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(57) Abstract: A dual switching frequency hybrid power converter comprising two different types of power switching element
switching at two different frequencies is presented for DC-to-AC and AC-to-DC voltage conversion and for monophase or multi-
phase devices with the aim of reducing considerably the conduction and switching losses of those power switching elements. The
dual switching frequency hybrid power converter also enables a DC to DC voltage conversion as well as an AC to AC voltage
conversion.
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DUAL SWITCHING FREQUENCY HYBRID POWER CONVERTER

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims priority of US Patent Application having serial number
61/187,170 which was filed on June 15, 2009 and entitied "DUAL SWITCHING
FREQUENCY HYBRID POWER CONVERTER", the specification of which is hereby
incorporated by reference.

This application also claims priofity of US Patent Application having serial
number 61/233,664 which was filed on August 13, 2009 and entitled "ENERGY
STORAGE SYSTEM AND METHOD”, the specification of which is hereby incorporated
by reference.

The present application also relates to PCT Abplication entitied "ENERGY
STORAGE SYSTEM AND METHOD" file on June 15, 2010, by the same Applicant, the
specification of which is incorporated herein by reference.

FIELD OF THE INVENTION

The invention relates to electric converters for AC to DG and DC to AC voliage
conversion for mono-phase or multi-phase systems, and more particularly
concerns a dual switching frequency hybrid power converter enabling to reduce
conduction and commutation losses.

BACKGROUND OF THE INVENTION

With the rising costs and demand of enargy, power electronics will have a
predominant role to play to transmit and conirol the flow of energy in the mast
gfficient way.
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Actually, two of the main reasons for the relatively slow adoption of electric
converters are their high cost and their lack of reliability in certain circumstances.

To reduce the costs, the use of passive componenits (inductor and capacitance,
mainly for filtering) must be minimized and integréted in the packaging of the
converter. The lack of reliability is caused principaily by the junction temperature
of the semiconductor (power transistor).

One way generally employed in industry to reduce the size of the passive
components is by increasing the switching frequency of the converter since their
size is decreasing when the switching frequencﬂ; increases. The tirade-off,
however, is the increase of the switching losses incurred and the increase of the
power transistor temperature, Thus, the space saved by the smaller passive
components is more than offset by the need for larger heat sink for evacuating
these josses.

FIG. 1 illustrates the general topology of a three phase DC-to-AG converter
(known as inverter) with six switches, six anti-parallel diodes, an input capacitor
and a DC source voltage. This converier may also, be used fo rectify an AC
voitage to a DC voltage too, The switches $1 (high-side) and $4 (low-side) form
a unit commonly called an inverter leg. A full-bridge mono-phase inverter
comprises two inverter legs while a three-phase inverter comprises three legs.

FIG. 2 and FIG. 3 are examples of inverters used with the two most common
power transistors generally known in the art, that is the MOSFETs (Metal Oxide
Semiconductor Field Effect Transistor) in the FIG. 3.and the IGBTs (Insulated
Gate Bipolar Transistor) in the FIG. 2.

FIG. 4 shows a one phase inverter with an R-L load (Ri= 35 Q and L = 20 mH as
a non-limitative example) that will be referred to explain the general principle of
the conversion from a DC voltage to an AC voltage. in the illustrated case, the
load is resistive/inductive like most of the loads on electrical networks, such as

w2
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the electric motors/generators for example. The goal of an inverter is to produce
an AC voltage from a DC voltage. In the illustrated embodiment, 81 and 83 form
a first leg while 52 and 54 form a second leg.

FIG. 5 and FIG. 6 show one of the many ways for Qenerating the control signals
used to operate the power switches $1 to S4 of the converier shown in FIG. 4. It
is however worth mentioning that in order to simplify the understanding, the ioad
will be first considered as being resistive only. In other words, the phase
difference between the voltage and the current across the load will not be taken
into consideration firstly.

in FIG. 5, a sinusoidal reference is compared with a friangular carrier signal to
produce the high-side and low-side control signals used to respectively operate
the high side and low side switches S1 and 83 of the first leg of the converter
shown in FIG. 4. When the sinusoidal reference is greater than the carrier signalt,
the control signal for $1 is high (a logic 1) and when the sinusoidal reference is
lower than the carrier signal, the control signal for S1 is low (a fogic 0), As shawn
on the lower graph of F1G. 5, when the sinusoidal re’;ference is greater than the
carrier signal, the control signal for 83 is low (a logic 0) and when the sinusoidal
reference is lower than the carrier signal, the contro! signal for 83 is high (a logic
1). Consequently, a single one of the switches 51 and S3 is actlivated at the
same time.

FIG. 6 shows the generation of the control signals for the high side and low side
switches S2 and S4 of the second leg of the converter shown in FIG. 4. As
illustrated, the sinusoidal reference used in FIG. 5 is jnverted and compared to
the same triangular carrier signal. This method is referred to as Unipolar Puise-
Width Modulation (UPWM). It can be seen that a single one of the switches 52
and S4 is activated at the same time.
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FIG. 7 shows the four controls signals previously described necessary to switch
on and off the switchas $1 to 54 to obtain a current! of sinusoidal waveform at the
load. '

Refarring again to FIG. 4, the current across the inductor L is defined as follows:

iL(z):—}: fr.nar (1)

when V| is continuous,
¥,
PL(F) = ¢ 2
@) I (2)

i increase lingarly when Vi is positive and decrease linearly when V| is negative.
The voltage across the inductance L is defined as follows:

dil,
Vo= [ 52 a
=4 pr (3)

In the case of an R-L load like llustrated in FIG. 4:
. V __]i'
z'L(z)=—-;Ef'-(1-e 2y (4)

with i, (0) = 0.

