capacitors C1, C2. 
The stacked half-bridge circuit 74 can be re-configured, 

for example, to achieve voltage halving or voltage quarter- 
ing as shown in FIGS. 14A, 14B. Note that the average value 

of V,,,, does not contribute to the voltage conversion mecha- 
nism of an LLC and it is the peak ac voltage that is halved 

and quartered (compared to the input voltage) in modes one 

and two, respectively; 
The inverter is operated with voltage halving when the 

input voltage is between 120 and 190 V, and voltage 
quartering when the input voltage is between 190 and 380 V. 

The result of this re-configuration is that an ac square-wave 
input to the LLC resonant tank has a peak voltage range of 

47.5-95 V compared to the 60-190 V peak voltage range that 

would be achieved by a conventional half-bridge inverter. 
As noted above, balancer circuits 76 can be employed to 

ensure voltage balancing between the input capacitors C1, 
C2. 

The VIRT structure includes two variable rectifiers 82, 84 
comprised of respective ones of switches 82a-82d, 84a-84d. 

In an embodiment, each switch is operated as a synchronous 

rectifier. The FB/FB mode, where all the switches are active, 
is employed for a 5V output while the HB/HB mode, where 

half-bridge cells B2 and A2 are held in the low state, is 
employed for the 9 and 12 V outputs. The result of this 

re-configuration is that the effective de output voltage that 

the LLC must regulate is compressed from 5-12 V to 4.5-6 
Vv. 

In embodiments, the rectifier switching scheme to achieve 
synchronous rectification may be implemented using a digi- 

tal controller and conventional half-bridge gate drivers fea- 
turing independent PWM outputs. When the LLC is oper- 

ated below-resonance, the switching pattern for synchronous 

rectification can be achieved via the “pulse-width clamp” 
method where the switches are held on for a known, fixed 

period of time (half of the resonant period minus dead time). 
Tt should be appreciated that that in this exemplary 

embodiment, the additional conversion ratio offered by the 
HB/0 mode, which provides a further factor-of-two com- 

pression over the HB/HB mode, is not utilized. It should also 

be appreciated that this additional ratio could be valuable if 
an additional larger output voltage (e.g. 20V) is desired. 

Likewise, FB/HB mode could optionally be used to improve 
efficiency at some voltage levels. 

Due to the re-configurability of the VIRT design, the LLC 
effectively interfaces a 47.5-95 V input to a 4.5-6 V output, 

corresponding to a reduction in the required step-down 

ratios from [10-76] to [7.92-21.1]. This 2.66 times gain 
variation can be reasonably accommodated by the LLC 

resonant tank, while the original 7.6 times gain variation 
would yield unacceptably large stress on the components of 

the LLC converter. 
The LLC may be designed using a conventional proce- 

dure. A 24:1 transformer is employed instead of the mini- 

mum turns ratio of 22:1 because the resulting 12:0.5 VIRT 
ratio has a primary-turns count that can be easily distributed 

across multiple PCB layers. 
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In one illustrative implementation, normalized resonant 

tank parameters are Q,=0.16 and L,=7, with Q, associated 

with the 9V output at maximum power. A maximum switch- 

ing frequency of 800 kHz is selected and the resulting 

component values are shown in Table 5. 

  

  

TABLE 5 

Parameter Value 

Resonant frequency f. = 1.1 MHz 

Resonant capacitance C, = 3.07 nF 

Resonant inductance L, = 6.86 pH 

Magnetizing inductance Ly = 48 WH 

Operating frequency range f, & [445, 800] kHz 

Gain variation M € [1.13, 3.07] 
  

It should be noted that the magnetizing inductance value 

in this table corresponds to the net primary-referred mag- 

netizing inductance in FIG. 13. 

A conventional LLC design procedure requires that the 

load resistance, R,, be reflected through the output rectifier 

and across the transformer to synthesize an effective load 

resistance in parallel with the primary-side magnetizing 

branch. 

Although the VIRT structure uses multiple rectifiers, a 

similar method can be employed as in the conventional 

configuration to synthesize the effective load resistance. 

