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s ASELF-BALANCED MODULATION AND MAGNETIC
REBALANCING METHOD FOR PARALLEL
MULTILEVEL INVERTERS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is a continuation of and claims priority to U.3. Non-Provisional Application
10 No. 15/297,828, entitled “A SELF-BALANCED MOBDULATION AND MAGNETIC

REBALANCING METHOD FOR PARALLEL MULTILEVEL INVERTERS®, filed October

19, 2016, which claims priority to U.S. Provisional Patent Application No. 62/325,803,

entitled, “A Self-Balanced Modulgtion and Magnetic Rebalancing Method for Parallel

Mutltitevel Inverters”, filed on April 21, 2016, which is hereby incorporated by reference
i5 into this disclosure.

GOVERNMENT INTEREST STATEMENT

This invention was made with government support under DE-EEQO08521 awarded by the

Department of Energy. The government has certain rights in the invention.
FIELD OF THE INVENTION

20 This invention relates fo a modulation method in combination with a control method. In
particular, the invention relates {0 a seli-balanced modulation method and a magnetic flux

rebalancing conirol method for parallel multilevel inverters.
BACKGROUND OF THE INVENTION

A power inverter which can provide sinusoidal voltage or cuirent is the key apparatus in
25 the field of electrical machine drive and utility interface, such as in renewable energy
generation systems and energy storage power conditioning systems. To achieve a higher
power rating, each phase of the inverter may be consiructed of paralleled phase legs. If
two paralieled legs are connecied to an output terminal by a magnetic coupling device,
such as an “inter-phase transformer”, or a “multibwinding autotransformer”, or an “inter
30 phase inductor”, the output terminal of each phase will have a multilevel staircase
waveform, which is closer to the desired sinusoidal waveform. Therefore, the inverier will
require smaller magnetic componenis while still providing the benefit of higher dynamic

response.

A magnetic coupling device between the paralleled legs of the inverter is commonly
35 referred to as an “inter-cell transformer” (ICT). Additionally, an inverter that has mufliple
phase legs coupled with inier-cell transformers (ICTs) is commonly referred 16 as &

“paralle! multilevel inverier”,
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At least two categories of paraliel multilevel inverters are known in the arl. The first
category is a parallet five-level (P5L) inverter, as shown in Fig. 1. And the second

category is a parallel seven-level (P7L) inverter, as shown in Fig. 2.

Both P5L and P7L inverters can be constructed with either NPC (Neutral Point Clamped)
phase iegs as shown in Fig. 3A or T-type phase legs, as shown in Fig. 3B. The
conventional modulation method for P5L and P7L inveriers is to inlerleave the carrier
waveiforms of each phase leg. As shown in Fig. 4, to interleave the carrier waveforms in a
P5L inverter, one set of carriers in a phase leg is shifted by 180 degrees from the other
set of carriers in the same phase. In a P7L, the shifted angle among three phase legs in
the same phase is 120 degrees. The benefit of this carrier-interieaved modulation is that it
can achieve multilevel outpuls and magnetic flux balancing for ICTs, simuliansously.
Under carrier-interleaved modulation, the volt-seconds applied to ICTs is naturally
balanced within a switching pericd. This is an important feature because windings of an
ICT are usually strongly coupled, if the volt-seconds applied to an ICT is unbalanced, the

magnetic core of the ICT may quickly be saturated, resulting in an over current faull,

Howsever, the problem with camierinterleaved modulation is that i also limils the
possibility of optimizing the output voltage spectrum. A better optimization of the cuiput
voltage spectrum can benefit the design of the inverer in various aspects including:
cutput filler size reduction, ground leakage current suppression and EM noise

attenuation.

In a five-level (PSL) carrier based pulse-width-modulation (PVWA), there are carier
disposition methods, namely PD  {Phase Disposition), POD (Phase Opposition
Disposition) and APCD (Alernate Phase Disposition). Each carrier disposition method
generates a unigue voltage spectrum. In engineering practice, each voltage spectrum
provides advantages for specific applications. However, in a P5L PWM created by
interleaving two sets of three-level (BL) carriers, which is commonly used in conventional
PEL Inverters, no matier how the carriers are disposed, the final output waveforms all

have the same voltage spectrum.

Another related aspsct is the closed-loop magnetic flux balancing issue for parallel
multilevel inverters. Although wvolt-seconds applied on the ICT are balanced in the
modulation, closed-loop balancing is still needed {0 deal with iransient events and
parameter unbalances. In the prior ant, based on carrier interleaved modulation, closed-
loop balancing is achieved by sampling the differential current within one phase and
feeding it back into a circulating current control loop that controls the difference in
modulation waveforms between phase legs within one phase. As this method doesn't

control the exact switching time, the control bandwidth should be much lower than the
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switching frequency to avoid interfering with the output waveform. Therefore, this method
is able to control static or slow rate unbalance. As such, the prior art method doesnt have
effective control during fast dynamics. As a result, additional design margin has o be

reserved for the ICTs.

Accordingly, what is needed in the art is a modulation method for parallel multilevel
inverters that allows optimization of the output vollage spectrum while still maintaining
balanced volt-seconds applied on the inter-cell transformers. it is also important thai the
modulation method provide access to fast magnetic flux rebalancing control.

