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(57) ABSTRACT
A two-stage power converter architecture including an iso-
lation transformer and rectification of the isolation trans-

former output by an LLC resonant circuit and methodology

for operating the same feeds an output voltage back to a
circuit for generating waveformsfor controlling a totem pole

circuit to provide output voltage regulation as well as
rectification ofAC input voltage. The circuit for controlling

the totem pole circuit may also be responsive to the AC input
power waveform to provide powerfactor correction (PFC),

in which case, the feedback signal provides additional pulse

width modulation ofthe PFC signals. Bus capacitor size may
also be reduced by injecting harmonics of the AC input

waveform into the feedback signal which also serves to
substantially maintain efficiency of the (preferably LLC)

resonant second stage.
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Load transient response
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1
UNIVERSAL SYSTEM STRUCTURE FOR

LOW POWER ADAPTERS

CROSS-REFERENCE TO RELATED

APPLICATIONS

This application claims benefit of priority of U.S. Provi-

sional Application 62/142,109, filed Apr. 2, 2015, which is

hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

The present invention generally relates to low power

adapters for providing power to offline electrical devices

and, more particularly to and architecture therefor providing

improved efficiency and powerdensity.

BACKGROUND OF THE INVENTION

Muchofthe electrical power in use worldwideis distrib-

uted at high alternating current (AC) from the location at

whichit is generated to a location proximate to whereis will

be utilized. High voltage allows power transmission over

long distance with reduced wiring cost andresistive losses.

Voltage can then be reduced, usually in stages, to lower

voltage suitable for intended loads. This powerdistribution

system is often referred to as the “power grid” or, simply,

“grid”.
However, most electrical and electronic devices operate

as a substantially fixed voltage, referred to as direct current

(DC)andare often arranged to be temporarily connected to

the grid or disconnected therefrom during which time they

are operated from batteries that may be recharged from the

powerdistributed on the grid. Accordingly, such devices,

referred to as “offline”, require power conversion from AC

to DC powerand often the DC poweris regulated at a much

lower voltage than the voltage available from a connection

to the grid. (More specifically, “offline power supply” is

defined as a power supply in which the line voltage is

rectified and filtered without using a line frequencyisolation

transformer, which does not preclude inclusion of a high

frequency isolation transformer.) Devices that perform such

conversion and possibly voltage regulation are often referred

to as “adapters” and may be integrated with the electrical

device for which they supply power or constructed as a

separate structure with wires and fixtures for connection to

both the grid and the electrical device.

Atthe present time, large numbers of low poweradapters

are commercially required since a large proportion of cur-
rently available consumerelectronics product are marketed

with an adapter. The predominant power ratings for com-
mercially available adapters has been 90 Watts and 65 Watts

but the demandfor those ratings has been slightly declining
in recent years in favor of adapters rated at 45 Watts, due to

reduced power requirements of currently available micro-

processors. Nevertheless, demand for 65 and 90 Watt adapt-
ers remains very strong.

So-called flyback converters (essentially a buck-boost
topology DC-DC converter including a transformer for

isolation and so-called because the energy transferred to the
secondary side of the transformer is reflected back to the

primary side when the primary side is “off” or non-conduct-

ing) are widely used in low power adapter applications,
particularly for power requirements of 75 Watts or less since

there is no power factor correction requirement and the
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2
topology is very simple and of low cost. Above 75 Watts, a
two stage power converter is used to meet power factor
requirements.
The best 90 Watt rating adapter currently on the market in

terms of efficiency and power density is comprised of an
h-bridge PFC stage and an LLC resonant converter stage.
The adapter has a power density of about 11 W/in* and a
peak efficiency of about 93% with a worst case efficiency of
about 91.8% at 90 V input. The best commercially available
65 Watt adapter uses a flyback topology power converter and
achieves a powerdensity of about 92.2% with a worst case
efficiency of about 90.6% at 90 volts input. Both of these
adapters operate at a frequency in the range of 100-200 kHz
and mostof the volumeis occupied by passive components.
The EMIfilter must be large to attenuate the relatively low
switching frequency noise and both require hand made
magnetic components which are not cost-effective to con-
struct and are very subject to parameter variation. Therefore,
while these adapters are considered to be the best adapters
commercially available from the standpoint of power den-
sity and efficiency, higher efficiency and further reduced
volumeare desirable, particularly as required powerratings
for adapters are being reduced.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
an adapter architecture that allows further volume reduction
and increase in powerdensity and efficiency beyondthat of
adapters available at the present state of theart.