In a conventional LLC design with a single full-bridge 

rectifier connected to the secondary of an N,,:N, transformer, 
the load resistance R; is mapped to the primary-side mag- 

netizing branch as 

In the case of operating the VIRT in FB/FB mode, the 
same equation applies except that N=0.5, yielding, 

32.4 
Re FB/FB = qa Np Re 

This result is consistent with the expectation that the 

VIRT in FB/FB mode should be functionally equivalent to 

a 2N,:1 transformer. The effective load resistance in the 
remaining cases can be similarly computed and their values 

are listed in Table 6. 

  

  

TABLE 6 

VIRT mode Effective load resistance 

FB/FB 32, 
R. = ai NpRe 

HB/HB 8.4 
R, = waNpR. 

FB/O 8.4 
R, = waNpR. 

HB/O 2. 
R. = waNpR. 

  

It should be noted that when the FB/0 or HB/O modes are 

employed, the effective load resistance matches that of a
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conventional LLC employing a full- or half-wave rectifier, 
respectively, with an N,,:1 transformer. 

As discussed above, the VIRT technique may be particu- 

larly valuable in planar transformers with large turns ratios 
and in cases where the copper loss of the transformer is high. 

The implementation of the transformer (i.e. the choice of 
employing a fully planar design, choosing the number of 

layers, interleaving the windings, etc.) is therefore signifi- 
cant in determining the benefit of applying the VIRT tech- 

nique. 

Referring now to FIGS. 15 and 16, an example design 
employs a fully planar transformer built on a two-ounce 

copper, four-layer, 0.062" PCB with an EQ20/PLT+3F36 
core. It should be appreciated, of course, that in other 

embodiments, it may be desirable or even necessary to 
utilize PCB’s having structural and electrical characteristics 

different from that described in this example (e.g. different 

number of layers, different PCB thickness, relative permit- 
tivity, etc.). 

Tt should be appreciated that FIG. 16 illustrates the layers 
of an illustrative transformer winding arrangement corre- 

sponding to an LLC+VIRT converter having a 12:0.5 turns 
ratio and which may be the same as or similar to the 

LLC+VIRT converter described in conjunction with FIG. 

13. The primary turns are connected in series across layers 
1 and 2 while the secondary half-turns are wound in parallel 

between layers 3 and 4. Instead of directly paralleling the 
secondary windings, it would also be possible to provide 

each secondary layer with its own rectifier set (not shown); 
In this example, the windings are layered in a non- 

interleaved manner as shown in FIG. 15 and are wound as 

shown in FIG. 16. In other embodiments, it may be desirable 
or even necessary to utilize interleaving. In this illustrative 

embodiment, the primary winding comprises six (6) turns on 
layer one (1) in series with six (6) turns on layer two (2) 

while the secondary winding comprises two sets of half- 

turns wound in parallel on the secondary layers. In other 
embodiments, a different number of turns may be used, for 

example, to suit the needs of a particular application. 
A voltage isolation requirement of 2.5 kV is typical for 

converters used in universal ac chargers. To meet this 
requirement, greater than 0.017" of FR4 is required between 

the primary and secondary windings of the transformer. A 

0.062", two-ounce, four-layer board has a typical core 
thickness of 0.028" and is therefore suitable to meet the 

isolation requirement in this design. Note that if interleaving 
is employed with this 0.062" board (i.e. the layer stack-up is 

changed to P-S-P-S in FIG. 15), the pre-preg layers in FIG. 
15 would form the insulating layers between primary and 

secondary. In this case, the thickness of the insulating layer 

is only 0.011" and is therefore unsuitable for meeting the 
voltage isolation requirement unless suitable high-strength 

insulation materials are used in the PCB. 
Thus, rather than turning to an interleaved design to 

reduce copper loss and having to increase the layer thick- 
nesses of the PCB as a result, the VIRT technique offers a 

separate means for reducing this loss component and can 

therefore enable minimization of the cost and size of the 
PCB. 