SUMMARY OF THE INVENTION

in various embodiments, the present invention provides a finite state machine (FSM)
based modulation method for parallel multi-level inveriers. In the present invention, a
modulation waveform is fed inte a comparator 1o compare with carrier waveforms. A
digitized ideal waveform is then generated and the digitized ideal waveform is then fed
into a finite state machineg (FSM) module io generate a switching pattern for each switch

of the paraliel multi-level inverter.

in the present invention, the generation of the digitized ideal waveform is not topology-
related, and as such, any carrier based pulse-width modulation (PYWM) is allowed,
including, but not limited to, PD (Phase Disposition), POD (Phase QOpposition Disposition)
and APOD (Alternate Phase Disposition) and interieaved.

in one embodiment, the present invention provides a parallel mulli-level inverier
modulator which includes, a multi-channel comparator {o generate a multiplexed digitized
ideal waveform for a parallel multi-level inverier and a finite slate machine (FSM) module
coupled to the paraliel multi-channel comparator, the FSM module to receive the
multiplexed digitized ideal waveform and {o generate a pulse width modulated gate-drive
signal for each switching device of the paraliel multi-level inverter. The multi-channel
comparator may further include, a pre-processing module to receive a reference
waveform and to generate a plurality of modified reference waveforms, a plurality of
comparators coupled to the pre-processing module, sach of the plurality of comparators
o receive one of the plurality of modified reference waveforms, to compare the modified
reference waveform 1o a triangular or saw iocth waveform and to generate an oulput
signal and a level encoder coupled to the plurality of comparators, the level encoder to
receive the output signal from each of the comparators and 1o generate the multiplexed
digitized ideal waveform comprising an instantaneous level number for gach level of the

parailel multi-level inverier.

The present invention additionally includes a magnetic balancing method that is

incorporated into the state transaction rules of the FSM. The present invention includes,
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a closed-loop rebalancing control module coupled io the FSM module, wherein the
ciosed-loop rebalancing control module includes at least one differential cuirent sensor
for measuring a differential current between two phase legs of the paraliel multi-level
inverier and circuitry for adjusting a ratio between oppuosite swilching state pairs of the
two phase legs of the parallel multi-level inverter based upon the differential current

between the two phase legs of the parailel multi-level inverter.

in an additional embodiment, the present inveniion provides a modulation system
including a reference waveform generator and a parallel multi-level inverier modulator
coupled to the reference waveform generator. The moduiator additionally includes a multi-
channel comparaior to generale a mulliplexed digitized ideal waveform for a paraliel
multi-level inverier and a finite state maching (FSM} module coupled to the paraliel multi-
channel comparator, the FSM module 1o receive the multiplexed digitized ideal waveform
and {0 generate a pulse width modulated gate-drive signal for each switching device of
the parallel multi-level inverter. The modulation system may also include a closed-loop

rebalancing control module coupled to the FSM module.

In another embodiment, the present invention provides for a modulation method for a
paraliel multilevel inverter, which includes, receiving a reference waveform at a multi-
channel comparator of a parallel multi-level inverter modulator, generating a mutltiplexed
digitized ideal waveform at the multi-channel comparator for each level of g paralle! multi-
level inverter associated with the parailel multi-level inverter modulator, receiving the
multiplexed digitized ideal waveform at a finite state machine (FSM)} module of the parallel
mutlti-level inverter modulator and generating a pulse width modulated gate-drive signal

for each switching device of the parallel multi-level inverter.

To rebalancing the magnetic flux of the inverier, the method may further include,
measuring a differential current between two phase legs of the parallel multi-level inverter
adjusting a ratio between opposite switching stale pairs of the two phase legs of the
parallel multi-level inverier based upon the differential current between the two phase
legs of the paraliel multi-level inverier to rebalance a magnetic flux of the parallel mulli-
level inverter. As such, the magnetic flux rebalancing method is realized by utilizing
redundant swilching states in the FSM. The redundant switching siates are the most
effective states to rebalance magnetic flux, therefore they can always balance the
magnetic flux in less than half of the swifching period. Also because these fwo switching

states are redundant states, using them will not influence the output voltage waveform.

The present invention can be implemented to minimize ground leakage current or
minimize the reguirement for ground leakage current choke, to decrease the peak of

common-mode vollage, to decrease the size or weight of common-mode fillers, o
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decrease the size or weight of differential mode filters, to decrease the size or weight of
inter-cell transformers {CTs) and o decrease power 10ss on the magnetic components. |t

shouid be noted that above improvements need not be achieved simultaneously.

As such, the various embodiments of the present invention provide an improved
modulation method for parallel muliilevel inverters that allows for optimization of the
output voltage spectrum while still maintaining balanced volt-seconds applied on the inter-
cell transformers. The modulation method provide also provides for a fasi magnetic flux

rebalancing control.
BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a circuit schematic of a three-phase P5L inverier known in the prior art consisting
of three two-winding inter-cell transformers, wherein each inter-cell transformer is fed with

fwo phase legs.

Fig. 2 is a circuit schematic of a three-phase P7L inverier known in the prior art consisting
of three three-winding inter-cell fransformers, wherein each inter-cell transformer is fed

with three phase legs.