It is another object of the present invention to provide an
adapterthat is highly efficient while avoiding a requirement
for labor intensive passive component assembly and conse-
quent parameter variation while reducing size, particularly
in regard to magnetic components.

It is a further object of the invention to provide an adapter
circuit allowing injection of harmonics of input power to
reduce bus capacitance requirements and bus capacitorsize.

In order to accomplish these and other objects of the
invention, a power converter architecture is provided includ-
ing a first stage comprising a totem pole circuit and a
controller for switches in the totem pole circuit, a second
stage comprising a resonant direct current transformer
(DCX)circuit and connected to the first stage by a voltage
bus, and a feedback circuit connecting an output of the DCX
to the controller of the totem pole circuit whereby the totem
pole circuit provides output voltage regulation as well as
rectification of AC input power. Thus, the totem pole first
stage can perform both rectification and output voltage
regulation as well as power factor correction while the
second stage resonant circuit provide reduced losses and
increased efficiency. Bus capacitor size may be reduced
while largely maintaining efficiency by injecting harmonics
of the AC input voltage waveform into the feedback loop.

In accordance with another aspect of the invention, a
method of operating a power converter is provided com-
prising steps of rectifying input AC voltage with a totem
pole switching circuit to provide DC power, periodically

connecting and disconnecting a primary winding of an
isolation transformer to the DC power, rectifying a voltage

on a secondary winding of the isolation transformer to
provide an output voltage, and controlling a circuit for

driving switches of the totem pole switching circuit in
accordance with the output voltage to provide regulation of

the output voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advantages

will be better understood from the following detailed
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3
description of a preferred embodimentof the invention with

reference to the drawings, in which:

FIG. 1 is a schematic diagram of a state-of the art 90 W

adapter,
FIG. 2 is a graph of efficiency as a function of input

voltage for the adapter of FIG.1,
FIG. 3 is a schematic diagram of a state-of the art 65 W

adapter,

FIG. 4 is a graph of efficiency as a function of input
voltage for the adapter of FIG. 31,

FIG.5 is a trajectory diagram of the response of an LLC
resonant converter of FIG. 3 to a step-up transient,

FIG. 6 is a generalized schematic diagram of an LLC
resonant power converter in combination with a so-called

DC transformer (DCX) powerconverter,

FIG.7 is an illustration of operational waveforms of the
powerconverter of FIG. 6,

FIG.8 is a schematic diagram of a 75 W (at which current
harmonic requirements begin) or greater power converter

circuit in accordance with the invention including power
factor correction (PFC) and LLC-DCX and electromagnetic

interference (EMI) noise filtering in accordance with the

invention,
FIG. 9 is a graphical illustration of the loss breakdown of

the circuit of FIG.8,
FIG. 10 is a schematic diagram of a power converter

arranged to illustrate efficiency and power density limita-
tions in known 65 w adapters,

FIG. 11 is a schematic diagram of a 65 W powerconverter

in accordance with the invention,
FIG. 12 illustrates operational waveforms of the power

converter of FIG. 12 with and without third harmonic
injection,

FIG. 13 graphically illustrates the trade-off between

power density and efficiency with and without harmonic
injection, and

FIG. 14 is a graphical illustration of the loss breakdown
for respective functional parts of the 65 W power converter

of FIG. 11.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT OF THE INVENTION

Referring now to the drawings, and more particularly to
FIG. 1, there is shown a generalized schematic diagram of

a state of the art 90 W adapteras alluded to above. It should
be appreciated that this schematic diagram of FIG. 1 and

FIGS.2-7 and 10 are arrangedto facilitate an understanding
and appreciation of the meritorious effects of the invention

by comparison therewith and no portion of any of these

Figures is admitted to the prior art in regard to the present
invention. Therefore, these Figures have been related art

since the invention or performance or operation thereof is
not depicted.