Other methods of decreasing the copper loss of the 
transformer, such as increasing the number of layers or 

increasing the copper thickness, also come at the cost of a 
more exotic and expensive PCB. In cases where copper loss 

can be favorably traded-off for core loss by employing the 

VIRT technique, improved efficiency is achieved without 
having to suffer these additional costs (it is recognized that 

these techniques can also be combined with VIRT). 
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There are many additional possibilities for forming the 

required isolation barrier. For example, instead of one thick 

PCB core layer in the transformer winding stack-up, two 

thin core layers can be employed where each is capable of 
isolating against the required voltage, or three thinner core 

layers can be used where any two together can isolate the 
required voltage. Alternatively, a thinner PCB core layer that 

employs a higher-voltage dielectric material can be used. 
This provides flexibility for achieving the isolation barrier in 

a fully-planar magnetic design. 

Hybrid transformer designs are also possible. For 
example, the primary winding can be wire wound (e.g. with 

Litz wire) while the secondary winding is planar. In this 
case, wire insulation, the circuit board and/or an additional 

spacer could be used to provide the isolation barrier. 
Conversely, series-connected Y-capacitors can be 

employed to provide all or part-of the isolation requirement, 

removing the isolation constraint from the transformer and 
allowing thinner transformer layers. 

Because the VIRT technique locates the rectifiers on 
opposite sides of the transformer, it is possible for the 

primary and secondary-side components to occupy the same 
side of the board. It is important in this situation that the 

layout respects the voltage isolation requirement between 

primary and secondary. 
For example and referring now to FIGS. 17A and 17B in 

which like elements are provided having like reference 
designations, a converter 100 converter having transformer 

windings includes a printed circuit board (PCB) core 108 
having a conductor (e.g. copper foil) 106, 108 disposed over 

first and second surfaces thereof. A reinforcing fabric which 

has been pre-impregnated with a resin system (and thus 
commonly referred to as a “pre-preg” material) 104 is 

disposed over conductor 106 and a conductor 102 is dis- 
posed over pre-preg 104. A second pre-preg material 112 is 

disposed over conductor 110 and a conductor 114 is dis- 

posed over pre-preg 112. 
Primary traces 115 (e.g. wound primary traces) which 

may be provided, for example, using an etching technique to 
pattern conductor 102 are disposed over pre-preg 104. It 

should, however, be noted than either additive or subtractive 
techniques may be used to provide the traces. The traces are 

spaced apart as indicated by reference number 116. A via 

118a (which may be a blind via) electrically couples the two 
layers of primary windings (i.e. on each side of layer 104) 

in series. 
Reference numeral 119 simply demarcates an edge of a 

cut-out and thus is merely intended for clarity and is not 
properly a part of the converter 100. Reference numeral 120 

identifies the space in which is disposed a center-post of a 

magnetic core. 
The portion of the PCB being used for the transformer 

windings is identified with reference numeral 122 while 
reference numeral 123 identifies the portion of the PCB that 

can be used freely for other components in the circuit. 
Secondary traces 124, 128 are disposed on opposing 

surfaces of pre-preg 112 and are electrically coupled by a 

second via 118d. 
Reference numeral 130 indicates that secondary-side 

components should preferably be placed away from pri- 
mary-side components (such as the primary turns) in order 

to respect isolation clearances. 
Thus, the illustrative layout show in FIG. 17B includes 

secondary-side components and connections placed on the 

bottom two layers without issue since the PCB core provides 
insulation from the primary. However, secondary compo- 

nents and connections can also be placed on the top two
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layers as long as an isolation clearance from the primary 
windings is respected. For universal ac input voltages, a 

clearance requirement of 3 mm is typical. 

Tt should be noted that FIGS. 17A, 17B only serve to 
illustrate one possibility of how the voltage isolation 

requirement can be satisfied and should not be considered 
limiting. Thus, it is recognized that alternate techniques exist 

to satisfy voltage isolation requirements. For example, pri- 
mary-side components could be placed on the board such 

that they are not directly over the secondary-side compo- 

nents (e.g. to the left and right of the magnetic structure in 
FIG. 2). Additionally, while FIG. 17 shows the connection of 

the planar windings using blind vias, it is also possible to use 
through-hole vias as long as the primary-side vias have the 

required clearance from the secondary-side traces/compo- 
nents (and vice-versa). 