Fig. 3A is a circult schematic of one phase of a PSL inverter known in the prior art having

NPC phase legs.

Fig. 3B is a circuit schematic of one phase of a PSL inverier known in the prior art having
T-iype phase legs.

Fig. 4 is a block diagram illustrating the conventional carrier-interleaved modulation

known in the prior art.

Fig. 5 is a block diagram illustrating the structure of the paraliel multi-phase inverter
modulation system, in accordance with an embodiment of the present invention.

Fig. 8 is a block diagram illustrating the muilti-channel comparator of the paraliel multi-
phase inverter modulation system, in accordance with an embodiment of the present

invention.

Fig. 7 is a block diagram illustrating the finite state machine (FSM) for PSL inverters, in

accordance with an embodiment of the present invention.

Fig. 8 is a block diagram iHustrating an embodiment of the closed loop magnetic flux
rebalancing control for P5L inverier in accordance with an embodiment of the present

invention.

Fig. 8 is a diagram illustrating the update method for the modulation wave 1o achieve
minimum magnetic flux fluctuation, in accordance with an embodiment of the present

invention.

n
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Fig. 10 is a block diagram illustrating the FSM for P7L inverters, in accordance with an

embodiment of the present invention.

Fig. 11 is a block diagram illusirating the closed loop magnetic flux rebalancing control for

P7L inverter, in accordance with an embodiment of the present invention,
DETAKLED DESCRIPTION OF THE INVENTION

In various embodiments, the present invention provides a method for self-balanced
modulation and a closed-loop magnetic flux rebalancing conirol method for parallel
multilevel inverters, including, but not limited to, parallel five-level (P5L) inverlers and
parallel seven-level (P7L) inveriers. In combination, the methods provided by the present
invention can guaraniee that the magnetic flux of each of the inter-cell transformers
(CTs) in the parallel multilevel inverters are always balanced, without deleriorating the
output voltage quality. More importantly, the present invention also allows optimization of
the output voltage spectrum, which cannot be achieved using conventional methods

currently known in the art, without altering the magnetic balancing.

An exemnplary embodiment of the present invention is shown with reference {o Fig. 5. As
shown in Fig. 5, the parallel multi-level inverier modulator 100 of the present invention
includes a multi-channel comparator 110 and a finile state machine (FSM) module 120.
The mulii-channel comparator 118 is coupled a reference waveform generator 108, The
multi-channel comparator 110 receives a reference waveform from the reference
waveiorm generator 105 and the multi-channel comparator 110 includes circuitry and/or a
software implemented algonithm {0 generate a multiplexed digitized ideal waveform 115
that is to appear al the oulput 132 of the inverter phase legs 130 coupled to the parallel
multi-level inverter modulator 108, The multiplexed digitized ideal waveform 115
generated by the multi-channel comparator 118 is provided to the FSM module 128 of the
paraliel multi-level inverter modulator 10¢ and the outputs of the FSM module 128 are
gate-drive signals for swilches of one phase of the inverter phase legs 130. The FSM 120
comprises circuliry, and/or a software implemented algorithm, and memory for performing
a predetermined logic operation on the multiplexed digitized ideal waveform 1o generate a
puise width modulated gate-drive signal for each switching device of the parallel muiti-
tevel inverter. The output waveform 132 of the inverter phase legs 130 is then filtered by

an oytput filter 138 1o provide a filtered waveform 140,

In various embodimenis, the swilches of the inverter phase legs 130 that are controlied by
the gate-drive signals generated by the FSM module 128 may be comprised of transistor
elements as shown in Fig. 3A and Fig. 3B, and as is commonly known in the art. The
inverier phase legs 130 may additionally include inter-cell transformers (ICTs), as shown

with reference to Fig. 1 and Fig. 2, and as is commonly known in the arl.
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An exemplary embodiment of the multi-channel comparator 110 of the parallel multi-lavel
inverter modulator 180 is shown with reference to Fig. 6. In this exemplary embodiment,
the paraliel multi-level inverter is a P5L inverter, however this is not intended to be limiting
and the parallel multi-level inverler modulator 100 of the present invention may be
implemented in various other inventor iopologies kKnown in the arl. in this exemplary
embaodiment, the multi-channel comparator 110 includes a pre-processing module 158, a
plurality of comparators 168, 166, 167, 168 coupled 1o an output of the pre-processing
module 180 and a level encoder 178 coupled to the outpuis of each of the plurglity of
comparators 168, 186, 167, 168,

As shown in Fig. 6, the reference waveform generated by the reference waveform
generator 1068 is first fed inlo the pre-processing module 188 of the multi-channel
comparator 118, At the pre-processing module 180, the reference waveform is modified
and rearranged into four modified reference waveforms 158, 156, 157, 158. The function
of the pre-processing module 188 is to modify the reference waveform 188 to be within a
range that can be processed by the level encoder 178 of the multi-channel comparators
188, 166, 167, 1868, while maintaining an acceptable level of accuracy in the waveform. In
a particular embodiment, the reference waveform may be a sinusoidal reference
waveform having a range of {-1, 1} and each of the four modified reference waveforms
188, 186, 187, 158 generated by the pre-processing module 150 represent a different
portion of the reference waveform that has been multiplied by two and biased to results in

an output signal in the range of {0, 1}

Each of the modified reference waveforms 1585, 186, 187, 158 is then fed info cne of &
plurality of comparator circuits 165, 166, 1187, 168 of the multi-channel! comparator 110.
Each of the four comparator 1658, 166, 167, 1868 compares one of the modified reference
waveforms 188, 156, 187, 188 with a triangle or saw tooth carrier waveform 160, 161, 162,
183, The resulls of the comparisons performed by the comparator circuits 168, 166, 167,
168 are then fed into a level encoder 178 to be coded into an instantaneous level number,
“L”. For P5L inverters, Le{0,1,2,3,4}.

