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POWER INVERTER

Field of the Invention

The present invention relates to a power inverter.

Backaround of the Invention

Certain applications that use magnetic and/or electric fields to transfer energy
wirelessly, such as induction heating, dieleciric heating, plasma generation and
wirelass charging, may benefit from operating at MHz frequencies. This is because
better energy coupling may be achieved at MHz frequencies compared to kHz
frequencies. However, operating at MHz frequencies presents challenges in terms
of the power electronics required to generate the alternating voltage necessary to

drive the coils or electrodes.

Summary of the Invention

The present invention provides a power inverter comprising: an input for connection
to a DC voltage; a first inductor and a second inductor, each of the inductors having
a first terminal connected to the input and a second terminal; a first switch having a
first terminal connected to the second terminal of the first inductor and a second
terminal connected to ground; a second switch having a first terminal connected to
the second terminal of the second inducior and a second terminal connected to
ground; a first capacitor connected in parallel to the first switch; a second capacitor
connected in parallel to the second switch: a first network having a first terminal
connected to the first terminal of the first switch and a second terminal connected
to the first terminal of the second switch, the first network comprising a third
capacitor, a third inductor and a fourth capacitor connected in series; a fourth
inductor having a first terminal connected to the first terminal of the first network and
a second terminal, a fifth inductor having a first terminal connecied to the first
terminal of the first network and a second terminal; a fifth capacitor having a first
terminal connected o the second terminal of the fourth inductor, and a second
terminal connecied to the second terminal of the fifth inductor; a second network
having a first terminal connected 1o the first terminal of the fifth capaciior and a

second terminal connected to the second terminal of the fifth capacitor, the second
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network comprising a first sub-network, an output capacitor, and a second sub-
network connected in serigs, wherein each of the sub-networks comprises a
capacitor and an inductor connected in series; a pair of outputs, each of the outputs
connected to a terminal of the oulput capacitor; and a controller for controlling the

first and second switches.

With the power inverter of the present invention, an altermating voltage is generated
at the ocutputs. The frequency of the output voltage is then defined by the switching
frequency of the swilches. The power inverter comprises a number of resonant
networks and sub-networks. As a result, relatively high efficiencies may be

achieved at MHz frequencies.

DC-to-AC power inverters that employ conventional full-bridge topologies are
typically efficient at kHz frequencies. However, as the frequency of operation
increases to MHz, switching losses increase significantly and parasitic inductances

and capacitances limit the performance of such power inverters.

The power inverter of the present invention, on the other hand, comprises a single
pair of switches. As a resull, switching losses may be reduced in comparison to a
full-bridge topology. Moreover, through appropriate selection of the inductances
and capacitances of the various components, zero-voltage switching may be
achieved. Additionally, parasttic inductances and capacitances are absorbed and

do not therefore fimit or impact the performance of the power inverter.

The controller may switch the switches at duty cycles of 0.5 £ 5%. As a resuli, the
power delivered to the oulputs is well balanced over both sides of the power inverter.
By contrast, if the duty cycle were outside this range, power delivery would be
unbalanced, i.e. one side of the power inverter would deliver more power than the
other side. As a result, the efficiency of the power inverter would decrease due (o
increased losses on one side of the inverter, and one side of the power inverter will
become hotter.  Additionally, the AC voltage at the outputs will have a higher

harmonic content.
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For similar reasons, the ratio of one or more of (i) the capacitances of the first and
second capacitors, (i) the capacitances of the third and fourth capacitors, (i) the
inductances of the fourth and fifth inductors, and (iv) the inductances of the inductors

of the first and second sub-networks may be 1.0 £ 5%.

The controller may switch the swiiches at a switching frequency of at least 10 Mhz.
More particularly, the controller may switch the switches at a switching frequency of
at least 20 Mhz. By operating at such high frequencies, better energy coupling may

be achieved between the power inverter and the load to which energy is transferred.

The efficiency of the power inverter may be increased through appropriate selection
of the inductances and capacitances of the various components. In particular,
switching losses may be reduced. Indeed, zero-voltage switching may be achiaved.
To this end, the power inverter may comprise one or more of the following optional

features.

Optionally, the first network may have a resonant frequency of wh, the controlier
may switch the switches at a switching frequency of ws, and the ratio of wi/ws may
be 0.64 + 20%.

Optionally, the first capacitor may have a capacitance C1, the second capacitor may
have a capacitance C2, the third capacitor may have a capacitance C3, the fourth
capacitor may have a capacitance C4, and the ratios C3/C1 and C4/C2 may each
be 1.385 + 20%.

Optionally, the third inductor may have an inductance L3, the fourth inductor may
have an inductance L4, the fifth inductor may have an inductance L5, the inducior
of the first sub-network may have an inductance L8, and the inductor of the second
sub-network may have an inductance L7, where L6 = L4~ 0.145"L3 £ 20% and L7
=15~ 0.145%L3 + 20%.

Optionally, the controller may switch the swilches at a switching frequency of ws,

the fifth capacitor may have a capacitance C5, the inductor of the first sub-network
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may have an inductance L6, and the inductor of the second sub-network may have

an inductance L7, where each of L8 and L7 may be equal to 2/{ws?.C5) + 20%.

Each of the sub-networks may comprise a further inductor connected in series with
the inductor and the capacitor, and the further inductor of the first and second sub-
networks may be mutually coupled. This then has the benefit that the mutual
inductance may compensate for changes in the reactance of the power inverter that
may arise during use. For example, the reactance of the load across the outputs of
the power inverter may vary during use, and the power inverter may be configured
such that the coupling coefficient of the further inductors also varies such that the
net change in reactance is reduced. For example, as the load capacitance
increases or the load inductance decreases, the power inverier may be configured
such that coupling coefficient, and thus the mutual inductance, increases o

compensaie.

The further inductors may have a coupling coefficient of no greaterthan 0.5, As a
resull, overcoupling of the further inductors may be avoided, which might otherwise
adversely affect the behaviour of the power inverter during power transience, &.g.

power on and off.