To assess the benefit of the VIRT technique in this 

application, a second LLC converter is considered with the 
same parameters and components as the VIRT converter 

except with a conventional 24:1 transformer and full-bridge 
rectifier instead of a 12:0.5 VIRT. The layer stack-up of the 

conventional transformer is identical to that shown in FIG. 
15, and the windings are distributed as shown in FIGS. 

18A-18D. 
Thus, FIGS. 18A-18D are a series of diagrams corre- 

sponding to a series of layers (here four layers) of an 

illustrative transformer winding arrangement of an LLC 
converter having a conventional 24:1 transformer. The pri- 

mary turns are connected in series between layers 1 and 2 
while the single secondary turn is wound in parallel between 

layers 3 and 4. 

Tt should be noted that for the same parameters as in Table 
4, the two converters (i.e. the VIRT converter of FIG. 15 and 

the LLC converter having a conventional 24:1 transformer 
of FIGS. 18A-18D) are only expected to differ in their 

transformer losses. 

To rapidly assess whether applying the VIRT technique 
has benefit in a given design, a rule-of-thumb check can be 

used. This check is derived by estimating the impact of 
halving the primary and secondary turns on the core and 

copper loss of a transformer. 
Core loss can be approximated using the Steinmetz equa- 

tion 

Preopehf®: Bit 

Where B,, is the peak flux-density. For a square-wave 
voltage, B,,,, can be expressed as: 

Vk 
By = 

Pk ANPA, 
  

in which: 

Vx 1s the peak voltage applied to the primary-side; 

N is the number of primary turns; 
fis the switching frequency; and 

A, is the cross-sectional area of the core. 
When the VIRT technique is applied, the number of 

primary turns is halved while the remaining parameters are 
unchanged (Note that this assumes operation in the FB/FB 

or HB/HB mode—operation in the FB/O or HB/O mode 

halves the effective cross-sectional area of the core as 
discussed previously). In this case, B,,, increases by a factor 

of two. The 3F36 material used in this design has B=2.72, 
thus 

Prope PPP core6-P core 
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The core loss increases by a factor of 6.6 when the VIRT 

technique is applied. This represents only an approximation 

of the impact on core loss since the Steinmetz equation 

assumes sinusoidal excitation, which an LLC operated 
below-resonance will not apply to the transformer. However, 

this remains a useful order-of-magnitude estimation on the 
increase in core loss. 

Copper loss can be estimated as 

Poy -Raelprim 

in which: 

R,. 1s the primary-referred ac resistance of the trans- 
former windings; 

and 

Lim 18 the rms current through the primary. 
The ac resistance is directly proportional to the de resis- 

tance which, in a planar magnetic, is proportional to the 
square of the number of turns, N, 

Ry,eN? 

It should be noted that this relationship neglects the 
impact that additional turns have on the available window 

area. Specifically, the relationship assumes that when the 
number of turns is doubled, the width of the traces is halved. 

In practice, the trace-width is more-than-halved due to 

reduction of the window area, thus the resistance’s propor- 
tionality to the number of turns will be super-quadratic. In 

the simplified case where the quadratic relationship holds, 
applying the VIRT technique yields 

LP 4 ce Pou > 

The copper loss decreases by a factor of four when the 

VIRT technique is applied. Thus, the technique is beneficial 
when 

1 
Peore + Peu > 6.6Pcore + 7 Pew 

Simplifying, 

P.77 ATP core 

Thus, a rule-of-thumb condition where the VIRT tech- 
nique is especially beneficial is when the copper loss is 

greater than approximately 7.5 times the core loss in a 
conventional transformer design. 