In accordance with the present invention, the modulation is separated info two stages,
wherein the first stage generates an ideal or desired multilevel waveform that should
appear at the cutput terminal of the parallel multi-lsvel inverter and the second stage
address the circuil related constrainis. In the present invention, by modifying the
alignment method of the four carrier waveform 168, 161, 162, 163, the output voltage
spectrumn of the parallel multi-level inverter can be modiflied without influencing the

fundamental output waveform of the parallel mulii-level inverter,
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An embodiment of the multi-channel comparator of a parallel multi-level modulator 100 for
P7L inverters can be realized utilizing the same elements and methods as previously
described with reference 1o Fig.8, by changing the number of channels for from four to six.
As such, the pre-processing module would generate six modified reference waveforms
and the mublti-channel comparator would include six comparators for comparing the six

modified reference waveforms io a triangular waveform, as previously described.

In additional to the multi-channel comparator 11¢, the parallel multi-level modulator 100 of
the present further comprises a FSM module 120 coupled fo an output of the lsvel
encoder 170 of the multi-channel comparator 110. An exemplary embodiment of the FSM

module 128 for PSL inverters is shown with reference to Fig.7.

Hoow

In Fig.7, letter "P”, "0, and “N’ standard for "positive”, “zero”, and "negative”. The letter
designalions represent the switching state of one phase leg of the inverter, which is
achieved by a combination of the switching stale of each semiconductor device within a
phase leg, as shown in Table | Two phase legs of one phase generate 8 swiiching siates
which form 5 levels outpul. The swiiching stales of gach phase and their effects on the
output voltage as well as voltage applied to the ICT of the inverter legs are listed in Table
I, where L0 to L4 are the number of the five levels. Because the 9 states of a phase only
have 5 different output levels, at each level, there may be redundani swiiching slates.
The numbers of redundant swiiching stales are also listed in Table H, next 1o the
corresponding level number. As such, at L1, L2, and L3, there are redundant switching
states that have the same effect on the output voltage but an opposite effect on the ICT
voltage. By evenly distributing the opposite switching state pairs (PO-OP or ON-NO} at L1
and L3, the voli-seconds applied on the ICT is balanced. Therefore at L1 and L3, the
magnetic flux is balanced. At L3 or L4, the switching states have no influence on the ICT.
At L2, by excluding PN and NP from normal operation, the only remaining switching staie
dossn't have an influence on ICT. Therefore, in accordance with the FSM modulation
provided by FSM module 120 of the paraliel multi-level modulator 4100, the ICT magnetic

flux is naturally balanced.

Table | Swilching States of Each Phase

S Sz Sxa S
P 1 1 0 0
O G 1 1 &
N G 0 1 1
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Table H Switching States of Each Phase (Two Phase Legs)

Output
S, S, b ICT voltage
’ voitage
L4 (1) PP V. 0
PO V.
L3 @) 0.3V,
opP V.
PN v,
L2 (3) o0 0 0
NP nzvdc
ON Yo
L1(2) 43).:5\;’(jC
NO Ve
LO (1) NN V. 0

However, although the FSM modulation in accordance with the present invention naturally
balances the voli-seconds at the ICT, under some non-ideal circumstances, including
unbalanced ICT/phase leg paramsiers and transient voltage change, there is still the
possibility that the magnetic flux of the ICT may become unbalanced. Accordingly, the
present invention may include a closed-loop balancing control module 128 coupled {o the
FSM module 128 for balancing the magnetic flux of the ICT of the inverter phase legs 130

should the magnetic flux become unbalanced at any time.

An exemplary embodiment of the closed-loop magnetic rebalancing control module 128 is
fiustrated with reference to Fig. 7 and Fig. 8. The mechanism of the closed-loop magnetic
rebalancing conirol module 125 can be explained with reference to Fig. 7. As shown in
Fig. 7, in the case of a P5L inverier, the closed-loop rebalancing control module 125
includes three closed-loop rebalancing control modules 128, 128, 128, The first closed-
loop rebalancing control module 1298 is coupled o the FSM module 128 at L1, the second
closed-loop rebalancing control module 4128 is coupled 1o the FSM module 128 at L2 and
the third closed-loop rebalancing control module 126 is coupled to the FSM module 120
at L3. As shown, by adjusting the ratio of the duration of PC-0OP and ON-NO pairs at L3

or L1, the magnetic flux of the ICT can be increased or decreased. Under a balanced
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condition, the ratio of the duration of PO to the duration of OF is 1. If the averaged
magnetic flux of ICT is positive, then the ratio of the duration of PO to the duration of OP
should be reduced to a ratio of less than 1, if the averaged magnetic flux of ICT is
negative, then the ratio of the duration of PO {o the duration of OP should be increased io

a ratio greater than 1.