The controller may switch the switches at a swilching frequency of ws, the further
inductor of the first sub-network may have an inductance L8, the further inductor of
the second sub-network may have an inductance LY, the further inductors may have

a coupling coefficient k, and the output capacitor may have a capacitance C8, where
1

8 = + 20%
wi(LB + L9 + 2kV18.19)

The coupling efficient may be adjustable. As a result, the mutual inductance may
be adjusted s0 as to compensate for changes in the reactance of the power inverter.
As noted above, the reactance of the load across the outputs of the power inverter
may vary during use. The coupling coefficient of the further inductors may then be

adjusted such that the net change in reactance is reduced.
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The further inductors may be moveabie relative to one another to adjust the coupling
coefficient.  This then provides a convenient means for adjusting the coupling
coefficient. The coupling coefficient may be inversely proportional to a separation
of the further inductors. As a result, the coupling coefficient increases when the
further inductors move closer {0 one another, and decreases when the further

inductors move away from one anocther.

The present invention also provides a first power inverter and a second power
nverter as described in any one of the preceding paragraphs, wherein the first
power inverter outpuis a first alternating voliage, the second power inverter outputs
a second alternating vollage, the second alternating voltage has the same
frequency as the first alternating voliage, and the second alternating voltage has a

phase angle of 180 degrees relative 1o the first alternating voltage.

For a given input voltage, the power system is capable of transferring a higher
output power to the load in comparison {0 a single power inverter. The same output
power could conceivably be achieved with a single power inverter by employing a
higher input voltage. However, the single inverter would then suffer from higher
power losses. With the power system of the present invention, a given output power

may be achieved more efficiently.

Each of the sub-networks may comprise a further inductor connected in series with
the inductor and the capacitor. The further inductors of the first sub-networks of the
first and second power inverters may be mutually coupled, and the further inductors
of the second sub-networks of the first and second power inveriers may be mutually
coupled. By mutually coupling the further inductors of the two power inverters, the
mutual inductances may compensate for changes in the reactance of the power
system that may arise during use. For example, the reactance of the load across
the outputs of the power system may vary during use, and the power system may
be configured such that the coupling coefficient of each pair of further inductors also
varies such that the net change in reactance is reduced. For example, as the load

capacitance increases or the load inductance decreases, the power system may be
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configured such that coupling coefficients increase and thus the mutual induciances

increase (o compensate.

The further inductors of the first sub-networks, and the further inductors of the
second sub-networks may have coupling coefficients of no greater than 0.5, This
then has the benefit that overcoupling of each pair of further inductors may be
avoided, which might otherwise adversely affect the efficiency of the power inverter

and/or increase the harmonic content of the AC voltage at the outputs.

The power system may comprise a common controller for controliing the switches

of the two power inverters.

The controller{s) may swilch the switches of the first and second power inverters at
a switching frequency of ws, each of the further inductors of the first sub-networks
may have an inductance L8, the further inductors of the first sub-networks may have
a coupling coefficient k, and each of the output capacitors of the first and second

power inverters may have a capacitance C8, where

1
(8 = + 20%
wi(2L8 + 2kL8) — 77

The coupling coefficients may be adjustable. As a result, the mutual inductance of
each pair of further inductors may be adjusted so as to compensate for changes n
the reactance of the power system. As noted above, the reactance of the load
across the outputs of the power system may vary during use. The coupling
coefficients of the further inductors may then be adjusted such that the net change

in reactance is reduced.

The further inductors of the first power inverter may be moveable relative 1o the
further inductors of the second power inverier to adjust the coupling coefficients.
This then provides a convenient means for adjusting the coupling coefficients. The
coupling coefficients may be inversely proportional to a separation of each pair of

the further inductors. As a result, the coupling coefficient of each pair of further
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inductors increases when the further inductors move closer {o one another, and

decreases when the further inductors move away from one ancther.

The present invention further provides a haircare styling appliance comprising a
olurality of electrodes and a power inverter or a power system as described in any
one of the preceding paragraphs, wherein each of the elecirodes is connected to a

respective ouiput.

The hair styling appliance may therefore be used to heat hair between the
electrodes dislectrically. Consequently, in contrast 1o a conventional styling
appliance having heating plates, the hair may be heated without first having (o heat
surfaces of the appliance. The appliance is therefore poientially safer. Additionally,
in comparison {0 a conventional styling appliance having heating plates, the
appliance of the present invention is potentially more efficient. With a conventional
styling appliance, the electrical power drawn by the heating plates can be significant
even when there is no hair between the plates. With the appliance of the present
invention, on the other hand, relatively little power is likely 1o be drawn by the
electrodes in the absence of hair. This is because the power drawn by the
electrodes depends on the impedance of the electrodes, which in tumn depends on
the dielectric constant of the material between the electrodes. The dielectric
constant of air is around 1 and therefore, in the absence of hair, the power drawn

by the electrodes s likely to be relatively low.

By employing the power inverter or power system {o drive the electrodes, an
electromagnetic field may be generated between the electrodes at MHz frequencies
in a relatively efficient way. By driving the electrodes at MHz frequencies, relatively
good coupling of the energy of the electromagnetic fisld with the hair may be
achieved. As a resull, quicker heating and/or improved styling of the hair may be

achieved.

The appliance may comprise a pair of arms that are moveable relative to one
another, and the elecirodes may be attached o or housed within the arms. Where

the power inverter or the power system comprises mutually-coupled inductors, the
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coupling coefficient may vary as the separation of the arms varies. In particular, the
coupling coefficient {and thus the mutual inductance) may decrsase as the
separation of the arms (and thus the separation of the electrodes) increases. As
the separation of the arms increases, the capacitance of the electrodes decreases
and thus the reactance increases. By decreasing the coupling coefficient in
response to an increase in the separation of the arms, the mutual inductance of the
inductors and thus the reactance decreases. Accordingly, changes in the
capacitance of the electrodes may be offset by changes in the mutual inductance of

the coupled inductors such that the net change in reactance is reduced.