The magnetic losses of the two converters are estimated 

by computing the core and copper losses of the conventional 
configuration and then mapping these losses onto the VIRT 

configuration using the relationships described above. There 
are twelve comers to the operating modes of the converter, 

resulting from the combination of the minimum and maxi- 
mum input voltage, two inverter operating modes, and three 

possible output voltages. Losses are estimated at maximum 

power for each of these corners. 
Copper loss may be estimated by calculating the (fre- 

quency dependent) ac winding resistance of the transformer 
for each operating corner using an M2SPICE tool and by 

computing the primary-side, magnetizing, and secondary- 
side currents using an LTSPICE simulation. Similarly, core 

losses are estimated by extracting the transformer flux 

density waveforms from the simulation (by integrating the 
voltage across the single secondary winding and dividing by 

the effective area of the core) and inputting these waveforms
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into the Improved General Steinmetz Equation model. Once 
these losses are computed, the magnetic losses of the VIRT 

configuration are estimated as 

1 
Pyirr = 9.6P core + q Pu 

in which P,,. and P., are the computed losses for the 
conventional configuration. 

Referring now to FIG. 19 a plot of power loss (estimated 

magnetic losses) vs. operating mode for twelve operating 
corners in an example VIRT and a conventional converter, 

arranged from maximum to minimum is shown. As can be 
seen from FIG. 19, the conventional configuration has a 

strong imbalance between core and copper losses, while the 
VIRT configuration better balances these losses and in turn 

offers lower overall loss. Thus, these results suggest that the 

VIRT configuration offers much better balance of the mag- 
netic loss components and in turn offers lower overall 

magnetic loss. 
Having described preferred embodiments which serve to 

illustrate various concepts, structures and techniques which 

are the subject of this patent, it will now become apparent to 
those of ordinary skill in the art that other embodiments 

incorporating these concepts, structures and techniques may 
be used. Accordingly, it is submitted that that scope of the 

patent should not be limited to the described embodiments 
but rather should be limited only by the spirit and scope of 

the following claims. 

All publications and references cited herein are expressly 
incorporated herein by reference in their entirety. 

What is claimed is: 
1. A variable-inverter-rectifier-transformer, comprising: 

a transformer comprising a magnetic core and having a 

turns ratio; 
a first power converter coupled to a secondary side of the 

magnetic core, wherein the first power converter oper- 
ates in a first converter operating mode; and 

a second power converter coupled to the secondary side of 
the magnetic core, wherein the second power converter 

operates in a second converter operating mode; and 

wherein the turns ratio of the transformer is based upon 
the first converter operating mode and the second 

converter operating mode. 
2. The variable-inverter-rectifier-transformer of claim 1, 

wherein the first power converter is coupled to the secondary 
side of the magnetic core by at least a half-turn winding and 

wherein the second power converter is coupled to the 

secondary side of the magnetic core by a like winding. 
3. The variable-inverter-rectifier-transformer of claim 1, 

wherein the first power converter is coupled to the secondary 
side of the magnetic core by a winding comprising a 

non-integer set of turns and wherein the second power 
converter is coupled to the secondary side of the magnetic 

core by a like winding. 

4. The variable-inverter-rectifier-transformer of claim 1, 
wherein the first power converter comprises a first switching 

cell and a second switching cell and wherein the second 
power converter comprises a first switching cell and a 

second switching cell. 
5. The variable-inverter-rectifier-transformer of claim 4, 

wherein the first switching cell of the first power converter 

and the first switching cell of the second power converter are 
disposed at a first end of the secondary side of the magnetic 

core. 
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6. The variable-inverter-rectifier-transformer of claim 5, 

wherein the second switching cell of the first power con- 

verter and the second switching cell of the second power 

converter are disposed at a second, opposite, end of the 
secondary of the magnetic core. 

7. The variable-inverter-rectifier-transformer of claim 5, 
wherein the first and second cells of the first power converter 

are disposed proximate to a first half-turn winding and the 
first and second cells of the second power converter are 

disposed proximate to a like winding. 

8. The variable-inverter-rectifier-transformer of claim 4, 
wherein the first and second switching cells of the first 

power converter and the first and second switching cells of 
the second power converter each comprise at least one of a 

multilevel switching cell, half-bridge switching cell, single- 
transistor switching cell, current multiplying switching cell, 

or voltage multiplying switching cell. 