Tt can be readily observed from FIG. 1 that the power
converter is comprised of two stages: an H-bridge power

factor correction (PFC) circuit (with an EMI choke depicted

at the left side thereof where AC poweris input) on the left
side of FIG. 1 and an LLC resonant converter on the right

side thereof. The EMI filter is also composed of two
sections: one with cross-coupled inductors, Ley, and Leap

and capacitors for blocking common modenoise and an LC
circuit including inductor L,,, for blocking differential

mode noise. The powerfactor correction circuit includes an

inductor, Lpzc, two series connected switches, a full bridge
diode rectifier circuit and a pulse width modulator. The

function of this circuit is to adjust the pulse and polarity of
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current pulses in the rectifier circuit and the bus capacitor to
be proportional to the instantaneous amplitude of the AC

input voltage. The LLC resonant converter on the right side

of FIG. 1 comprises two switches that are operated in a
complementary fashion to supply periodically increasing

and decreasing current to the primary winding an isolation
transformer, two synchronousrectifier switches connected

to the secondary winding of the isolation transformer, an
output capacitor, an SR driving signal generator, and a pulse

frequency modulation circuit responsive to output voltage of

the converter (also of a non-critical design or type. This
adapter is quite efficient as alluded to above andgraphically

depicted in FIG.2.
The principal drawbackofthis adapteris its poor dynamic

performance which is depicted as a voltage-current trajec-
tory plot in FIG. 5. Specifically, in the plot of normalized

instantaneous voltage against normalized instantaneous cur-

rent, a low load is represented by trajectory 52. When a
step-up transient occurs, the trajectory expands to a very

large trajectory as depicted by arrow 53, contracts as shown
by arrow 54 and again expands as shown by arrow 55 and

so on in an oscillatory manner, greatly extending the time
before steady-state operation is again achieved as repre-

sented by trajectory 56 largely due to the resonant nature of

the LLC converter and causing stress issues at start up and
under short circuit conditions. By the same token, variation

of switching frequency for voltage regulation inherently
incurs a degree of compromiseof efficiency. Moreover, the

SR driving is quite difficult to achieve in an optimal manner
at high frequency due to the impact of parasitic inductances

and capacitances of the passive elements of the converter.

A generalized schematic diagram of a state of the art 65
W adapter is shown in FIG.3. Similar to the 90 W converter

discussed abovethe converter has two basic stages. Thefirst
stage comprises an EMIfilter and full bridge rectifier but no

PFC is required. The second stage is simply a flyback

converter with a passive clamping circuit in parallel with the
primary windingofthe isolation transformer. A synchronous

rectifier is usually employed to improve system efficiency.
Theefficiency is slightly lower than that of the 90 W adapter

described above which is graphically depicted in FIG. 4.
Additionally, deriving signals to properly drive the SRsis

even more difficult than in the adapter of FIG. 1 due to

oscillatory behavior caused by the parasitic inductances and
capacitances of the SRs and passive elements.

However, the inventors have discovered that none of the
drawbacks ofthe LLC powerconverter ofFIG. 1 is observed

when the LLC power converter is operated at a fixed
frequency, preferably close to the resonant frequency and

only positive effects of an LLC resonant converter are

observed. Zero voltage switching (ZVS) can be achieved
over a wide range of load conditions, Zero current switching

of the SRs is achieved and the driving signal is greatly
simplified since the primary switching control driving sig-

nals (in which S3 corresponds to SR2 and S4 is correspond-
ing to SR1) can be used for driving the SRs as shown in