FIG. 8 is an enlarged view of a first portion (circled) of the control signals shown
in FIG. 7. In section 1 of FIG. 8, the control signals of the switches 81 and 54 are
high so that 81 and S4 conduct, as iflustrated in FIG, 10A. The voliage across
the inductor is positive and the current i_ is increasing lexponentially (exponential
approach), as betier shown in section 1 of FIG. 8.

In this case, Vpi = Vs = 0 and Vp2 = Vpz = - Ve (< 0), the diodes don’t conduct.
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In section 2 of FIG. 8, 81 is turned OFF, 84 is st ON and S3 is turned ON. At

the time the switch 51 is turned OFF, the current i is interrupted and a very large

and negative voltage appears across the inductor (a2 ) and V, = -
e

(equation 3). Vpa=-Vgr+ w0 = . If Vp3> 0, D3 conducts immediately.

The vollage across the diode D3 becomes positive and D3 begins to conduct.
Vps = 0 and Vpt = Vg = - Vg (< 0), the diodes D4, D1 and D2 don't conduct, as
better shown in FiG. 10B. The voltage across the iinductor is now -Vg = i *R.
The current decreases exponentially, as better shown in section 2 of FIG. 9.

In section 3 of FIG. B, the switches S1 to 54 are in the same configuration as the
one illusirated in section 1. The switches 51 and $4 conduct, as iflustrated in
FIG. 10C, and the voltage across the inductor is. positive. The current i is
increasing exponentially (exponential approach), as better shown in section 3 of
FIG. 8.

In section 4 of FIG. 8, 84 is turned OFF, 51 is still ON and 82 is turned ON. At

the time the switch 54 is turned OFF, the current i, is interrupted and a vetry large

and negative voltage appears across the inductor (# ,_ ) and V| = -
di

co{equation 3). Vpz =~ Ve + © = wo_If Vpe > 0, D2 conducts immediately.

The voltage across the diode D2 becomes positive and D2 begins o conduct.
Vo1 = 0 and Vp3 = Vpg = - Vg (< 0), the diodes D1, D:’} and D4 don’t conduct, as
better shown in FIG. 10D. The volfage across the indugtor is now -Vg=i_ *R. The
current decreases exponentially, as better shown in segtion 4 of FIG. 8.

The above described sequences are repeated as long as the current at the load
is positive. As it is shown in FIG. 7, the width of the sighals for the switches 81 to
54 may be changed to obiain a sinusoidal current at the load.
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FIG. 14 illustrates the current across the load and the voliage Vp at the load.
The skilled addressee will appreciate that the phase difference between the
voltage and the current across the load has still not be taken into consideration.

FIG. 11 is an enlarged view of a second portion (circled) of the control signals
shown in FIG. 7. In other words, it illustrates the control signals of the switches
51 to 84 when the current at the load is negative.

In section 5 of FIG. 11, the control signals of the swiiches 53 and S2 are high so
that 82 and S3 conduct, as illustrated in FIG. 13A. The voltage across the
inductor is negative and the current i, is decreasing exponentially, as better
shown in section 5 of FIG. 12,

In this case, Vpz = Vs = 0 and Vpy = Vg = - Ve (= 0), the diodes don’f conduct.

In section 6 of FIG. 11, 82 is turned OFF, 83 is still ON and $4 is turned ON. At

the time the switch S2 is tumed OFF, the current iy isiinterrupted and a very large

and positive voltage appears across the Inductor (2 __ ) and V. = = (equation
di

3). Ve = -Vr + ® = o (Vps > 0, D4 conducts immediately).

The voltage across the dioda D4 becomes positive and D4 begins to conduct.
Vo = 0 and Vot = Vg = - Vee (< 0), the diodes D3, Dt and D2 don't conduct, as
better shown in FIG. 13B. The voltage across the inductor is now -Vg = - i *R.
The current increases exponentially, as better shown in section 6 of FIG. 12.

In section 7 of FIG. 11, the switches 52 and 53 are inll the same configuration as
the one illustrated in seclion 5. The switches 52 and 83 conduct, as Mustrated in
FIG. 13C, and the voltage across the inductor is negative. The current i is
decreasing exponentially, as better shown in section 7 of FIG. 12.

In section 8 of FIG. 11, 83 is turned OFF, S2 is still ON and S1 i turned ON. At
the time the switch 83 is turned OFF, the current i_ is interrupted and a very large
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and positive voltage appears across the inductor (i, ) and V=  (equation
&t

3. Vo1 =-Vg+ w = w_[fVp> 0, D1 conducts immediately.

The voltage across the diode D1 becomes positive and D1 begins to conduct.
Vpz = 0 and Vpz = Vos = = Vg (< 0), the dicdes D2, |D3 and D4 don't conduct, as
better shown in FIG. 13D. The voltage across the inductor is now Vg = -iL*R.
The current increases exponentially, as better shown in section 8 of FIG, 12.

In FIG. 14 and 185, it can be seen that the method described above generates a
sinusoidal waveform when filtered by a low-pass filter such as an R-L load. The
waveform of FIG. 15 is a lot smoother than the one shown in FIG. 14. Indeed, the
difference is that in FIG, 14, the swiiching frequency is 480 Hz and in FiG. 15,
the swilching fregquency is 20 kHz.

The skilled addresses will appreciate that, in order td be able to use inverters on
the electrical network, distortions on the output voltage and current must be
minimized to an accepiable level, and the more the iswitching frequency is low,
the more the inductor (L) has to be large to keep distortions low. Inversely, o
have a small inductor and thus reduced inverter v'alume and cost, swiiching
frequency has to be increased.

Since switching losses are proportional to the switching frequency, they are
increased as the switching frequency is also incredsed. Thus, the use of an
increased switching frequency generates an increase in power output losses of
the inverter.

it would therefore be desirable to provide an improved inverter, also called a
converter, that will reduce at least one of the above mentioned drawbacks.
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BRIEF SUMMARY

Accordingly, there is provided a dual switching freqt:.nency hybrid power converter
adapted to be connecied between a first element and a second element for
voltage caonversion.