At L2, the two unused redundant siates, PN and NP, are used to perform a more powerful
rebalancing. When ICT magnetic flux is positively biased, by replacing OO state with NP
state, the magnetic flux can be rebalanced within half of a switching cycle.

At L4 or L0, there is no redundant switching state which can be used for rebalancing,
however, since at any lime the inverter is always swilching between two nearby levels,

rebalancing at L1, 1.2, and L3 is sufiicient {o rebalance the magnetic flux when necessary.

in order to determine if rebalancing of the magnetic flux is necessary, the magnetic flux
bias must first be measured. The detection of the magnetic flux bias can be achieved by
sensing the differential current between two phase leQs using a differential current
sensor. As shown with reference {o Fig. 8, the diiferential current 200 between two phase
fegs, as measured by the differential current sensor, is provided 1o a Pl controlier 208 to
ampilify the differential current measurement.  The amplified differential current
measurement is then compared to a triangle or saw tooth wave 210 at a comparator 215

to generate the adjustment 228 for the redundant state pairs.

The updaie time of the modulation waveform will influence the fluctuation of the magnetic
fiux in ICT. To minimize the magnetic fluctuation, the method illustrated with reference to
Fig. 8(&8) -~ Fig. 9(d) is recommended. As shown in Fig. 9}, between L0 and L1, the
modulation waveform should be loaded into the plurality of comparators 188, 168, 167,
168 at the botlom of the carriers. At shown in Fig. 9(c), between L1 and L2z, the
modulation waveform should be loaded into the plurality of comparators 188, 168, 167,
168 at the peak of the carriers. As shown in Fig. 3(b), between L2 and L3, the modulation
waveform should be loaded into the plurality of comparators 165, 166, 167, 168 at the
bottom of the carriers and as shown in Fig. 8{(a), between L3 and L4, the modulation
waveform should be loaded into the plurality of comparators 165, 166, 167, 168 at the

peak of the carriers.

An embodiment of the FSM module 328 for P7L inverters is shown with reference to
Fig.10. In this embodiment, the closed-loop rebalancing control includes g first closed-
foop rebatancing control module 333 coupled to the FSM module 328 at L1, a second
ciosed-loop rebalancing control module 331 coupled o the FSM module 328 at L2, a third
closed-loop rebalancing control module 329 is coupled 1o the FSM module 320 at L3, a

fourth closed-loop rebalancing control module 327 coupled to the FSM module 328 st L4

10
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and a fifth closed-loop rebalancing conirol module 325 coupled to the FSM module 320 at
L5, In Fig.10, the three letter states for example “PRGO") are standard references for the
switching state of one phase which consists of three phase legs instead of two, as in the
P5L embodiment of Fig. 7. In implementing the F3SM module 328 in a P7L inverter
solutions, entering and leaving each level requires specific sorting logic 338, 331, 332,
333, 334, 335, as shown in Fig. 10. The function of the sorting logic 338, 334, 332, 333,

334, 338 between the levels is 1o minimize the magnetic flux fluctuation of ICT.

An embodiment of the closed-loop magnetic flux rebalancing method performed by the
ciosed-loop rebalancing control modules 328, 327, 328, 331, 333 is shown with reference
to Fig. 11. As shown Fig. 11, due to the three windings in the ICT for P7L inveriers, as
shown in Fig. 2, two differential current sensors and two current conirol loops are needed
for each level A first differential current 488 between the first phase leg and the second
phase leg, as measured by a first differential current sensor, Is provided to a first P
controlier 485 to amplify the differential current measurement. The amplified differential
current measurement is then compared {0 a Wangle or saw iocth wave 419 at a
comparator 415 to generate a first adjustment for rebalancing of the magnetic flux.
Additionally, a second differential current 420 belween the second phase leg and the third
phase leg, as measured by a second differential current sensor, is provided to g second
Pl controller 425 to amplify the differential current measurement.  The amplified
differential current measurement is then compared {o a triangle or saw tooth wave 430 at

a comparator 438 1o generate the second adjustment for rebalancing of the magnetic flux.

In accordance with the varicus embaodiments of the present invention, the parallel multi-
tevel inverter modulator implements an improved modulation method which includes: (1)
Separation of the need 1o generate multilevel oulput waveforms and the need for safely
operating a particular topology (in this case, the need for magnetic balancing). Therefore,
providing more freedom to optimize the output voltage spectrum; (2) Providing redundant
switching states that can be used for fast closed-loop magnetic re-balancing without

influencing the output voltage waveform.

The present invention may be embodied on various computing platforms that perform
actions responsive o software-based instructions. The following provides an antecedent
basis for the information technology that may be utilized to enable the invention.