Brief Description of the Drawings

Embodiments will now be described, by way of example, with reference o the

accompanying drawings in which:

Figure 1 is a circuit diagram of a power inverter,

Figure 2 shows the voitage across a swilch of the power inverter, when the power

inverter is unlocaded and lnaded;

Figure 3 is a perspective view of a hair styling appliance;

Figure 4 is a side sectional view through the hair styling appliance;

Figure & is a block diagram of a drive unit of the hair styling appliance,

Figure 6 is a side view of a further hair styling appliance;

Figure 7 is a circuit diagram of a further power inverter connected to electrodes;

Figure 8 is a circuit diagram of a power system connectad to electrodes; and

Figure 9 is a circuit diagram of a further power system connected to electrodes.
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Detailed Descrintion of the Invention

The power inverter 1 of Figure 1 comprises an input 11 for connection to a DC

voltage, and a pair of outputs 12,13 for connection to a load.

The power inverter 1 further comprises a first inductor 21, a second inductor 22, a
first switch 23, and second switch 24, a first capacitor 25 and a second capacitor 26.
Each of the inductors 21,22 has a first terminal connected (o the input 11 and a
second terminal. The first switch 23 has a first terminal connected to the second
terminal of the first inductor 21 and a second terminal connectaed to ground 27.
Similarly, the second switch 24 has a first terminal connected to the second terminal
of the second inductor 22 and a second terminal connected to ground 27. The first
inductor 21 and the first swilch 23 are therefore connected in series between the
input 11 and ground 27. Similarly, the second inductor 22 and the second switch 24
are connecied in series beitween the input 11 and ground 27. The first capacitor 25
is then connected in parallel {0 the first switch 23, and the second capacitor 26 is

connected in parallel to the second swilch 24,

The power inverter 1 also comprises a first network 30, a fourth inductor 35, a fifth
inductor 36, and a fifth capacitor 37. The first network 30 has a first terminal
connected o the first terminal of the first switch 23 and a second terminal connected
to the first terminal of the second switch 24, The first network 30 comprises a third
capacitor 31, a third inductor 32 and a fourth capacitor 33 connected in series. The
fourth inductor 35 has a first terminal connected {o the first terminal of the first
network 30 and a second terminal connected to a first terminal of the fifth
capacitor 37. The fifth inductor 36 has a first terminal connected to the second
terminal of the first network 30 and a second terminal connected to the second
terminal of the fifth capacitor 37. The fifth capacitor 37 therefore has a first terminai
connected to the second terminal of the fourth inductor 35, and a second terminal

connected to the second terminal of the fifth inductor 36.

The power inverter 1 further comprises a second network 40 having a first terminal
connected 1o the first terminal of the fifth capacitor 37 and a second terminal

connected to the second ferminal of the fifth capacitor 37, The second network 40
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10

comprises a first sub-network 41, an output capacitor 42, and a second sub-network
connected 43 in series. Each of the sub-networks 41,43 comprises an
inductor 44 47 a capacitor 45,48 and a further inductor 46,49 connected in series.
The particular order of the components within each sub-network 41,43 is
unimportant. Additionally, since the inductor 44,47 and the further inductor 46,49
are connected in series, each sub-network 41,43 could conceivably comprise a
single inductor (corresponding to the sum of the two inductors). Each of the
outputs 12,13 is connected o a terminal of the output capacitor 42, 1.e. a first
output 12 s connected to a first terminal of the output capacitor 42, and a second

output 13 is connected {0 a second terminal of the output capacitor 42.

Finally, the power inverter 1 comprises a coniroller 50 for controlling the first and
second swilches 23 24, and thus the operation of the power inverter 1. The
controlier 50 generates switching signals 81,52 for conirolling the swiiches 23,24,
Although not shown, the power inverter 1 may comprise gate drivers for driving the
switches 23,24 in response to the swiiching signals 51,82 generated by the

controlier 50.

in operation, the controller 50 switches each of the switches at a duty cycle of 0.5,
Moreover, the switching signal 82 of the second switch 24 is phase shifted by 180
degrees relative to the swilching signal 81 of the first switch 23, In response, an

AC output voltage is generated at the outputs 12,13,

The frequency of the output voltage is defined by the swilching frequency of the
switches 23,24. The coniroller 50 switches the switches 23,24 at a swiiching
frequency in the MHz region, resulling in an ouiput voltage having a MHz frequency.
By operating at such a high frequency, better energy coupling may be achieved
between the power inverter 1 and the lcad. The controller 50 may switch the
switches at a switching frequency of at least 10 MHz. Indeed, a switching frequency
of between 10 MHz and 100 MHz is possible. As a result, good energy coupling

may be achieved.
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Owing to the particular topology of the power inverter 1, the output voltage has a
constant amplitude and phase. That is {o say that, for a given input voltage, the
amplitude and phase of the culput voltage is constant. Moreover, the amplitude
and phase of the output voltage remain constant inresponse to changes in the load.
The power inverter 1 therefore acts as a vollage source. As described below, this
then has potential advantages in comparison 1o power inverters for which the cutput

voltage varies inresponse o changes in the load.

In addition to generating an oulput voltage that (i) has a frequency in the MHz
region, and (ii) has a constant amplitude and phase, the components the power
inverter 1 shape the voltage across each of the swilchas 23,24 such that zero or
near-zero voliage switching may be achieved. Moreover, zero or near-zero voltage
switching may be achieved at different loads. This can be seen in Figure 2, which
shows the voltage across one of the switches 23,24 when unicaded and loaded. By
achieving zero or near-zere voltage swilching, relatively high efficiencies may be

achieved at MHz frequencies.

By contrast, power inverters that employ conventional full-bridge topologies are
typicaily efficient at kHz frequencies. However, as the frequency of operation
increases to MHz, switching losses increase significantly and parasitic inductances
and capacitances himit the performance of such power inverters. The power
inverter 1 described herein, on the other hand, comprises a single pair of
switches 23 24. Moreover, through appropriate selection of the inductances and
capacitances of the various components, zero-voltage switching may be achieved.
Additionally, parasitic inductances and capacitances are absorbed and do not

therefore limit or impact the performance of the power inverter 1.