The dual switching frequency hybrid power converter comprises a first leg
electrically connected to the first element, the ﬁrsﬁ leg comprising a high side
switch and a low side switch serially connected. The high side switch comprises
a selected one of a first switching element having low conduction losses and a
second switching element having low commutation llosses. The low side switch
comprises the remaining of a first switching element having low conduction
losses and a second switching element having low cpmmu‘cation logses. The first
leg further comprises an anti-parallel diode operatively connected in a parallel
relationship with the first switching element. In lpther words, the first leg
comprises a first switching element and a second switching element serially
connected. If a first switching element is selected for &he high side switch, then a
second switching element has to be selected for the low side switch, and vice

versa,

The dual switching frequency hybrid power converter comprises a second leg
electrically connected to the first element in a parallél relationship with the first
leg, the second leg comprising a high side switch and a Jow side switch serially
connected. The high side switch comprises a selected one of a first swiiching
element having low conduction losses and a second swiiching element having
low commuiation losses corresponding to the one selected for the high side
switch of the first leg. The low side switch of the gecond leg comprises the
remaining of a first switching element having low condajction losses and a second
switching element having low commuiation losses. The second leg further
comprises an anti-parallel diode operatively connected in a parallel relationship
with the first switching element of the second leg. In other words, the second leg



WO 2010/145019 PCT/CA2010/000919

10

15

20

comprises a first switching element and a second switching element serially
conhected. The type of the switching element that'is selected for the high side
switch of the second leg is the same that the one that is selected for the high side
switch of the first leg. If a first switching element is selected for the high side
switch of the second leg, then a second switching element has to be selected for
the low side switch of the second leg, and vice versal

Each of the first switching elements, which have low conduction losses, Is
operated at a low fundamental frequency, i.e. at a low commutation speed, and
each of the second swilching elements, which havel low commutation losses, is
operated at a high frequency, i.e. at a high cummuteition speed, greater than the
low fundamental frequency for enabling a bidiréctional voltage conversion
between the first element and the second element.

The dual switching frequency hybrid power convetter uses each type of the
switching element in its optimal operating range of frequency, thereby enabling to
reduce the output losses of the converter, which is of great advantage.

Moreover, the dual switching frequency hybrid power converter may present an
improved reliability over the devices of the prior art, in minimizing the junction
ternperature of the semiconductor used, which is of great advantage.

Furthermore, the dual switching frequency hybrid power converter may enable to
reduce the size of the passive components used for filtering, by enabling a high
switching frequency. The cost of the converter may thus be reduced, which is of
great advantage.

In one embodiment, each of the first switching elements comprises at least one
IGBT.



WO 2010/145019 PCT/CA2010/000919

10

15

20

25

In still a further embodiment, the first switching element is selected from a group
comprising a thyristor, a GTQ, an IGCT and a MCT

In one embodiment, each of the first switching elements comprises a plurality of
switching devices connected in paraliel.

In another embodiment, each of the second switching elements comprises a
plurality of switching devices connected in parallel.

In one embodiment, the comesponding anti-parallel diode is integrated with the
corresponding first switching element.

in one embodiment, each of the first leg and second lleg comprises an additional
anti-parallel diode operafively connected in a parallel relationship with the
corresponding second switching element.

in a further embodiment, the dual switching frequency hybrid power converter
further comprises a third leg electrically connected to the first element in a
parallel relationship with the first leg and the second leg, the third leg comprising
a high side switch and a low side switch serially conriecied, the high side switch
comprising a selected one of a first switching element having low conduction
losses and a second switching element having low commutation losses
corresponding to the one selected for the high side switch of the first leg and the
low side switch comprising the remaining of a first svzfitching element having low
conduction losses and a second switching element having low commutation
losses, the third leg further comprising an anti-parallel diode operatively
connected in a parallel relationship with the first switching element, thereby
providing a three phase power converter.

-10 -



WO 2010/145019 PCT/CA2010/000919

10

15

20

In one embodiment, the low fundamental frequency} is comprised between 1 Hz
and 1000 Hz. In a further embodiment, the low fundamental frequency is 60 Hz
while in another embodiment, the low fundamental frequency is 50 Hz.

in ene embodiment, the high frequency is comprisedll between 1 kHz and 1 MHz.

In a further embodiment, the dual switching frequéncy hybrid power converter
further comprises a control unit controlling a plurality of control signals, each of
the control signals controlling operation of a corresﬁonding one of the switching
elemenis.

In one embodiment, the first element comprises a DC element.
In a further embediment, the second element comprises an AC element.

In one embodiment, the first element comprises a DC element and the second
element comprises an AC element, the power converter enabling a bidirectional
DC/AC voltage conversion.

According to another aspect, there is also provided a three-phase dual switching
frequency hybrid power converter for a three-phase I&ad. The three-phase power
converter comprises a first, a second and a third dual switching frequency hybrid
power converter as previously defined, each being operatively connected to a
corresponding phase of the three-phase load.

According to another aspect, there is also provided a use of the dual switching
frequency hybiid power converter as previously defined for converting an AC
voltage into a DC voltage.

According to another aspect, there is also provided a use of the dual switching
frequency hybrid power converter as previously defined for converting a DC
voltage into an AC voliage.

-1 -
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According to another aspect, there is also provided a use of the dual switching
frequency hybrid power converter as previously defined for converting an AC
voliage into another AC voltage.

According to another aspect, there is also provided a use of the dual switching
frequency hybrid power converter as previously defined for converting a DG
voltage into another DC voltage.

According to another aspect, there is also provided a method for voltage
conversion between a first element and a sedond element, the method
comprising providing a dual swilching frequency ghybrid power converier as
previously defined; operatively connecting the duall switching frequency hybrid
power converter between the first element and the sécond element; generating a
plurality of control signals, each being adapted for :controlling a corresponding
one of the switching elements; and applying the control signals to the
corresponding switching elements to thereby enable the voltage conversion
between the first element and the second element.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the invention may be readily unders}tood, embadiments of the
invention are illustrated by way of example in the accdmpanying drawings.