The computer readable medium described in the claims below may be g computer
readable signal medium or a computer readable storage medium. A compuler regdable
storage medium may be, for example, but not limited 1o, an electronic, magnetic, optical,
electromagnetic, infrared, or semiconductor system, apparatus, or device, or any suilable

combination of the foregoing. More specific examples {(a non-exhaustive listy of the
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computer readable siorage medium would include the following: an electrical connection
having one or more wires, a portable computer diskette, a hard disk, a random access
memory (RAM), a read-only memory (ROM), an erasable programmable read-only
memory (EFROM or Flash memory), an optical fiber, a portable compact disc read-only
memory (CD-ROM), an optical storage device, a magnetic siorage device, or any suilable
combination of the foregoing. In the context of this document, a computer readable
storage medium may be any non-fransitory, tangible medium that can contain, or siore a
program for use by or in connection with an instruction execution sysiem, apparatus, or

device.

A computer readable signal medium may include a propagated data signal with computer
readable program code embodied therein, for example, in baseband or as part of a carrier
wave. Such a propagated signal may take any of a variety of forms, including, but not
imited to, electro-magnetic, optical, or any suitable combination thereof. A computer
readable signal medium may be any computer readable medium that is not a computer
readable storage medium and thal can communicate, propagate, or transport a program
for use by or in connection with an instruction execution system, apparatus, or device.
However, as indicated above, due 1o circuit statulory subject matier restrictions, claims o
this invention as a software product are those embodied in a non-transitory soflware
medium such as a computer hard drive, flash~-RAM, optical disk or the like.

in various embodiments, portions of the system of the present invention may be
implemented in a Field Programmable Gate Array (FPGA) or Application Specific
integrated Circuit (ASIC). As would be appreciated by one skilled in the art, varicus
functions of circult elements may also be implemented as processing sieps in a sofiware
program. Such software may be employed in, for example, a digital signal processor,
microcontroller or general-purpose computer. The FPGA may be coded utilizing C, C#, or
any Hardware description languages (HDL), such as VHDL, Verilog HDL, or SystemC.

Program code embodied on a computer readable medium may be transmitted using any
appropriate medium, including but not Bmited o wireless, wire-ling, optical fiber cable,
radio frequenocy, etc., or any suitable combination of the foregoing. Computer program
code for carrying out operations for aspects of the present invention may be written in any
combination of one or more programming languages, including an object oriented
programming language such as Java, C#, C++, Visual Basic or the like and conventional
procedural programming languages, such as the "C" programming language or similar

programming languages.

Aspects of the present invention are described below with reference to flowchart

Hlustrations and/or block diagrams of methods, apparatus (systems) and computer
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program products according to embodiments of the invention. |t will be understood that
each block of the flowchart iHlustrations and/or block diagrams, and combinations of
blocks in the flowchart fusirations and/or block diagrams, can be implemented by
computer program instructions. These computer program instructions may be provided o
a processor of a general purpose computer, special purpose computer, or other
programmable dala processing apparaius fo produce a maching, such that the
instructions, which execute via the processor of the computer or sther programmabile data
procassing apparatus, create means for implementing the funclions/acts specified in the

flowchart and/or block diagram block or blocks.

These computer program instructions may also be stored in a computer readable medium
that can direct a computer, other programmabile data processing apparatus, or other
devices to function in a particular manner, such that the insiructions stored in the
computer readable medium produce an article of manufacture including instructions which

implement the function/act specified in the flowchart and/or block diagram block or blocks.

The computer program instructions may also be loaded onio a computer, other
programmable data processing apparatus, or other devices to cause a series of
operational steps to be performed on the computer, other programmable apparatus or
other devices to produce a computer implemented process such that the instructions
which execute on the computer or other programmable apparatus provide processes for
implementing the functions/acts specified in the flowchart and/or block diagram block or

blocks.

it will be seen that the advantages set forth above, and those made apparent from the
foregoing description, are efficiently attained and since certain changes may be made in
the above construction without departing from the scope of the invention, it is intended
that all maters contained in the foregoing description or shown in the accompanying

drawings shall be interpreted as illustrative and not in a limiting sense.

it is also to be understood that the following claims are intended {o cover all of the generic
and specific featurss of the invention herein described, and all staiements of the scope of
the invention which, as a matler of language, might be said to fall therebetween. Now

that the invention has been described,
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What is claimed is:

1.

A parailel multi-level inverter modulator, the modulator comprising:

a multi-channel comparator to generate a multiplexed digitized ideal waveform for a

parallel mulli-leve! inverter; and

a finite state machine (FSM) module coupled 1o the parallel multi-channel comparator,
the FSM module 1o receive the multiplexed digitized ideal waveform and o generate
a pulse width modulated gate-drive signal for each switching device of the pargliel

mufti-level inverter.

The modulator of claim 1, further comprising:

a closed-loop rebalancing control module coupled to the FSM module.

The modulator of claim 1, whergin the multi-channel comparator further comprises:

a pre-processing module 1o receive a reference waveform and to generate a plurality

of modified reference waveforms;

a plurality of comparators coupled to the pre-processing module, each of the plurality
of comparators to receive one of the plurality of modified reference waveforms, {o
compare the modified reference waveform to a carrier waveform and {o generate an

output signal; and

a level encoder coupled to the plurality of comparalors, the level encoder 1o receive
the output signal from each of the comparators and to generate the multiplexed
digitized ideal waveform comprising an instantaneous level number for each level of

the paralle! muilti-level inverier,

The modulator of claim 3, wherein each of the plurality of meodified reference

waveforms are generated from a different portion of the reference waveform.