9. The variable-inverter-rectifier-transformer of claim 4, 
where each of the first and second switching cells of the first 

power converter and the first and second switching cells of 
the second power converter operate in a switching pattern. 

10. The variable-inverter-rectifier-transformer of claim 9: 
wherein the operating mode of the first power converter is 

based upon the switching pattern of the first and second 

switching cells of the first power converter; and 
wherein the operating mode of the second power conver- 

tor is based upon the switching pattern of the first and 
second switching cells of the second power converter. 

11. The variable-inverter-rectifier-transformer of claim 1, 
wherein the first power converter is further coupled to an 

output of the transformer and wherein the second power 

converter is further coupled to the output of the transformer. 
12. The variable-inverter-rectifier-transformer of claim 1, 

wherein the first converter operating mode and the second 
converter operating mode are symmetrical. 

13. The variable-inverter-rectifier-transformer of claim 1, 

wherein the first power converter comprises at least one of 
a rectifier, inverter, or cycloconverter and the second power 

converter comprises at least one of a rectifier, inverter, or 
cycloconverter. 

14. A variable-inverter-rectifier-transformer comprising: 
a transformer having a turns ratio and a magnetic core; 

a first rectifier coupled to a secondary side of the magnetic 

core, wherein the first rectifier comprises a first half- 
bridge cell and a second half-bridge cell; and 

a second rectifier coupled to the secondary side of the 
magnetic core, wherein the second rectifier comprises 

a first half-bridge cell and a second half-bridge cell; 
wherein the first rectifier operates at a first rectifier 

operating mode; 

wherein the second rectifier operates at a second rectifier 
operating mode; and 

wherein the turns ratio is based upon the first rectifier 
operating mode and the second rectifier operating 

mode. 
15. The variable-inverter-rectifier-transformer of claim 

14, wherein the first rectifier operating mode and the second 

rectifier operating mode each comprise one of a full-bridge 
mode, half-bridge mode, or zero mode. 

16. The variable-inverter-rectifier-transformer of claim 
15, wherein the turns ratio of the transformer is 2:1 for 

number of turns (Np) equal to 1 when the first rectifier is 
operating in full-bridge mode and the second rectifier is 

operating in full-bridge mode. 

17. The variable-inverter-rectifier-transformer of claim 
15, wherein the turns ratio of the transformer is 3:2 for 

number of turns (Np) equal to 1 when the first rectifier is
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operating in full-bridge mode and the second rectifier is 

operating in half-bridge mode. 

18. The variable-inverter-rectifier-transformer of claim 

15, wherein the turns ratio of the transformer is 1:1 when the 

first rectifier is operating in half-bridge mode and the second 

rectifier is operating in half-bridge mode. 

19. The variable-inverter-rectifier-transformer of claim 

15, wherein the turns ratio of the transformer is 1:1 when the 

first rectifier is operating in full-bridge mode and the second 

rectifier is operating in zero mode. 

20. The variable-inverter-rectifier-transformer of claim 

15, wherein the turns ratio of the transformer is 1:2 number 

of turns (Np) equal to 1 when the first rectifier is operating 

in half-bridge mode and the second rectifier is operating in 

zero mode. 

21. The variable-inverter-rectifier-transformer of claim 

14, wherein one of the first half-bridge cell or second 

half-bridge cell of the first rectifier is held in a low state 

when the first full-bridge rectifier is operating in a half- 

bridge mode. 

22. The variable-inverter-rectifier-transformer of claim 

14, wherein the first half-bridge cell and second half-bridge 

cell of the second rectifier are held in a low state when the 

first full-bridge rectifier is operating in a zero mode. 

23. The variable-inverter-rectifier-transformer of claim 

14, wherein the first half-bridge cell of the first rectifier and 

the first half-bridge cell of the second rectifier are located at 
a first end of the secondary side of the magnetic core. 

24. The variable-inverter-rectifier-transformer of claim 
23, wherein the second half-bridge cell of the first rectifier 

and the second half-bridge cell of the second rectifier are 

located at a second, opposite end of the secondary side of the 
magnetic core. 