FIG. 1 shows a typical topology of a three phase DC-to-AC converter.

FIG. 2 shows a three phase DC-to-AC converier wheiein the switching elements
are MOSFETs.

FIG. 3 shows a three phase DC-t0-AC converter wherein the switching elements
are |GBTs.

FIG. 4 shows a typical topology of a one phase converter with an R-L load.

-12 -
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FIG. 5 shows reference signals used to produce control signals operating
switching elements S1 and S3 of FIG. 4, according to one embodiment.

FIG. 6 shows reference signals used to produge control signals operating
switching elements 52 and $4 of FIG, 4, according to one embodiment.

FIG. 7 shows control signals operating switching elements S1 to 54 of FIG. 4,
according to one embodiment.

FIG. 8 is an enlarged view of a first portion of the control signals shown in FIG. 7.

FIG. 9 shows the current and voltage signals of the load RL of the converter of
FIG. 4 for the first portion of the control signals shown in FIG. 8.

FiGs. 10A to 10D illustrate the operation of the switching elements S1 to 54 of
FIG. 4 for the portion of the control signals shown in FIG. 8, according fo one
embodiment.

FIG. 11 is an enlarged view of a second portion of the contrel signals shown in
FIG. 7.

FIG. 12 shows the current and voltage signals of thel load RL of the converter of
FIG. 4 for the second portion of the conirol signals shown in FIG, 11.

FiGs. 13A to 13D illustrate the operation of the swiilching elements S1 to 54 of
FIG. 4 for the pottion of the control signals shown in FIG. 11, according to one
embodiment.

FIG. 14 shows the current and voltage signals of the lload RL of the converter of
FIG. 4 when filtered by a low-pass filter at a 5witciwing frequency of 480 Hz,
according to one embodiment.

-13-
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FIG. 15 shows the current and voltage signals of the load RL of the converter of
FIG. 4 when filtered by a low-pass filter at a switching frequency of 20 kHz,
according to one embodiment.

FiGs. 16 and 17 illustrate the general principles of the losses of a switching
element.

FIG. 18 shows the general topology of a mono-phase dual switching frequency
hybrid power converter according to an embodiment|of the invention.

FiG. 19 illustrates the principle of the control of the switching elements of the
converter of FIG. 18, according to one embodiment.

FIG. 20 shows a three-phase dual swiiching frequency hybrid power converter
according to an embodiment of the invention.

FIG. 21 shows reference signals used to produce conirol signals operating
switching elements 51 and S4 of FIG. 18, according to one embodiment.

FIG. 22 shows reference signals used to produce control sighals operating
switching elements 82 and 83 of FIG. 18, according to one embodiment.

FIG. 23 shows control signals operating switching elements S1 to S4 of FIG. 18,
according to one embodiment.

FIG. 24A 1o 24D illustrates a sequence of the conirdl of the switching elernents
51 to 54 of the converter of FIG. 18, according to one/embodiment.

FIG. 25 illustrates the overall losses for different configurations of a three-phase
converter for a switching frequency of 20 kHz.

FIG. 26 illusirates the overail losses for different configurations of a three-phase
converter for a swilching frequency of 200 kHz.

14 -
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FIG. 27 shows a mono-phase dual switching frequency hybrid power converter
according to another embodiment of the invention.

FIG. 28 illustrates the voltage and the current across the load shown in FIG. 27.

FIG. 29A and 28B show a portion of a sequence;ﬁfor controlling the switching
elerments of the converter of FIG. 27, according to one embodiment.

FIG. 30 illustrates the current across an inductive load, according to one
embodiment.

FIG. 31A and 31B show a portion of a sequence for controlling the switching
elements of the converter of FIG. 27, according to another ernbodiment,

FIG. 32 shows control signais operating switching eléments £1 to 84 of FIG. 27,
according to one embodiment,

FIG. 33 iliusirated a three-phase power converter, according to one embodiment.

FIG. 34A and 34B are tables showing the overall.losses for a typical power
converter and a dual switching frequency hybrid power converier, according to
one embodiment.

FIG. 35 is a flow chart illustrating an embodimenlft of a method for voltage
conversion between a first alement and a second element.

Further details of the invention and its advantages!will be apparent from the
detailed description included below.

DETAILED DESCRIPTION

In the following description of the embodiments, referénces to the accompanying
drawings are by way of illustration of an example by which the invention may be

T
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practiced. It will be understood that other embodiiments may be made without
departing from the scope of the invention disclosed.

As previously described, the power converters of lthe prior art generally use a
single type of switching elements for effecting the power conversion, Switching
elements presenting low conduction losses such as the IGBTs however present
a low commutation speed and high commutation 'flnsses. On the other hand,
switching elements presenting low commutation losses such as the MOSFETs
however present high conduction losses.

Moreover, as known to the skilled addressee, each df the IGBT and the MOSFET
may be provided with an integrated anti-parallei diodé. While the diode integrated
to an IGBT generally presents a fast operating speed, the diode integrated to a
MOSFET has a much more lower operating speed.

According to one embodiment, a hybrid converler is disclosed which uses two
different types of switching elements and wherein each type of switching element
is used in an optimal configuration to reduce the 6verau output losses of the
converter.

Referring to FIG. 18, there is shown a mono-phasée dual switching frequency
hybrid power converter according to an embodirhent of the invention. As
illustrated, the converter uses two different types of switching elements: a first
switching element having low conduction losses such as an IGBT and a second
switching element having low commutation losses sm;:h as a MOSFET. The load
is a resistive load.