The power inverter 1 has a differential or symmetric topology. Moreover, the
inductances of the first and second inductors 21,22, the capacitances of the first
and second capacilors 2526, the capacitances of the third and fourth
capacitors 31,33, the inductances of the fourth and fifth inductors 35,36, and the
capacitances and inductances of the components of the first and second sub-

networks 41,43 are the same. Additionally, as already noted, the controller 50
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switches the switches 23,24 at a duty cycle of 0.5, As a result, the electrical power
drawn by the load is balanced over both sides {i.e. top and bottom of Figure 1) of
the power inverter 1. Additionally, the shape of the ouiput voltage is symmetrical

aver each half-cycle.

A relatively weli-balanced system may nevertheless be achieved with a degree of
tolerance in the capacitances and inductances of the aforementioned components,
as well as in the duty cycle of the switches. In particular, the controller 50 may
switch the switches 23,24 at duty cycles of 0.5 £ 5%. Furthermore, the ratio of the
capacitances of the first and second capacitors 25,26 (i.e. C1/C2), the capacitances
of the third and fourth capacitors 31,33 (i.e. C3/C4), the capacitances of the sub-
networks (i.e. C8/C7) and/or the inductances of the sub-networks 41 43 may be 1.0
+ 5%. Balanced power transfer is less sansitive {o differences in the inductances of
the fourth and fifth inductors 35,368, and least sensitive to differences in the
inductances of the first and second inductors 21,22, Accordingly, the ratio of the
inductances of the first and second inductors 21,22 (i.e. L1/L2) may be 1.0 £ 50%,
the ratio of the inductances of the fourth and fifth inductors (i.e. L4/L5) may be 1.0
+ 20%.

If the tolerances are greater than this, the electrical power drawn by the load may
be significantly unbalanced. The efficiency of the power inverter 1 would then
decrease due {0 increased losseas on one side of the inverter 1. Additionally, one
side of the power inverter 1 will become hotter owing o the higher losses, and the
output voltage will have a higher harmonic content owing to asymmetry introduced

into the voliage waveform by the imbalance.
With the particular topology illustrated in Figure 1, zero or near-zero voltage
switching may be achieved by employing components having capacitances and

inductances defined by the following equations.

The first network 30 has a resonant frequency of wy defined by the equation:
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Wy =

where C3 and C4 are the capacitances of the third and fourth capacitors 31,33, and
L3 is the inductance of the third inductor 32. The controller 50 switches the
switches 23 24 at a switching frequency of ws. The ratio of wi/ws is then defined

as!

The first capacitor 25 has a capacitance C1, the second capacitor 26 has a
capacitance C2, the third capacitor 31 has a capacitance C3, the fourth capacitor
has 33 a capacitance C4. The ratios C3/C1 and C4/C2 are then defined as:

C3 _ C4 = 1395

c1 ¢z 7
The fourth inducior 35 has an inductance L4, the fifth inductor 36 has an inductance
L5, the inductor 44 of the first sub-network 41 has an inductance LG, and the
inductor 47 of the second sub-network 43 has an inductance L7. L6 and L7 are

then defined as:

16 =14~ 014513
L7 =L15—-0.145.13

The fifth capacitor 37 has a capacitance C5 defined as:

2 2

5 = —g—— = —
Wil wiL7
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where L6 and L7 are the inductances of the inductors 44 47 of the sub-

networks 41,43 and ws is the switching frequency of the swilches 23,24

The capacitors 45,48 of the sub-networks 41,43 are DC blocking capacitors and

therefore have a relatively high capacitance, such as 0.1 ufF.

The output capacitor 42 has a capacitance C8 defined as:

o R —
w2 (L8 + L9)

where L8 and LY are the inductances of the further inductors 46,48 of the sub-

networks 41,43 and ws 18 the swilching frequency of the switches 23,24,

The equations are normalised to the switching frequency and also 1o the DC input
voltage. That is to say that the equations hold for different switching frequencies
and/or different input voltages. Consequently, zero or near-zero voltage switching

may be achieved at different switching frequencies and/or different input volfages.

Relatively low switching losses may still be achieved with a degree of tolerance or
detuning in one or more of the above equations. In particular, relatively low
switching losses may be achieved with a tolerance of £ 20% in one or more of the
above equations. So, for example, wifws may be equal to 0.64 + 20%, C3/C1 and
C4/C2 may each be equal to 1.305 + 20%, L6 may be equal o L4 - 014573 £
20%, L7 may similarly equal L5 ~ 0.145°L3 + 20%, each of L6 and L7 may be equal
to 2/{ws?. C8) £ 20%, and C8 may be equal to 1/{ws*(L8+L9)) + 20%.

The power inverter 1 may be used in many different applications for which
alternating voltages of MHz frequencies are required or desired. By way of
exampie, the power inverter may be used in induction heating, dielectric heating,

plasma generation and wireless charging.
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Figures 3 fo 5 shows a hair styling appliance that incorporates the power inverter of

Figure 1.

The hair styling appliance 100 comprises a body 120, a pair of arms 130,131, a pair
of electrodes 140,141, a drive unit 150 and a battery 160

The body 120 is generally elongated in shape and comprises a tubular section 121
and a pair of prongs 122,123 that extend from the tubular section 121. The tubular
section 121 houses the drive unit 150 and the battery 160, and each of the prongs
122,123 houses one of the electrodes 140,141. A chamber 125 is defined between

the two prongs 122,123 into which a section of hair 170 may be received.

Each of the arms 130,131 is pivotally attached to the body 120, The arms 130,131
roughly encapsulate the body 120, with each of the arms 130,131 overlying a
respective prong 122,123, The arms 130,131 are moveable between an open
position {shown in Figures 3 and 4) and a closed position. The arms 130,131 are
biased in the open position and are moved (o the closed position in order to grip the

section of hair 170.

Each of the electrodes 140,141 is housed within one of the prongs 122,123 of the
body 120. The electrodes 140,141 are arranged parallel o one ancther, with the

chamber 125 located between the elecirodes 140,141,

The drive unit 150 is connecled between the batlery 160 and the
electrodes 140,141, and is operabie to apply an alternating volitage to the
glectrodes 140,141,  As illustrated in Figure 5, the drive unit 150 comprises
comprise a swilch 151, a DC-to-DC converter 152, and the DC-0-AC inverter 1 of
Figure 1.