25. A method for adjusting a turns ratio of a variable- 
inverter-rectifier-transformer, comprising: 

determining a desired turns ratio for a transformer, 
wherein the transformer comprises a magnetic core; 

adjusting an operating state of a first rectifier according to 

the desired turns ratio, wherein the first rectifier is 
coupled to a secondary side of the magnetic core; and 

adjusting an operating state of a second rectifier according 
to the desired turns ratio, wherein the second rectifier is 

coupled to a secondary side of the magnetic core. 
26. The method of claim 25, wherein the first rectifier 

comprises a first half-bridge rectifier cell and a second 

half-bridge rectifier cell. 
27. The method of claim 26, wherein adjusting the oper- 

ating state of the first rectifier comprises: 
adjusting a switching pattern of the first half-bridge 

rectifier cell and the second half-bridge rectifier cell 
according to the desired turns ratio. 

28. The method of claim 25, wherein the second rectifier 

comprises a first half-bridge rectifier cell and a second 
half-bridge rectifier cell. 

29. The method of claim 28, wherein adjusting the oper- 
ating state of the second rectifier comprises: 
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adjusting a switching pattern of the first half-bridge 

rectifier cell and the second half-bridge rectifier cell 
according to the desired turns ratio. 

30. A variable-inverter-rectifier-transformer, comprising: 
a transformer having a turns ratio, wherein the trans- 

former comprises a magnetic core; 
a first rectifier coupled to a secondary side of the magnetic 

core, wherein the first rectifier comprises a first half- 
bridge cell and a second half-bridge cell; 

a second rectifier coupled to the secondary side of the 
magnetic core, wherein the second rectifier comprises 
a first half-bridge cell and a second half-bridge cell; 

a third rectifier coupled to the secondary side of the 
magnetic core, wherein the third rectifier comprises a 
first half-bridge cell and a second half-bridge cell; and 

a fourth rectifier coupled to the secondary side of the 
magnetic core, wherein the fourth rectifier comprises a 
first half-bridge cell and a second half-bridge cell; 

wherein the first rectifier operates at a first rectifier 
operating mode; 

wherein the second rectifier operates at a second rectifier 
operating mode; 

wherein the third rectifier operates at a third rectifier 
operating mode; 

wherein the fourth rectifier operates at a fourth rectifier 
operating mode; and 

wherein the turns ratio is based upon the first rectifier 
operating mode, the second rectifier operating mode, 

the third rectifier operating mode, and the fourth rec- 

tifier operating mode. 
31. The variable-inverter-rectifier-transformer of claim 

30, wherein the first rectifier operating mode, the second 
rectifier operating mode, the third rectifier operating mode, 

and the fourth rectifier operating mode each comprise one of 
a full-bridge mode, half-bridge mode, or zero mode. 

32. The variable-inverter-rectifier-transformer of claim 

30, wherein the first half-bridge cell of the first rectifier and 
the first half-bridge cell of the fourth rectifier are located at 

a first end of the of the magnetic core. 
33. The variable-inverter-rectifier-transformer of claim 

32, wherein the second half-bridge cell of the first rectifier 
and the second half-bridge cell of the fourth rectifier are 

located at a second, opposite end of the magnetic core. 

34. The variable-inverter-rectifier-transformer of claim 
33, wherein the first half-bridge cell of the second rectifier 

and the first half-bridge cell of the third rectifier are located 
at a third end of the magnetic core, wherein the third end is 

adjacent to the first end. 

35. The variable-inverter-rectifier-transformer of claim 
34, wherein the second half-bridge cell of the second rec- 

tifier and the second half-bridge cell of the third rectifier are 
located at a fourth end of the magnetic core, wherein the 

fourth end is opposite the third end. 
36. The variable-inverter-rectifier-transformer of claim 

30, wherein each of the first, second, third, and fourth 

rectifiers are coupled to the secondary side of the magnetic 
core via at least a quarter-turn winding. 

* * * * *