Throughout the present description, exemplary émbodiments of the dual
switching frequency hybrid power converter will be dél.-scribed with IGBTs as the
first switching elements and MOSFETs as the second lswitching elements but the
skilled addressee will appreciale that other arrangemé;nts may be considered, as
long as the first switching elements have suitable low conduction losses and the

-16 -
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second switching elements have suitable low commutation losses. For non-
limitative examples, thyristors, GTO, IGCT, MCT or'i specific types of MOSFETS
presenting low conduction losses may be used for! the first switching elements.
Moreover, specific fast [GBTs may be used for the second switching elements.

As it will be more clearly detailed below, the MOSF éTs, i.e. the second switching
clements, are switched at a high frequency since they are fast and present low
commutation losses while the IGBTs are switched dt a low frequency since they
are much slower. Moreaver, in order o reduce even more the overall losses of
the converter, the IGETs, which have low conductior{ losses, are used more often
than the MOSFETSs, ie. they are more often in a conduction state than the
MQSFETSs, as shown in FIG. 19 and detailed below. ‘

Moreover, in one embodiment, for example in the caée the load is a resistive load
only, the anti-parailel diodes that are generally integrated to the MOSFETs are
not used, which is of great advantage since they are slow and dissipative when
switched at a high frequency. As it will be more cieatly understood upon reading
of the present‘ description, the described topolbgy becomes even maore
advantageous when a plurality of MOSFETs is connected in a parallel
relationship to provide more current power.

The skilled addressee will appreciate that this particular arrangement enables to
greatly reduce the output losses of the converter while providing a high switching
frequency. This high switching frequency enables ito reduce the size of the
passive components (the capacity and the inductor in the embodiment illustrated
in FIG. 4) and the overall cost of the converter, wthich is of great advantage,
particularly in the case where the power converter is provided on a printed circuit
board.

The dual switching frequency hybrid power converter will now be described with
reference to FIG. 18 which shows a mono-phase converter but the skilled
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addressee will appreciate that three phase and rrﬁulti—phase power converters
may be provided according to the principles described herein, as further
described thereinafter with reference to FiG. 20,

Referring ta FIG3. 18, there is shown a dual swithEning frequency hybrid power
converter adapted to be connecied beftween a ﬁirst element and a second
element for voltage conversion, i.e. a DC element and an AC element in the
ilustrated case. In the illustrated case, the converteﬁ is used for converting a DC
voltage to an AC voltage but it should be understooq that conversion from an AC
source {o a DC source may also be perdformed, as wgll as a DC to DC conversion
or even an AC to AC conversion, as detailed thereinafter.

The dual switching frequency hybrid power converier comprises a first leg
electrically connected to the DC element, a DC power source in the illustrated
case. The first leg comprises a high side switch ard a low side switch serially
connected. The high side switch comprises a seledted one of a first switching
element having low conduction losses and a secon[d switching element having
low commutation losses. In the illustrated embodim'gnt, the high side switch of
the first leg comprises an |GBT. '

The low side switch comprises the remaining of a first switching element having
low conduction losses and a second switching eleme',nt having low commutation
losses. In the illustrated case, the low side switch of the first leg comprises a
MOSFET since an IGBT has heen selected for the bigh side switch of the first
leg. The skilled addressee will nevertheless apbreciate that an inveried
configuration may be selected.

The first leg further comprises an anti-paraliel diode ioperatively connected in a
parallel relationship with the IGBT. In one embodim])ent. the anti-parallel diode
may be integrated to the IGBT but the skilled addre&see will appreclate that a
diode not integrated with the IGBT may be alternativelﬁlr used. |
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The dual switching frequency hybrid power converter comprises a second leg
electrically connected to the DC source in a parallel%relationship with the first leg.
The second leg comprises a high side switch and a low side switch serially
connected. The high side switch comprises a seletted one of a first switching
element having low conduction losses and a second switching element having
low commutation iosses corresponding to the one selected for the high side
switch of the first leg. In other words, the selection of the type of swilching
elements that is made for the second leg depends on the selection used for the
first leg. In the illustrated case, the high side switch of the second leg comprises
an IGBT since the high side switch of the first leg cormprizses an IGBT.

The low side switch of the second leg comprises the remaining of a first switching
element having low conduction losses and a second switching element having
low commutation losses. In the iflustrated case, the low side switch of the second
leg comprises a MOSFET since an IGBT has been selected for the high side
switch of the second leg.

The second leg further comprises an anti-parallel dioﬁe operatively connecled in
a parallel relationship with the IGBT. In one embodiﬁ‘nent. the anti-parallel diode
may be infegrated to the IGBT but the skilled addressee will appreciate that a
diode not integrated with the IGBT may be used,

As it will be more clearly detailed below, each of thé first switching elements is
operated at a low fundamental frequency and each of the second switching
elements is operated at a high frequency greater fthan the low fundamental
frequency. |

In one embodiment, the low fundamental frequency is comprised between 1 Hz
and 1000 Hz. In a further embodiment, the low fundamental frequency is 60 Hz
while in another embodiment, the low fundamental frequency is 50 Hz.
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in one embodiment, the high frequency is comprised between 1 kHz and 1 MHz
although greater values may also be considered for a given application.

The skilled addressee will appreciate that varii;:us arrangements may be
envisaged for the low fundamental frequency and thie high frequency, as fong as
the two frequencies are distinct enough.

FIG. 19 illustrates the general principle of the iswitching of the switching
elements,

Referring to FIGs. 21 to 23, an exemplary embodiment of the control signals
used to operate the switching elements 51 to 84 of H;ig. 18 will be described. The
skilled addressee will appreciate that each of these :contml sighals is electrically
connected to the gate of the corresponding switching element to command a
conducting state or a blocked state thereof.