The switch 151 is connected between the baltery 160 and the DC-t0-DC
converter 152, The state of the switch 151 depends on the position of the
arms 130,131, When the arms 130,131 are in the open position, the switch 151 is

open, and when the arms 130,131 are in the closed position, the switch 151 is
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closed. As a result, no voltage is applied to the electrodes 140,141 when the

arms 130,131 are in the open position.

The DC-to-DC converter 152 is coupled between the switch 151 and the DC-t0-AC
inverter 153. When the switch 151 is closed, the DC-0-DC converter 152 converts
the variable voliage of the battery 1680 into a reqular voitage. That is to say that, as
the batiery 160 discharges, the DC-to-DC converter 152 outputs a regular voltage
to the DC-10-AC inverter 153, As explained below in more detail, the drive unit 150
is operable in a low-power mode and a high-power mode. When the drive unit 150
operates in low-power mode, the DC-10-DC converter 152 ouiputs a first voltage
{2.9. 1 V) io the DC-to-AC inverter 1. Whan the drive unit 150 operates in high-
power mode, the DC-to-DC converter 152 outpuis a second, higher voltage (e.g.
50 V) to the DC-10-AC inverter 1. In one exampile, the DC-t0-DC converter 152 may
comprise a non-inverting buck-boost converter, which operates in buck mode o

provide the first voltage and boost mode {6 provide the second, higher voltage.

The DC-to-AC inverter 1 is connected between the BC-o-DC converter 52 and the
electrodes 40,41. The DC-to-AC inverter 1 converts the DC voltage output by the
DC-to-DC converter 152 into an AC oulput voltage, which is applied to the
electrodes 140,141, As a result, an electromagnetic field is created between the
two electrodes 140,141, Since the voltage applied to the elecirodes 140,141 is
alternating, the electromagnetic field also alternates. The electromagnetic field
spans the chamber 125 and acis to heat the section of hair 170 within the
chamber 125. In particular, the alternating field stimulates the oscillation of polar
molecules within the hair 170, particularly water. The oscillation of the polar

molecules in turn generates heat.

The amplitude of the output voltage generated by the DC-to-AC inverter 1 is greater
than the input voltage. For example, where the DC-to-DC converter 152 oulputs a
DC voltage of, say, 50 V, the BC-to-AC inverter 1 may output an AC voltage of
100 V. This then has the advantage of generating a stronger electromagnetic figld

{(which is directly proportional o the applied voltage) between the
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electrodes 140,141, which in turn resulls in improved heating and styling of the
hair 170.

The drive unit 150 is operable in one of three modes: power-off mode, low-power

mode and high-power mode.

When the switch 151 is open, the drive unit 150 operates in power-off mode. No
voltage and therefore no power is supplied to the electrodes 140,141, When the
switch 151 is closed, the drive unit 150 transitions from power-off mode to low-

power mode.

When operating in low-power mode, the drive unit 150 determines whether hair is
present within the chamber 125. This may be achieved in a number of different
ways. Forexample, the drive unit 150 may comprise an oplical sensor, an ultrasonic
sensor or capacitive sensor for sensing the presence of hair. Alternatively, the drive
unit 150 may use the electrodes 140,141 to determine if hair is present. This then
has the advantage that the presence of hair may be determined without the

additional cost and complexity of integrating a sensor.

The impedance of the electrodes 140,141 depends on the medium between the
slactrodes 140,141, In particular, the resistance is inversely proportional to the
electrical conductivity of the medium, and the capacitance is directly proportional to
the dielectric constant of the medium. The impedance of the electrodes 140,141

may therefore be used to determine if hair is present within the chamber 125.

In order to obtain a measure of the impedance of the electrodes 140,141, the drive
unit 150 applies a first voltage to the electrodes 140,141, More particularly, the DC-
to-DC converter 152 outputs a first DC voliage, which the DC-{o-AC inverter 1
converts into a first AC voltage. For example, the first DC voltage may be 1 V and
the first AC voltage may be 2 V. Since the DC-i0-AC inverter 1 is a voltage sowrce
inverter, any changes in the impedance of the electrodes 140,141 may be sensed
as changes in the current drawn by the electrodes 140,141, Changes in the

impedance of the elecitrodes 140,141 may aiso translate as changes in voltages at
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certain nodes within the DC-o-AC inverter 1. The drive unit 150 may therefore
sense one or more electrical parameters {(e.g. current and/or voltage) that are
indicative of the impedance of the electrodes 140,141, and then use these electrical

parameters to determineg the prasence of hair.

If the drive unit 150 determines that hair is not present, the drive unit 50 continues
to operate in low-power mode. In the event that the drive unit 150 determines that
hair is present, the drive unit 150 transitions from low-power mode to high-power

mode.

in high-power mode, the drive unit 150 applies a second, higher voltage to the
electrodes 140,141, More particularly, the DC-to-DC converter 152 outputs a
second higher DC voltage, which the DC-o-AC inverter 1 converts into a second
higher AC voltage. For example, the second DC voltage may be 50 V and the
amplitude of the second AC voltage may be 100 V. The electrical power drawn by
the electrodes 140,141 is therefore significantly higher in high-power mode. With
the example voltages provided, the electrical power drawn by the
electrodes 140,141 (for a given impedance) in high-power mode is around 2500

times greater than that in low-power mode.

Whilst in high-power mode, the drive unit 150 continues {6 determine the presence
of hair betwaen the electrodes 140,141, .. by sensing an electrical parameter(s}
indicative of the impedance of the electrodes 140,141, In the event that the drive
unit 150 determines that hair is no longer present between the electrodes 140,141,

the drive unit 150 transitions from high-power mode to low-power mode.

During use of the appliance 100, a user may hold the appliance 100 in one hand
and grip a section of hair 170 in the other hand. With the arms 130,131 biased in
the open position, the section of hair 170 is inserted into the chamber 25 by sliding
the prongs 122,123 over the section of hair 170, With the arms 130,131 in the open
position, the switch 151 of the drive unit 150 is open and the drive unit 150 operates

in power-off mode.
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With the section of hair 170 in the chamber 125, the user squeezes the
arms 130,131 together, theraby causing the arms 130,131 to move to the closed
position. With the arms 130,131 in the closed position, the section of hair 170 is
gripped between the two arms 130,131, With the arms 130,131 in the closed
position, the switch 151 of the drive unit 150 is closed and thus the drive unit 150

fransitions to low-power mode.