The modulator of claim 1, wherein the FSM module further comprises circuitry and
memory for performing a predetermined logic operation on the multiplexed digitized
ideal waveform {0 generate a pulse width modulated gate-drive signal for each

switching device of the paraliel multi-level inverier,

The modulator of claim 2, wherein the closed-loop rebalancing conirol module further
comprises a closed-loop rebalancing controf module for each level the parallel multi-

level inverter.

The modulator of claim 2, wherein the closed-loop rebalancing conirol module further
comprises at least one differential current sensor for measuring a differential current

between two phase legs of the paraliel multi-level inverter.
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10.

1.

12.

13.

The modulator of claim 7, wherein the closed-loop rebalancing conirol module further
comprises circuitry for adjusting a ratio between opposite switching stale pairs of the
two phase legs of the paraliel multi-level inverter based upon the differential current

between the two phase legs of the paraliel multi-level inverter
A sysiem comprising:
a reference waveform generator;

a parallel multi-leve! inverter modulator coupled to the reference waveform generator,
the modulator comprising;

a multi-channel comparator {o generale a multiplexed digitized ideal

waveform for g parallel multi-level inverter,

a finite state machine (FSM) module coupled to the parallel multi-channel
comparator, the FSM module 10 receive the mulliplexed digitized ides!
waveform and to generate a pulse width modulated gate-drive signal for each

switching device of the parallel mulli-level inverter; and

a plurality of inverter phase legs and inter-cell transformers (CTs) coupled to the
FSM module.

The system of claim 9, further comprising:
a closed-~loop rebalancing control module coupled o the FSM module.
The system of claim 9, wherein the multi-channel comparator further comprises:

a pre-procassing module 1o receive a reference waveform and to generate g plurality

of modified reference waveforms;

a plurality of comparators coupled to the pre-processing module, each of the plurality
of comparalors 1o receive one of the plurality of modified reference waveforms, {0
compare the modified reference waveform 1o a carrier waveform and to generate an

cutput signal; and

a level encoder coupled to the plurality of comparalors, the level encoder to recsive
the ouiput signal from each of the comparators and o generate the multiplexed
digitized ideal waveform comprising an instantaneocus level number for each level of

the paralle! mutlti-level inverter.

The system of claim 11, wherein each of the plurality of modifiled reference
waveforms are generated from a different portion of the reference waveform.

The system of claim 9, wherein the FSM module further comprises circuitry and

memory for performing a predetermined logic operation on the multiplexed digitized
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15.

16.

17.

18.

20.

ideal waveform to generate a pulse width modulated gate-drive signal for each

switching device of the paraliel multi-level inverter.

The system of claim 10, wherein the closed-loop rebalancing control module further
comprises a closed-loop rebalancing conirol module for each level of the parallel

multi-lsvel inverter.

The system of claim 10, wherein the closed-loop rebalancing control module further
comprises at least one differential current sensor for measuring a differential current
between two phase legs of the paraliel multi-level inverter.

The system of claim 15, wherein the closed-loop rebalancing control module further
comprises circuitry for adjusting a ratio between opposite switching slate pairs of the
two phase legs of the parallel multi-level inverter based upon the differential current

between the two phase legs of the parallel multi-level inverter.

The systern of claim 9, further comprising an output filter coupled o the plurality of

inverter phase legs.
A modulation method for g parallel multilevel inverter, the method comprising:

receiving a reference waveform at a multi-channel comparator of a parallel multi-level
inverter modulator;

generating a multiplexed digitized ideal waveform at the multi-channel comparator for
each level of a parallel multi-level inverter associated with the parallel multi-level
inverter modulator;

receiving the mulliplexed digitized ideal waveform at a finite state machineg (FSM)
module of the parailel multi-level inverier modulator; and
generating a pulse width modulated gate-drive signal for each swiiching device of the

parailel multi-level inverter.

. The method of claim 18, further comprising:

measuring a differential current between two phase legs of the paraliel multi-level

inverter; and

adjusting a ratio between opposite switching state pairs of the two phase legs of the
parallel multi-level inverter based upon the differential current between the two phase
legs of the parallel multi-level inverter to rebalance a magnetic flux of the paraliel

muiti-level inverter.

The method of claim 18, wherein generating a multiplexed digitized ideal waveform a

the multi-channel comparator further comprises:
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pre-processing the reference waveform o generate a plurality of modified reference
waveforms, wherein each of the plurality of modified reference waveforms are

generated from a different portion of the sinusoidal reference waveforny,

comparing each one of the plurality of modified reference waveforms to carrier

waveform to generate an oulput signal; and

level encoding the output signal to generate the mulliplexed digitized ideal waveform
comprising an instantaneous level number for each level of the parallel multi-level

inverter.

17



WO 2017/184846

DC source/

11

Three-level inverter
phase leg 1&2

PCT/US2017/028592

Front-end

converter

Three-level inverter
phase leg 384

filter

Three-level inverter
phase leg 586

DC source/
Front-end
converter

Fig. 1

inter-Cell tansformers

PRIOR ART

Three-level inverter
phaseleg 1,2,3

Three-level inverter
phaseleg 4,5,6

filter

R oo
Three-level inverter § |

phaseleg 7,8,9

Inter-Cell tansformers

Fig.