In the illustrated embodiment, as shown in FIG. 21', a sinusoidal reference is
compared with a triangular carrier signal to produce the low-side control signals.
When the sinusoidal reference is greater than the carrier signal, the control signal
for the switching element 54 is high and when the si:nusoidal reference is lower
than the carrier signal, the control signal for the switching element S4 is low, The
control signal for the switching element S1 is high whien the sinusoidal reference
is positive while it is low when the sinusoidal refefence is negative. In other
words, the switching elerent 81 is operated af the sé}me low frequency than the
sinugoidal reference while the switching element S4 is operated at a greater
frequency. |

FIG. 22 shows the generation of the control signal forithe switching elements 52
and 83. As illustrated, the sinusoidal reference usediin FIG. 21 is inverted and
compared to the same triangular carrier signal. When ithe sinusoidal reference is
greater than the carrier signal, the control sighal for tli}le switching element 83 is
high and when the sinusoidal reference is lower than the carrier signal, the
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control signal for the switching element 33 is tow. The control signal for the
switching element 82 is high when the sinusoidal réference is positive while it is
low when the sinusoidal reference is negative. In other words, the switching
element S2 is operated at the same low frequency than the sinusoidal reference
while the switching element $3 is operated at a greafer frequency.

As better shown in FIG. 23, a single one of the higﬁ side switching elements S1
and 52 is activated at the same time. Moreover, 4 single one of the low side
switching elements S3 and $4 is activated at the%same time. Furthermore, a
single one of the switching elements of the same ileg is also activated at the
same fime.

In saction A of FIG. 23, it can be seen that the control sighal for the switching
element 51 is high while the control signal for the switching element S4 is
alternatively switched between a low state and a high state. The control signals
for $2 and S3 are low so that S2 and S3 do not conduct. When both control
signals for S1 and S4 are high, the load is conneti:ted to the DC voltage, as
shown in FIG. 24A, so that the current therein is increasing.

When 84 is turned OFF, the current of the load runs through D2 and 51, as
shown in FIG. 24B, so that the current slightly decreases. This sequence is
operated as lang as $1 is in its high state, '

In section B of FIG. 23, it can be seen that the control signal for the switching
element 52 is high while the control signal for the swiiching element S3 is
alternatively switched between a low state and a higb state. The control signals
for 51 and 54 are low so that §1 and $4 do not conduct. When both control
signals for 82 and $3 are high, the load is connected to the DC voltage, as
shown in FIG. 24C, so that the current therein is incredsing.
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When S3 is turned OFF, the current of the load ﬂuns through D1 and $2, as
shown in FIG. 24D, so that the current slightly decreases. This sequence is
operated as long as S2 is in its high state.

Then, §1 and 54 are used again, as in section A.

The skilled addressee will appreciate that this embodiment of an operating
sequence enables fo not use the diocde of the MOSFETs, which if of great
advantage, as previously explained.

The skilled addressee will appreciate that the %bove described operating
sequence of the switching elements is suitable for tHe cases wherein the Joad is
a resistive load. However, the skilled addresses v{:ill also appreciate that the
described sequence may not be suitable for a c.apacikive or an inductive load, i.e.
the power factor of the load is lower than 1.

Indeed, referring to FIG. 27, according to the principllb of the invention, when the
voltage and the current across the load are both pbsitive. S1, 84 and D2 are
activated, 54 enables the modulation. When 54 ig stopped, D2 becomes active
and enables a free wheel operation therethrough. ![When the voltage and the
current across the load are both positive, S2, Sséand D1 are activated, $3
enables the modulation. When 83 is stopped, D1 bedomes active and enables a
free wheel operation therethrough.

As shown in FIG. 28, in the case where the load s a capacitive load or an
inductive load, there is a phase difference between ﬂ:he voltage and the current
across the load. The operating sequence of the piower converter should be
adapted to this particular case.

indeed, when the voltage becomes negative but theicurrent is still positive, 51
and 84 stop. Because of the voltage across the load, D2 and D3 conduct, as
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iNustrated in F1G. 29A. Since D2 and D3 conduct, S? and S3 cannot be activated
and the operating sequence for converting the voltage cannot be performed.

Similarly, when the voltage becomes positive but tht':a current is still negative, D1
and D4 conduct and prevent the activation of $1 and 54, as illustrated in FIG.
298. in this case, one can not modulate the volt:age of the load in order to
provide a sinusoidal current. Indeed, as ilustrated !iin FIG. 30, this phenhomena
will create a distortion of the cumrent, which is unacceptable for given
applications.

Referring now to FIG. 31A and 31B, in order to overcome this issue, D1 and D2
may be blocked to prevent their conduction acccrdinig to a given sequence. This
enables a sinusoidal modulation of the current, which is of great advantage.

For example, in one embodiment, when the voitage becomes negative but the
current is still positive, S4 is triggered in order to blodk D2. If D2 and D3 conduct,
the current decreases linearly in a fast manner. Of the contrary, when 54 is
triggered, D2 becomes blocked and the current across the load still decreases,
but more slowly. Thus, it becomes possible to modllllate the current across the
load with the control signals controlling 84, In this rrl,lanner, a sinusoidal current
may be obtained.

in this embodiment, the control signal controliing S4 is similar to the inverted
conirol signal controlling S3, as previously detailed for the case of a resistive
inad. FIG. 32 illustrates the control signal for 81 to: §4 for the case of a load
which is not a resistive one.

White the operating sequence of the switching elements has been described for
a mono-phase converter, the skilled addressee will@ appreciate that it can be
adapted for a three-phase or any multi-phase convérter. Moreover, the skilled
addressee will also appreciate that a voltage conversfon from an AC source to a
DC source may also be implemented.
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In one embodirment, the dual switching frequency hybrid power converter further
comprises a third leg electrically connected to thé first element in a parallel
relationship with the first leg and the second leg. The third leg comprises a high
side switch and a low side switch serially conngcted, the high side switch
comprising a selected one of a first switching eleﬁﬁent having low conduction
losses and a second switching element having low commutation losses
corresponding to the one selected for the high sid{e switch of the first leg, as
previously detailed. The low side switch comprises the remaining of a first
switching element having low conduction losses and ja second switching element
having low commutation losses. The third leg further comprises an anti-paraliel
diode operatively connected in a parallel relationsbip with the first switching
element, thereby providing a three phase power convéerter.