In low-power mode, the drive unit 150 applies the first AC voltage (e.g. 2 V) o the
glectrodes 140,141 and determines whether hair is present based on the
impedance of the electrodes 140,141, Upon determining that hair is present, the
drive unit 150 transitions to high-power mode. The drive unit 150 then applies the
second, higher AC voltage (e.g. 100 V) to the elecirodes 140,141, and the resulting

glactromagnetic field heats the hair 170.

The user may pull the appliance 100 along the full length of the section of hair 170.
At the end of the pass, when the section of hair 170 has been pulled through the
appliance 100, the drive unit 150 determines that hair is no longer present in the
chamber 125 and transitions {o low-power mode. The user then opens the
arms 130,131 ready for the next seclion of hair, at which point the drive unit 150

transitions to power-off mode.

The DC-o-AC inverter 1 is a voltage source inverter and applies the same
alternating voltage to the electrodes 140,141, irrespective of the impedance of the
electrodes 140,141, This then has a couple of advantages. First, the same
electromagnetic field is generated irespective of the amount of hair or the
characteristics of the hair (e.g. moisture content) within the chamber 125, Second,
by operating as a voltage source, the slectrodes 140,141 are free to draw a current
that depends on the impedance of the elecirodes 140,141, For example, when the
impedance is higher (e.g. when a small amount of hair is located in the chamber
125 or the hair is dry), a smaller current and therefore a smaller power is drawn by
the electrodes 140,141, Conversely, when the impedance is lower (e.g. when a
large amount of hair is located in the chamber 125 or the hair is damp), a higher

current and therefore a higher power is drawn by the electrodes 140,141, The
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appliance 100 s therefore self-regulating in that the electrodes 140,141
automatically draw power according to the hair within the chamber 125, As a result,
the efficiency of the appliance 100 may be improved and/or more consistent heating
may be achieved. By contrast, if the drive unit 50 were 10 include a current source
inverter or a power source inverter, the electrodes 140,141 would draw the same
current or power irrespective of the impedance of the electrodes 140,141.
Consequently, when there is a small amount of hair in the chamber 125, excessive
heating of the hair and/or arcing across the electrodes 140,141 may oceour.
Conversely, when there is a large amount of hair in the chamber 125 heating of the

hair may be relatively poor.

A further advaniage of emploving a voitage source inverier is that effective coupling
of the energy of the electromagnetic field with the hair may be achievad at a single
frequency, irrespective of changes in the impedance of the electrodes 140,141 (i.e.
irrespective of the amount or characteristics of the hair). By contrast, with an
inverter that operates as a current source or power source, it may be desirable or
indeed necessary {0 apply a voltage at different frequencies in order to achieve
effective energy coupling and/or and avoid excessively high voltages across the
electrodes. Furthermoreg, the impedance of the electrodes 140,141 depends on the
frequency of the alternating voltage. Accordingly, where the impedance of the
slactrodes 140,141 1s used to determine whether hair is present in the chamber 125,
a more reliable determination may be made when a voltage having a constant

frequency is applied to the electrodes 40 41.

The electrodes 140,141 are housed within the prongs 122,123 of the body 120,
which do not move. The hair 170 is then gripped and tensioned by the
arms 130,131, The electrodes 140,141 therefore have a fixed spacing, which has
several potential advantages. First, by having a fixed spacing, a more consistent
electromagnetic field strength (which is inversely proportional to the electrode
spacing) may be achieved, resulling in more consistent heating of the hair. Second,
where the impedance of the electrodes 140,141 is used o determine whether hair
is present in the chamber 125, a more reliable determination may be made. The

capacitance and thus the impedance of the electrodes 140,141 depends on both
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the spacing of the electrodes 140,141 and the dielectric constant of the medium
between the electrodes 140,141, Accordingly, by having a fixed elactrode spacing,
a more reliable determination of the type of medium may be made. Third, the
elactrode spacing may be sized s0 as to achieve a relatively strong electromagnetic

field whilst also avoiding arcing or corona discharge.

However, a potential disadvantage with this arrangement is that, in order to achieve
a strong electromagnetic field strength within the chamber 125, the electrode
spacing and thus the chamber 25 must be relatively shallow (e.g. batwean 1 mm

and 10 mm)

Having a shallow chamber may present chalienges when trying o
insert a section of hair into the chamber 125, In order to mitigate this difficulty, the
orongs 122,123 may also move, or the prongs 122,123 may be omitled and the
glectrodes 140,141 may instead be housed within the arms 130,131 of the

appliance 100, as will now be described with reference to Figure 6.

Figure © illustrates an alternative hair styling appliance 200 in which the prongs are
omitied from the body 120, and the electrodes 140,141 are housed within the
arms 130,131 of the appliance 200, The chamber 125 is then defined between the
two arms 130,131, This then has the advantage that, when the arms 130,131 are
in the open position, as shown in Figure ©, the chamber 125 has a relatively wide
mouth for receiving a section of hair. When the arms 130,131 are moved {o the

closed position, the arms 130,131 act to grip the hair.

The electrodes 140,141 have a predefined minimum spacing when the
arms 130,131 are in the closed position and there is no hair between the
arms 130,131, This minimum spacing may be definad so as to achieve a relatively
strong electromagnetic field whilst avoiding arcing or corona discharge. During use,
the spacing between the electrodes 140,141 may be greater than the predefined
minimum spacing. For example, a relatively thick section of hair may be gripped by
the arms 130,131, The capscitance and thus the reactance of the
electrodes 140,141 depends on the spacing of the electrodes 140 141.
Consequently, as the spacing of the electrodes 140,141 increases, the DC-0-AC

inverter 1 is detuned slightly and thus the efficiency of the inverter 1 decreases. In
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order to compensate for this, the DC-o-AC inverter 1 may comprise inductors that
are mutually coupled and have a coupling coefficient that varies in response o
changes in the electrode spacing. As a result, changes in the capacitance of the
electrodes 140,141 may be offset by changes in the mutual inductance such that

the net change in reactance is reduced.