FIGS.6 and 7. Additionally conduction loss is minimal and

no external resonant inductance is needed presenting the
possibility of magnetic integration. However, operation at a

fixed frequencyis not possible in the adapter architecture of
FIG. 1 since a variable frequency is required for the LLC

converter to provide voltage regulation.
Referring now to FIG. 8 an adapter architecture for

adapter power greater than 75 W in accordance with the

invention is schematically illustrated. the EMIfilter and PFC
circuit is substantially the same as that shown in FIG. 1

except that the switches are driven in a different manner,
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5
referred to as a totem pole configuration as will be discussed
in greater detail below. This switch configuration has been

shown to be the most efficient topology and requires the

smallest number of components.
Operation of totem pole circuits, particularly for power

factor correction is well understood in the art. Essentially,
one pair of series connected switches is operated in a

complementary fashion at the line frequency (e.g. one
switching cycle is equal to a single cycle of the line

frequency) while the other pair of series connected switches

is operated at an arbitrarily high frequency and pulse width
modulated in inverse proportion to the amplitude of the

input frequencyAC waveform so that poweris transferred in
phase with the AC input waveform while the low frequency

switches essentially perform rectification. The inventors
have recognizedthat the pulse width modulation of the high

frequency switches can be further modulated to achieve

rectification allowing the diode bridge to be eliminated.
Since any physical electrical element contributes some

degree of inefficiency, the omission of the diode bridge and
the achievementofrectification by the totem pole circuit in

accordance with the invention provides a substantial contri-
bution to the increase in efficiency achieved by the inven-

tion. Similarly, use of the same totem pole circuit for

regulation allows omission of variable frequency control of
the SRsin the second stage and, further, allows choice of a

fixed frequency for operation that can be optimized for
additional efficiency. Additionally, only a single, simple

feedback loop from the outputto the control signal generator
for the totem pole circuit is required, further reducing parts

count, volume and internal power consumption.

That is, compared with the adapter architecture of FIG.1,
the full bridge diode rectifier can thus be omitted and

rectification performed by the sequence of operation of the
switches in the totem pole circuit. Similarly, the LLC power

converter circuit is also the same as in the adapter architec-

ture of FIG. 1 but is driven at a constant frequency and does
not provide a regulation function. Such a circuit driven at a

constant frequencystill performs an isolation function and is
referred to as an LLC DCtransformer (LLC-DCX). with the

first stage totem pole configuration and a second stage
comprising a highly efficient LLC-DCX feedback can be

taken from the LLC-DCX output andthe regulation function

is carried out by the PFC stage in addition to its function of
regulating input current. Using the LLC-DCXfor the second

stage, losses in the second stage are minimized. Due to the
bridgeless rectifier (e.g. absence of a diode bridge rectifier

and preforming rectification in the totem pole circuit) the
first stage losses are also very small. FIG. 9 graphically

illustrates the loss breakdown in respective functional sec-

tions for a 90 W adapter operating at 1 MHz, Thebridgeless
PFC circuit provides 96.9% efficiency and the LLC-DCX

circuit provides 97.7% efficiency for a total worst case (90V
input) overall efficiency of about 94.7%. Given that many

approaches to improving efficiency have been utilized over
an extended period of time,this increased level of efficiency

over prior architectures such as that of FIG. 1 is quite

significant. The power density can also be increased to 26.7
W/in? which is an increase of more than a factor of two

greater than the best adapters commercially available at the
present time. The two stage totem pole PFC and LLC-DCX

design can be easily extended to adapters capable of less
than 75 W output powersince there is no requirement for

powerfactor correction (PFC), allowing a slight modifica-

tion of control.
Particularly in the embodimentfor the adapter to deliver

less than 75 W,a disproportionately very large bus capaci-

10

15

20

25

30

35

40

45

50

55

60

65

6
tance is required to maintain high DC bus voltage in order

to achieve high efficiency of the LLC-DCX second stage as

illustrated in FIG. 10. Therefore, power density is effectively

limited by the physical size of the bus capacitor and there is

a trade-off between power density and efficiency for low

power embodiments.

Referring now to FIGS.11 and 12,a perfecting feature of
the invention allowing increased power density to be

achieved will now be discussed. One of the key benefits of
the proposed structure is that the feedback to the first stage

allows certain harmonic current injection in adapters both
below and above 75 W,and therefore allows reduction ofthe

bus capacitance, which imposes a limitation on power

density, significantly. The strategy of harmonic current
injection is somewhatdifferent between below and above 75

W adapter which is principally restricted by the harmonic
standard IEC61000 3-2. That is, for adapters providing

powerbelow 75 W which doesnot require high powerfactor
and low total harmonic distortion (THD), larger magnitude

and higher orders of harmonic currents can be injected to

help reduce the bus capacitance required to maintain effi-
ciency of the second LLC-DCX stage. The basic principle

and relationship between harmonic injection and bus capaci-
tance reduction are as shown below.For adapters targeted at

providing 75 W or more of power, less injection of harmon-
ics is permitted or possible without complicating the input

filtering but less harmonic injection is needed to maintain

efficiency and the capacitance is not as disproportionately
large relative to other components.