FIG. 20 illustrates a three-phase converter comprising a third leg wherein a
plurality of elementary switching elements of the; same type is connected
together in a parallel relationship in order o enable more current in each of the
semi-legs of the converter. This arrangement is of great advantage for reducing
output losses of the converter since the diode of the I‘JlOSFETs are still not used.

The above-described topology has been tested and validated with simulation
tools, as better shown in FIGs. 25 and 26. FIG, 25 iélustrates the overall losses
for different configurations of a three-phase convene'r for a switching frequency
of 20 kHz while FIG. 26 illustrates the overall losses for different configurations of
a three-phase converter for a switching frequency of ébO kHz. FIG. 25 shows that
the overall losses of a converter may be reduced by a factor 4 when using a
configuration similar to the one described above at a switching frequency of 20
kHz. FIG. 26 shows that the overall losses of a converter may be even more
reduced when using a configuration similar to the one described above af a
switching frequency of 200 kHz.
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Referring now to FIG. 33, there is shown another embodiment of a three-phase
dual switching fregquency hybrid power converter fbr a three-phase load. The
three-phase power converter comprises a first, 4 second and a third dual
switching frequency hybrid power converter as pre\!riously defined, Each of the
first, second and third power converter is oﬁ,eratively connected fo a
corresponding phase of the three-phase load. Although three DC power sources
are shown, it should be mentioned that a single DC ‘:power source may be used.
The neutral conductor of the load is operatively corinected to each of the three
power converter, as illustrated.

The embodiment shown in FIG. 33 is of great advantage with respect to the
typical power converters of the art. indeed, with thié;. embodiment, the required
DC voltage may be lower than in the case of 2 typicaﬂ power converter in order to
generate a given output voltage. For example, a DC wvoltage of 490V is required
to generate an output voliage of 347V between one of the phases and the neutral
conductor. With a three-phase power converter of the prior art having three legs,
a DC voltage of 848V is required in order to provide Ethe same output voltage of

347V.

The above disclosed embodiment is of great advantage since it enables to
greatly reduce the overall losses of the power comr;erter. Indeed, the required
switching elements may have a reduced size sinc'}e they are adapted for a
reduced voltage. These swiitching elements may thus @be faster, thereby reducing
the losses associated to the commutation time. Morebver, since the DC voltage
is reduced, the commutation losses may also be reduged.

FIG. 34A and 34B show the overall losses simulajed for a power converter
according to the inventiuh and a typical power converter respectively. The
simulation has been made for an output power of 200 kW with a power factor of
0.8, a voltage of 347 V beiween a phase and the neuttal conductor and a current
of 240 Arms with a DC power source of 570 V.
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With a typical power converter, there are three IGBTS mounted in parallel for
each switching element, for a total of 18 IGBTs. The, used switching frequency is
20 kHz. FIG. 34A shows the losses. The switchin'g glements have a reduced
speed since they are adapted for a high voltage, i.e. the DC bus is at 1000 V.
This increases the losses.

FIG. 34A shows the losses with a three phase powel converter comprising three
mono-phase power converter according to the invenition. The high-side switches
are operated at a low fundamental frequency of 60 Hz. Each mono-phase power
converter comprises 12 IGBTs, thus the three-phase: power converter comprises
36 IGBTs.

The switching elements have been chosen to support two times the voltage of
the DC source. One can see that the commutation losses are greatly lowered
with respect to the typical power converter, which is o{‘ great advantage.

t

The conduction losses are however greater since more switching elements
conduct at the same time. The skilled addressee will r!]evertheless appreciate that
the overall losses are reduced by a factor of 3.5 with respect to a typical power
converter,

The skilled addressee will appreciate that the dual Ewitching frequency hybrid
power converter as previously defined may be used far converting an AC voliage
into a DC voltage or for converting a DC voltage intol an AC voltage or even for
converting an AC voltage into another AC voliage. As previously mentioned, a
conversion from a DC voltage to another DC voltagé may als¢ be considered.
The conversion is done between a first element and a second element. The first
element and the second element being a DC voltage source and a DG load.

According to another aspect, there is also provided a method for voltage
conversion between a first element and a second element, as illustrated in FIG.
35. ’
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At processing step 3510, a dual switching frequency hybrid power converter as
previously defined is provided.

At processing step 3520, the dual switching frequenty hybrid power converter is
opearatively connected betweaen the first element and the second element.

At processing step 3530, a plurality of control signejls is generated, each being
adapted for controiling a corresponding one of the sv&itching elements.

At processing step 3540, the control signals are abplied to the corresponding
awitching elements to thereby enable the voltage c;@onversion between the first
element and the second element.

Although the above description relates o specific |preferred embodiments as
presently contemplated by the inveniors, it will be ur:;nderstood that the invention
in its broad aspect includes functional equivalents lof the elements described
herein. For example, throughout the present describtion and in the illustrating
Figures, the selected high side switching element§ comprise IGBTs and the
selected low side switching elements comprise MOSFETs. The skilled addressee
will appreciate that the IGBTs may be used for the Iow side switching elements
while the MOSFETS may be used for the high side gwitching clements, as Iong
as the operating sequence thereof is adapted to use each type of switching
elements in its optimal frequency range, as detailed above.