Figure 7 llustrates an alternative power inverter 60 connected to
electrodes 140,141, The power inverter 60 is identical 1o that of Figure 1 with the
exception that the further inductors 46 49 of the sub-networks 41,43 are mutually
coupled. The coupling coefficient of the further inductors 46,49 varies in response
to changes in thea spacing of the electrodes 140,141, More particularly, the coupling
coefficient decreases in response to an increase in the spacing. As the spacing of
the electrodes 140,141 increases, the capacitance decreases and thus the
reactance increases. By decreasing the coupling coefficient in response to an
increase in the spacing, the mutual inductance and thus the reactance decreases.

As a result, the net change in reactance is reduced.

The further inductors 46,49 (i.e. those inductors which are mutually coupled) may
be moveabie relative to one another in order to vary the coupling coefficient. For
example, each of the further inductors 46,49 may be housed within a respective
arm 130,131 of the appliance 200, Consequently, as the spacing of the
electrodes 140,141 increases, so too does the separation of the further
inductors 46,49,  Since the coupling coefficient is inversely proportional to the
separation of the further inductors 46,49, the coupling coefficient decreases as the
spacing of the elecirodes 140,141 increases, and vice versa. This then provides a
convenient means for varying the coupling coefficient in response to changes in the

spacing of the electrodes 140,141.

If the coupling coefficient is excessively high, it is possible that issues may arise
with the stability of the inverter 60 during significant power transience, e.g. during
power on and off. Accordingly, it may therefore be beneficial o have a coupling

cogfficient that is no greater than 0.5,
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Where the inverter 60 comprises mutually-coupled inductors, the capacitance C8 of

the output capacitor is defined as:

1

c8 = ‘
w3(L8 + L9 + 2kVLB.19)

+20%

where K is the maximum coupling cosfficient of the further inductors 46,49 (L.e. the
value of the coupling coefficient when the electrodes 140,141 are at a minimum
spacing), L8 and LS are the inductances of the further inductors 46,49, and ws is

the switching frequency of the switches 23,24

Figure 8 illustrates a power system 80 comprising a first power inverter 60 and a
second power inverter 80", Each of the power inverters 60,60 is identical {o that
shown in Figure 7. The power inverters 80,60° have a common controller {(not
shown) for controlling the switches 23,24,23'24". The first power inverter 60 outputs
a first alternating voltage, and the second power inverter 680" cutputs a second
alternating voltage. The second aliernating voliage has the same frequency as the
first alternating voltage, but has a phase angle of 180 degrees relative to the first
alternating voltage. This may be achieved by means of the swilching signals 1,82
generated by the controller. For example, the first switching signal $1 may be used
to control the first switch 23 of the first power inverter 60 and the second switch 24
of the second power inverter 680, and the second switching signal 82 may be used
to control the second switch 24 of the first power inverier 60 and the first switch 23’

of the second power inverter 60’

The first power inverter 60 is connacted to a pair of first electrodes 140,142, and the
second power inverter 60 is connected to a pair of second elecirodes 141,143,
Each of the first electrodes 140,142 opposes one of the second electrodes 141,143,
The appliance therefore comprises two pairs of opposing electrodes, each pair of
opposing electrodes comprising a first electrode 140,142 connected o the first
power inverter 60, and a second elecirode 141,143 connected to the second power

inverter 60
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For a given input voltage, the power system 80 of Figure 8 is capable of generating
a higher voltage across each pair of slectrodes 140,141,142, 143 in comparison to
the single inverter 60 of Figure 7. As a conseguence of the higher voltage, the
electromagnetic field generated between the electrodes 140,141,142,143 has a
higher field strength. The power system 80 is therefore capable of transferring a
higher output power 1o the lcad, which in this example is hair. The same output
power could be achieved with the single inverter 80 of Figure 7 by employing a
higher input voltage. However, the single inverter 80 would then suffer from higher
power iosses. With the power system 80 of Figure 8, a given output power can be

achieved more efficiently, albeit at the expense of a higher number of components.

Each of the inverters 60 60" comprises mulually-coupied inductors. As noted above,
the mutual inductance may improve the efficiency of the system 80 in the event that
the spacing of the elecirodes 140,141,142,143 changes. In the particular example
shown in Figure 8, the further inductor 46,48’ of the first sub-network 41,41 of each
inverter 60,60 is mutually coupled to the further inductor 49,49 of the second sub-
network 43,43, Figure 9 shows an alternative power system 80 in which the further
inductors 44 44° of the first sub-networks 41,41’ of the two inverters 70,70 are
mutually coupled, and the further inductors 48949 of the second sub-
networks 43,43 of the two inverters 70,70 are mutually coupled. With the exception
of the choice of inductors that are mutually coupled, the inverters 70,70 of Figure ©
are unchanged from those of Figure 8. The topologies of the power systems 80,90
of Figures 8 and 9 are elecirically equivalent. However, depending on the particular
appliance in which the power system is incorporated, one of the two power

systems 80,80 may be easier {0 package within the appliance.

Although the power systems 80,80 iliustrated in Figures 8 and 9 are connected {o
electrodes, it will be appreciated that the power systems 80,80 may be connected
to alternative components and/or loads, according to the particular application. For
exampie, the power system 80,90 may be connected {o coils of an induction heater
or wireless charger. Furthermore, whilst mutually-coupled inductors have been
described in the context of elecirodes having a variable spacing, the provision of

mutualiy-coupled inductors may be used in other applications for which the
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reactance of the load may vary. In pariicular, as reactance of the load varies, the
coupling coefficient of the mutually-coupled inductors may also vary such that the

net change in reactance is reduced.

Whiist particular examples and embodiments have been described, it should be
understood that various modifications may be made without departing from the

scope of the invention as defined by the claims.