Referring now to FIG. 11, a preferred form of the inven-
tion including harmonic injection is schematically shown.

FIG.11 is similar to that of FIG. 10 except that the feedback

path for the output voltage to the pulse width modulator,
PWM,is shownin detail. Specifically, the output voltage is

input to a first comparator where it is compared with a
reference voltage, V,,, using differential amplifier inputs.

Preferably input and feedback impedances Z, and Z, are
provided to adjust gain characteristics. The output is then

provided to an adder which allowsinjection ofharmonics of

the input AC voltage to provide a control voltage, V, which
is input to a further comparator for comparison with a ramp

voltage to produce a pulse width modulated signal that is
applied to the totem pole control signal generator PWM.

Thus, the feedback path from the converter output provides
for additional pulse width modulation of the totem pole

control signals.

To consider the harmonic currents, the input line current
can be expressed as

()
igc(t) = » InSin(n- @t)

n=l

whereI,,,, is the amplitude of the n-order harmonic current,

@ is the angular frequency oftheAC input, n is the harmonic

order, and k is a constant to express the highest harmonic
order.

The instantaneous input power is the product of input
v,c(t) and i,.(t), which is

k (2)
Paen(t) = Vsin(cor)>” TnSin(nt - wt)

n=l
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where V,,, is the amplitude of the line voltage source.

According to equation (2), the instantaneous input power

with different combinations of injected harmonic currents

can be calculated. The instantaneous input power without
harmonic injection can be expressed as

1 -cos(2wr)

2

3
Pac_1 (1) = Vin| tnt ©)

Similarly, the instantaneous input power with injection of
only third-order harmonic current can be described as

1 -cos(2wr) cos(2wr) — cos(4wr)
=+ lsa (4)

Pac_1+3(0) = Vin| Lat

If1,,, is equalto I,,,,, then equation (4) can be rewritten asm3?

1-=_ (5)
ac_14+3(t) = VintinPac_1+3(0) | 7

It is clear that the frequency of the input powerincreases
from double line frequency to four times the line frequency

as shown in FIG. 12.
If more higher order harmonics are injected with same

magnitude as Im1, then the instantaneous input power can be
calculated as

1-cos[(a + Lwr] } (6)Pacts 4n(0) = Vnbmi{ 5

From equation (6), it can be seen that all the harmonic
components less than (n+1)” order would be eliminated by

injecting same magnitude current from third harmonic up to
nth harmonic. It is therefore clear that the bus capacitance

reduces with higher input power frequency. Therelationship
of capacitance reduction with harmonic injection up to 7”

order based on the 65 W adapter is shown in FIG. 13. More

than 50% bus cap reduction is expected with only 3””
harmonic current injection compared to the case without

harmonic injection.
Thus, by inserting harmonics of the input voltage wave-

form, the bus capacitance required to maintain good second
stage efficiency is reduced. The penalty is the increase of

RMScurrentin thefirst stage which compromises efficiency

of the first stage to a degree. For example, when the third
harmonic is injected, the bus capacitance can be reduced by

50% but the efficiency drops only about 1% asillustrated in
FIG. 13. The disparity of this impact is diminished with

higher order harmonics and it is therefore preferred to limit
injected harmonics to the third harmonic since relatively

marginal improvement is obtained if further harmonics are

injected as also shown in FIG. 13. The overall loss break-
down for the respective portions of the embodimentof FIG.

11 with third harmonic injection is shown in FIG. 14.
Tt should be noted that while the PFC circuit is required

to comply with the IEC61000 3-2 standard, some modest
level of third harmonic injectionis still available in order to

reduce the size of the DC bus capacitor. The amplitude of

each of the higher order harmonics can follow the envelope
specified in the standard as long as a certain small margin is

maintained. Even though the input current does not approxi-
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8
mate a sinusoidal waveform a 30%-40% bus capacitance
reduction compared with an embodiment having no har-

monic injection can still be achieved.