- 27 -
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What is claimed Is:

1. A dual switching frequency hybrid power' converter adapted to be
cohnected between a first element and a second element for voltage conversion,
said dual switching frequency hybrid power converter comprising:

a first leg electrically connected to the first element, said first leg
comprising a high side switch and a low side switch iserially connected, the high
side switch comprising a selected one of a first switching element having low
conduction losses and a second switching elemer’:at having low commutation
losses and the low side switch comprising the rerhaining of a first switching
element havihg low conduction losses and a second switching element having
low commutation logses, said first leqg further compﬁsing an anti-parallel diode
operatively connected in a paraliel rel{ationship with ;‘the first switching element;

and

a second leg electrically connected to the frirst element in a parallel
relationship with the first leg, said second leg comprising 2 high side switch and a
low side switch serially connected, thé high side switch comprising a selected
one of a first switching element havihg low condu&tion losses and a second
switching element having low cnmmdtation losses corresponding to the one
selected for the high side switch ofl the first legiand the low side switch
comprising the remaining of a first switching element having fow conduction
losses and a second switching element having low' commutation losses, said
second leg further comprising an anti-parallel diode operatively connected in a
parallel relationship with the first switchihg element;

wherein each of the first switching elements is operated at a low fundamental
frequency and each of the second switching e!emehts is operated at a high
frequency greater than the low fundamental frequency ?for enabling a bidirectional
voltage conversion between the first element and the sacond element.
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2. The dual switching frequency hybrid power cdpverter according to claim 1,
wherein each of said first switching elements compriées af least one IGBT.

3. The dual switching frequency hybrid power coinverter according to claim 1,
wherein each of said first switching elements is selected from a group consisting
of a thyristor, a8 GTO, an IGCT and a MCT.

4, The dual swilching frequency hybrid power coriwerter according to any one
of claims 1 1o 3, wherein each of said second switching elements cornprises at
least one of a MOSFET and a fast IGBT.

5 The dual switching frequency hybrid power converter according to any one
of claims 1 to 4, wherein each of said first switc:Hing elements comprises a
plurality of switching devices connected in parallel.

6. The dual switching frequency hybrid power converter according to any one
of claims 1 to 5, wherein each of said second swﬂching elements comprises a
plurality of switching devices connected in parallel.

7. The dual switching frequency hybrid power converter according to any one
of claims 1 to 6, wherein the anti-parallel diode is integrated with the first
switching element.

8. The dual switching frequency hybrid power converter according to any one
of claims 1 to 7, wherein each of said first leg and second leg comprises an
additional anti~parallel diode operatively connected in:a parallel relationship with
the corresponding second swilching element.

= The dual switching frequency hybrid power c:om:ierter according to any one
of claims 1 to 8, further comprising a third leg elactriéially connected to the first
element in a parallel relationship with the first leg and! the second leg, said third
leg comprising a high side switch and a low side switch serially connected, the
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high side switch comprising a selected one of a firlst switching element having
low conduction losses and a second switching elem}ent having low commutation
losses coresponding o the one selected for the hidh side switch of the first leg
and the low side switch comprising the remaining iof a first switching element
having low conduction losses and a second switching element having low
commutation losses, said third leg further comprising an anti-parallel diode
operatively connected in a parallel 'relationship with!the first switching element,
thereby providing a three phase power converter,

10.  The dual switching frequency hybrid power converter according to any one
of claims 1 to 9, wherein said low fundamental frequency is comprised between 1
Hz and 1000 Hz.

11. The dual switching frequency hybrid power converter according to claim
10, wherein said jow fundamental frequency is 60 Hz.

12.  The dual switching frequency hybrid power converter according to claim
10, wherein said low fundamental frequency is 50 Hz.

13.  The dual switching frequency hybrid power converter according to any one
of claims 1 to 12, wherein said high frequency is comprised between 1 kHz and 1
MHz.

14,  The dual switching frequency hybrid power converter according to any one
of claims 1 to 13, further comprising a control unit conirolling a plurality of control
signals, each of said control signals controlling operation of a corresponding one
of the switching elements.

15.  The dual switching frequency hybrid power converter according to any one
of ¢laims 1 to 14, wherein the first element comprises a DC element.
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16.  The dual switching frequency hybrid power cohverter according to any one
of claims 1 to 15, wherein the second slement comprises an AC element.

17. A three-phase dual switching frequency hybrid power converter for a
three-phase load, said three-phase power convertericomprising a first, a second
and a third dual switching frequency hybrid power converter as defined in any
one of claims 1 to 8 and 10 {o 16, each being bperatively conhnected to a
coiresponding phase of the three-phase load.

18.  Use of the dual switching frequency hybrid power converter as defined in
any one of claims 1 to 17 for converting an AC voltage into a DC voltage.

19.  Use of the dual switching frequency hybrid power converter as defined in
any one of claims 1 to 17 for converting a DC voltage into an AC voltage.

20. Use of the dual switching frequency hybrid power converter as defined in
any one of claims 1 to 17 for converting an AC voltage into another AC voltage.

21,  Use of the dual swiiching frequency hybrid po?ver converter as defined in
any one of claims 1 to 17 for converting a DC voltage into another DC voltage.

22. A method for voltage conversion between a first element and a second
element, said method comprising:

providing a dual switching frequency hybrid power converter as defined in
any one of claims 1to 17;

operatively connecting the dual switching :frequency hybrid power
converter between the first element and the second element;

generating a plurality of contro! signals, each being adapted for controlling
a corresponding one of the switching elemenis; and
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applying the control signals to the corresponding switching elements to
thereby enable said voltage conversion between the first element and the second
element.
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FIG. 34A
Three-phase H-Bridge Inverter Units
Switches APTGTS50A170T1G (1700V)
Switching losses (IGBT + diode) 8546 w
Conduction losses (IGBT + diode) 1555 w
Total losses 10100 w
FIG. 34B
Monophase Hybrid Inverter (X3) Unités
Hi-Side switches APT150GN120JFQ4 (1200V)
Low-side switches APT45GP120JFQ2 (1200V)
Switching losses (IGBT + diode) 1013 W
Conduction losses (IGBT + diode) 1854 W
Total losses 2867 w
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