10

15

20

25

30

28

CLAIMS

1. A power inverter comprising:

an input for connection to a DC voltage;

a first inductor and a second inductor, each of the inductors having a first
terminal connected to the input and a second terminal;

a first switch having a first terminal connecied to the second terminal of the
first inductor and a second terminal connected o ground,

a second switch having a first terminal connected to the second terminal of
the second inductor and a second terminal connected to ground;

a first capacitor connected in parallel to the first switch;

a second capacitor connected in parallel to the second switch;

a first network having a first terminal connected to the first terminal of the first
switch and a second terminal connected {0 the first terminal of the second switch,
the first network comprising a third capacitor, a third inductor and a fourth capacitor
conneciad in series;

a fourth inductor having a first terminal connected to the first terminal of the
first network and a second terminal;

a fifth inductor having a first terminal connected {o the second terminal of the
first network and a second terminal;

a fifth capacitor having a first terminal connected to the second terminal of
the fourth inductor, and a second terminal connectad o the second terminal of the
fifth inductor;

a second network having a first terminal connected to the first terminal of the
fifth capacitor and a second terminal connecied {o the second terminal of the fifth
capacitor, the second network comprising a first sub-network, an output capacitor,
and a second sub-nsetwork connsacted in ssries, whersin each of the sub-networks
comprises a capacitor and an inductor connected in series;

a pair of oufputs, each of the cutputs connected to a terminal of the output
capacitor; and

a controlier for controlling the first and second switches.
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2. A power inverier as claimed in claim 1, wherein the controller switches the

switches at duty cycles of 0.5 £ 5%.

3. A power inverter as claimed in claim 1 or 2, wherein the ratios of one or more
of (i} the capacitances of the first and second capacitors, (ii) the capacitances of the
third and fourth capacitors, (iif} the inductances of the fourth and fifth inductors, and
{iv) the inductances of the inductors of the first and second sub-networks are 1.0 %
5%.

4. A power inverter as claimed in any one of the preceding claims, wherein the

controller switches the switches at a switching frequency of at least 10 Mhz.

5. A power inverter as claimed in any one of the preceding claims, wherein the
first network has a resonant frequency of wr, the controller switches the switches at

a switching frequency of ws, and the ratio of wi/ws 15 0.64 £ 20%.

6. A power inverter as claimed in any one of the preceding claims, wherein the
first capacitor has a capacitance C1, the second capacitor has a capacitance C2,
the third capacitor has a capacitance C3, the fourth capacitor has a capacitance C4,
and the ratios C3/C1 and C4/C2 are each 1.395 + 20%.

7. A power inverter as claimed in any one of the preceding claims, wherein the
third inductor has an inductance L3, the fourth inductor has an inductance L4, the
fifth inductor has an inductance L5, the inductor of the first sub-network has an
inductance L6, and the inductor of the second sub-network has an inductance L7,
where L6 = L4 - 01453 £ 20% and LY = L5 - 0.145"L.3 % 20%.

8. A power inverter as claimed in any one of the preceding claims, wherein the
controlier switches the switches at a switching frequency of ws, the fifth capacitor
has a capacitance C5, the inductor of the first sub-network has an inductance L8,
and the inductor of the second sub-network has an inductance L7, where each of
L8 and L7 is equal to 2/(ws?.C5) + 20%.
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9. A power inverter as claimed in any one of the preceding claims, wherein each
of the sub-networks comprises a further inductor connected in serigs with the
inductor and the capacitor, and the further inductors of the first and second sub-

networks are mutually coupled.

10, A power inverter as claimed in claim 9, wherein the further inductors have a

coupling coefficient of no greater than 0.5

1. Apower inverter as claimed in claim 9 or 10, whearein the controller switches
the switches at a switching frequency of ws, the further inductor of the first sub-
network has an inductance L8, the further inductor of the second sub-network has
an inductance L9, the further inductors have a coupling cosefficient k, and the output

capacitor has a capacitance C8, where
1

€8 = — e
wi(L8 + L9 + 2kVIB.19)

20%

12, Apowerinverter as claimed in any one of claims 9 to 11, wherein the coupling

efficient is adjustable.

13, A power inverter as claimed in any one of claims 8 to 11, wherein the further

inductors are moveable relative to one another o adjust the coupling coefficient.

14, A power system comprising a first power inverter as claimed in any one of
claims 1 1o 8, and a second power inverter as claimed in any one of claims 1 to 8,
wherein the first power inverter ouiputs a first alternating voltage, the second power
inverter outputs a second alternating voltage, the second alternating voltage has
the same frequency as the first alternating voltage, and the second aliernating

voltage has a phase angle of 180 degrees relative to the first alternating voltage.

15, A power system as claimed in claim 14, wherein gach of the sub-networks
comprises a further inductor connected in series with the inductor and the capacitor,

the further inductors of the first sub-networks of the first and second power inveriers
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are mutually coupled, and the further inductors of the second sub-networks of the

first and second power inverters are mutually coupled.

16. A power system as claimed in claim 15, whearein the further inductors of the
first sub-networks, and the further inductors of the second sub-networks have

coupling coefficients of no greater than 0.5.

17. Apower system as claimed in claim 15 or 16, wherein the controlier switches
the switches of the first and second power inverters at a switching frequency of ws,
each of the further inductors of the first sub-networks has an inductance L8, the
further inductors of the first sub-networks have a coupling coeflicient K, and each of
the output capacitors of the first and second power inverters has a capacitance 8,

where

1
e p— + 20%
wZ(2L8 + 2KL8) —

18. A power system as claimed in any oneg of claims 15 to 17, wherein the

coupling cosfficients are adjusiable.

19,  Apower system as claimed in any one of claims 15 to 18, wherein the further
inductors of the first power inverter are moveable relative to the further inductors of

the second powar inverter to adjust the coupling cosfficients.

20. A haircare styling appliance comprising a plurality of electrodes and a power
inverter or a power system as claimed in any one of the preceding claims, wherein

egach of the slectrodes is connected 1o a respective output.

21. A hair styling appliance as claimed in claim 20, wherein the appliance
comprises a body having a pair of arms, the arms are moveable relative to one

ancther, and the electrodes are attached 1o or housed within the arms.
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