In view of the foregoing, it is clearly seen that the novel
two-stage totem pole and LLC-DCX architecture in accor-

dance with the invention provides a power adapter of
reduced volume and greatly increased power density as well

as increased efficiency well beyond the already high effi-
ciency of power adapters current available commercially at

the present time. Operation at much increased frequencyis

also enabled by the invention allowing requirements for
labor intensive passive component assembly that results in

poor control of parameter variation and increased volume,
particularly of magnetic components, to be reduced. The

architecture of the invention also allows injection of har-
monics of input power that reduces requirements for bus

capacitance and capacitor volume while maintaining high

LLC-DCXstageefficiency.
While the invention has been described in terms of a

single preferred embodiment, those skilled in the art will
recognize that the invention can be practiced with modifi-

cation within the spirit and scope of the appended claims.
Weclaim:

1. A power converter architecture including

a first stage comprising a totem pole circuit and a con-
troller for switches in said totem pole circuit,

a second stage comprising a resonantdirect current trans-
former (DCX)circuit and connectedto said first stage

by a voltage bus,
a feedback circuit connecting an output of said DCX to

said controller of said totem pole circuit whereby said

totem pole circuit provides output voltage regulation as
well as rectification of AC input power,

a comparator in said feedback circuit for comparing an
output voltage with a reference voltage, and

a voltage adder for injecting at least one harmonic of an

ACinput voltage into a control signal output by said
comparator.

2. The power converter architecture as recited in claim 1,
further comprising

an additional comparator for comparing said control sig-
nal with a ramp waveform to develop a pulse width

modulated signal.

3. The power converter architecture as recited in claim 2,
further including

a pulse width modulator to generate pulse width modu-
lated signals for controlling said totem pole circuit and

further pulse width modulating said pulse width modu-
lated signals to achieve voltage regulation.

4. The power converter architecture as recited in claim 3,

wherein said pulse width modulator is responsive to a
waveform of AC input power to provide power factor

correction.
5. The powerconverter architecture as recited in claim 1,

wherein said comparator comprises an amplifier providing
gain in said feedback circuit.

6. The power converter architecture as recited in claim 5,

further comprising
an additional comparator for comparing said control sig-

nal with a ramp waveform to develop a pulse width
modulated signal.

7. The power converter architecture as recited in claim 6,
further including

a pulse width modulator to generate pulse width modu-

lated signals for controlling said totem pole circuit and
further pulse width modulating said pulse width modu-

lated signals to achieve voltage regulation.
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8. The power converter architecture as recited in claim 7,

wherein said pulse width modulator is responsive to a

waveform of AC input power to provide power factor

correction.

9. A method of operating a power converter, said method

comprising steps of

rectifying input AC voltage with a totem pole switching
circuit to provide DC power,

periodically connecting and disconnecting a primary

winding of an isolation transformer to said DC power,

rectifying a voltage on a secondary winding of said
isolation transformer to provide an output voltage, and

controlling a circuit for driving switches of said totem

pole switching circuit in accordance with said output
voltage to provide regulation of said output voltage,

providing amplification of said control feedback signal,

injecting at least one harmonic of said AC powerinto said
control feedback signal, and

comparing said output voltage with a reference voltage to

provide a control feedback voltage,
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wherein said controlling step is also responsive to a

waveform of said AC input voltage to perform power
factor correction,

wherein said step of periodically connecting and discon-
necting said primary winding of said isolation trans-
former to said DC power is performed at a constant
frequency.

10. A methodofoperating a power converter, said method
comprising steps of

rectifying input AC voltage with a totem pole switching
circuit to provide DC power,

periodically connecting and disconnecting a primary
winding of an isolation transformer to said DC power,

rectifying a voltage on a secondary winding of said
isolation transformer to provide an output voltage,

controlling a circuit for driving switches of said totem
pole switching circuit in accordance with said output
voltage to provide regulation of said output voltage,
and

injecting at least one harmonic of said AC powerinto said
control feedback signal.

* * * * *