~
L

PRIOR ART

1/9

SUBSTITUTE SHEET (RULE 26)




WO 2017/184846 PCT/US2017/028592

AY:
i

AA&W A

An NPC phase leg

Fig. 3A
PRIOR ART

A T-type phase leg

Fig. 3B
PRIOR ART

2/9
SUBSTITUTE SHEET (RULE 26)



WO 2017/184846 PCT/US2017/028592

1

0/\/ e S N
:fa’efer‘ence -
waveform .
= Inverter mvtl-_.g..
~ phase legs
Output Filter
_{:;VSIZIE -
Conventional carrier-
interleaved modulation
Fig. 4
PRIOR ART
%30
100 41 .
Vo113 120
¢ ( ¢ ¢
105 s
<’ ;1 ““MEUEH
/\\/ : o Inverter
: ; 7171 phase legs
s Multi-channel -
Comparator
.............. " FSM
Clased-loop E
+ balancing
E control
: &ni;; nnnnnnnnnnnn
\
125
Fig. 5
3/9

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/028592

WO 2017/184846

1341

eXattlole]
3upuejeqg
dooj-pason

Joeleduwion
[PUURLID-IINIA

e="T+1110
=T<1100

0="1 <0000

JBpoou
[OAST

1# Joruediuo)y

LA
7# woreedwio

S88004d
B

ULICJSARM
BIUdIBIEY

Gt1

A

<
W

25 R Y A U R A AN YR A D A S AR U A2 A Y A

4/9

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/028592

WO 2017/184846

;8
L

N

1

sS4

aseyd SUo UM
YOIIMS B3

10] STEUSIS IWMdJ
8

\—

(O=Jrge(i="

0

=

(b=Dpe(i=T

e

{000 Bupugeq (.\\

d00-peSoID

{onuon Buoueeyg

jansoo Guugeq
GoO-pesyD

Joteieduion
puLEYI-THNY

01t

5/9

SUBSTITUTE SHEET (RULE 26)



WO 2017/184846 PCT/US2017/028592

220

BN
NS
)
X

N

Fig 8

6/9
SUBSTITUTE SHEET (RULE 26)



PCT/US2017/028592

WO 2017/184846

6 Fig
{p} {9)
i NN NN i NO ON
ey i : ] 0 ey _ ; _ 11
o m m | A e | X
| m JA | “ | | v_m m -
; ot ! ! : m
NG | 5N | ! 3 50 | alop | T
L) “ : ! ! sy sy(T+)! ! w m sy
/ | \\\7/; | s / | | bl
| m % i e m |
w ; | g ] w ; f/;raﬁm_:mu
| < N | ;
3
ra g

| zi8uie)

0 \
HABT

sif _.J.L_

7/9

SUBSTITUTE SHEET (RULE 26)



327

L2
2
\\r

-

333

PCT/US2017/028592

WO 2017/184846
L=0,1,.8
6
- Closed-loop
kalancing
controt 5
%nsrg 334
oqxf
&L 4
Closed-loop
balancing Rt OPO Jebse{ O L=4
controt 4 | 3 .
Oom g(\/:"
Closed-loop
1 balancing
control 3
ESorting ~r 332
{ Jogic
[ JL=2
Closed-loop 7
balancing @ O'\i?},«»@ \\‘: L=2
control 2 j‘%--—/,
L=28
Closed-loop
katancing
control 1

Sorting logic between L8 and L5:

PP }—»{ PRE }—»{ OPp
PRE }a—{ POP }a— PPP

r~335

Sorting logic between L5 and L4

PPO f—#! OPO [—»! OPP 334
POO fe—| POP le— OOP

Sorting logic between L4 and L3;

POO {—#{ OO0 |-+ OPO
000 e OOP f—f GO0

~333

—

12 PWM signals for each
switch within one phase

Sorting logic between L3 and L2:
r[ NOD |- QOC f--sd ONO |- }

4 00T o] CON ja—i OO0 =

Sorting logic between L2 and L1;

NNO |~ ONO |-+ ONN o
NOO fa—{ NON j#— OON

Sorting logic between L1 and LO;

NNO || NNN [+ ONN
NNN fa—f NON e NNN

Fig. 10

8/9

SUBSTITUTE SHEET (RULE 26)



WO 2017/184846 PCT/US2017/028592

400~

N
N2
n
S KN

9/9
SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT International application No,

PCT/US17/28592
A.  CLASSIFICATION OF SUBJECT MATTER
IPC - HO3C 1/62, 1/54, HO2M 7/527, 7/529, 7/53803 (2017.01)
CPC -

HO3C 1/62, 1/54, 3/145, HO2M 7/527, 7/529, 7/53803

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic dala base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2014/0003103 A1 (AALTIO,T) January 2, 2014; entire document 1-20
A EP 0469 873 A2 (EATON CORPORATION ) February 5, 1992; entire document 1-20
A US 5,650,708 A (SAWADA, T et al.) July 22, 1997; entire document 1-20

D Further documents are listed in the continuation of Box C.

l:l See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
10 be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L”  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

20 June 2017 (20.06.2017)

Date of mailing of the international search report

03JUL

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.0. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Shane Thomas

PCT Helpdesk: 571-272-4300
PCT OSP: §71-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - claims
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - wo-search-report

