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CROSS-REFERENCE TO RELATED

APPLICATIONS

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

sional Applications 61/927,514, filed Jan. 15, 2014 and
62/027,551, filed Jul. 22, 2014, both of which are hereby

incorporated by reference in their entireties.

FIELD OF THE INVENTION

The present invention generally relates to modular power

converters, including modular multi-level converters
(MMCs)and, moreparticularly, a switching-cycle capacitor

voltage control (SCCVC)therefor to reduce required capaci-
tor size and value and increase power density.

BACKGROUND OF THE INVENTION

Although most electronic devices operate from power

supplied at a more-or-less constant voltage (referred to as

direct current or DC), many devices presenting larger loads
such as appliances or other devices having motorsor heating

elements are designed to operate on power supplied at a
sinusoidally varying voltage (referred to as alternating cur-

rent or AC). In most of the world, power is generated and
transmitted as AC power since the sinusoidally varying

voltage can be easily changed using transformers and

reduced transmission infrastructure costs and reducedtrans-
mission losses can be achieved by using high voltage for

transmission and reducing the voltage at a location proxi-
mate to the load. AC power is also convenient to generate

where the availability of an energy source is substantially

constant, for example in fossil fuel, nuclear and hydroelec-
tric powered generators.

However, so-called renewable energy sources such as
solar collectors and wind power have becomeofsubstantial

interest in recent years in order to conserve fossil and
nuclear fuels and to avoid environmental pollution and/or

reduce the likelihood of accidents and to reduce the need for

additional hydroelectric generation facilities which carry a
very high initial cost. Renewable energy sourcesare, by their

nature, only intermittently available with highly variable
energy delivery and, therefore, generally require some form

of power storage as charge in a battery or capacitor bank at
a DC voltage which mayvary in magnitude with the amount

of power stored. Such storage also necessarily requires

conversion to AC power if power is to be transferred more
than a short distance or coupled to anAC powerdistribution

grid. Therefore a DC to AC power converter capable of
operating at very high voltage is generally required.

So-called modular multi-level converters (MMCs) have
been increasingly considered for high and medium voltage

variable frequency applications since a modular construc-

tion facilitates adaptation of a single converter module
design to a wide variety and scale of applications such as, for

example, interfacing with a powerdistribution grid or con-
trolling and powering AC motors which must be operated at

variable speed by simply assembling and interconnecting
modules in accordance with power delivery requirements.

However, in normal MMCoperation, the capacitors in the

respective modules must buffer power fluctuations at line
frequency and second order harmonicof the line frequency.

This requirementinherently results in a requirementfor high
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value and large size of the module capacitors especially
where outputline frequency must be variable since capacitor
voltage ripple will increase with decreasing frequency and,
at a frequency of zero Hz (e.g. DC), becomes infinite. This
latter fact is a major issue for AC motorstarting where the
frequency must increase from zero Hz, especially where
high starting torque is required.

It has been proposedto reduce the capacitor energy ripple
by shifting the arm (e.g. the portion of the circuit supplying
positive or negative half of a given phase of a multi-phase
arrangement) currents toward a higher frequency to reduce
the capacitor energy ripple by injecting a high frequency
sinusoidal circulating (e.g. transferring energy between a
capacitor and inductor) current on the respective phases
during low frequency operation. However, such an approach
increases stress on the switches of the modules and requires
converters to be de-rated for low frequency operation while
no reduction in capacitor size or value is achieved; limiting
the potential power density of the converter modules.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
a new methodto control the DC AC (or AC to DC) modular
power converter or module therefor which allows reduced
capacitor value and size requirements for a given ripple
specification and which is capable of operation at low
frequencies including DC operation.

It is another object of the invention to decouple the
module capacitor ripple from the output line frequency such
that capacitor current is controlled at the module switching
frequency rather than the line frequency.

It is a further object of the invention to provide a power
converter capable of driving an AC motor to develop high
torque at start-up.

In order to accomplish these and other objects of the
invention, a power converter is provided having an upper
arm and a lower arm, each upper and lower arm comprising

a switch constituted by a series connectedpair of transistors
and a capacitor, wherein the power converter module is

operated using at least two main switching states for con-
trolling average value of phase current and two further

switching states interleaved alternately between the main

switching states during which the capacitor is either
bypassed or connected to a voltage to charge the capacitor

to an offset voltage value such that voltage across the
capacitor is controlled toward a reference voltage during the

main switching states.
In accordance with another aspect of the invention, a

method of operating a modular multi-level power converter

(MMC) wherein modules of the MMC each comprise a
switch and a capacitor such the said switch controls bypass-

ing the capacitor or connecting the capacitor into the MMC
and the MMC includes upper and lower arms wherein each

of said upper and lower arms contains at least one said
module, wherein the method comprises determining

approximate durations of two main switching states in a

switching cycle to provide a predetermined output voltage or
waveform, and determining approximate durations of two

additional switching states in each said switching cycle to
charge said capacitor of respective ones of said modules to

an offset voltage value such that voltage across each said
capacitor is controlled toward a reference voltage during the

switching states of a switching cycle.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advantages

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

reference to the drawings, in which:

FIG. 1 is a generalized schematic diagram of a modular

multi-level converter (MMC),
FIG. 1A is a schematic diagram of an exemplary circuit

constituting a cell of an MMCdepicted as a switch and
capacitor in FIG. 1 and other Figures,

FIG. 2 is a schematic diagram of a single phase MMC

with a single module per arm,
FIG. 3 is a group of schematic diagramsillustrating the

four possible switching states of the module of FIG.2,
FIG. 4 is a graphical comparison of the waveforms of

conventional module control and that of the invention,
FIG. 5 illustrates exemplary switching states of a MMC

having two cells per arm,

FIG.6 illustrates operational waveforms of the MMC of
FIG.5,

FIG. 6A illustrates a graphical solution of differential
equations derived from an analysis of resonant interactions

in accordance with the invention,
FIG. 6B shows a complete solution of the upper arm

currents,

FIG. 6C shows a complete solution of the lower arm
currents,

FIG.7 illustrates the principle of operation of an exem-
plary model-predictive control for the modules in accor-

dance with the invention,
FIG. 8 is a flow chart of the model-predictive control

algorithm,

FIGS. 9 and 10 illustrate waveforms of the operation of
the invention at output line frequencies of 60 Hz and 1 Hz,

respectively,
FIGS. 11 and 12 are schematic diagrams of a modular

multilevel buck converter (MMBC) in accordance with a

variant embodiment of the invention for DC/DC power
conversion,

FIG. 13 illustrates four switching states of an MMBC
similar to FIG.3,

FIG. 14 is a comparison of conventional and SCCVC
control for an MMBC,

FIG.15 illustrates simulation waveformsfor a onecell per

arm MMBC,

FIG. 16 illustrates simulation waveforms for a four cell

per arm MMBC,and
FIG.17illustrates schematic diagrams of other exemplary

DC/DC converter topologies to which the invention is
applicable.

DETAILED DESCRIPTION OF A PREFERRED

EMBODIMENT OF THE INVENTION

Referring now to the drawings, and more particularly to

FIG. 1, there is shown a generalized schematic diagram of
a modular multi-level converter (MMC)to which the inven-

tion may be advantageously applied. While the basic archi-
tecture of the MMCillustrated in FIG. 1 is known, at the

level of detail provided by FIG.1, the invention may or may

not be included since an embodiment including the inven-
tion would principally differ from known embodiments by

having smaller capacitor and inductor values and sizes for a
given ripple specification and different switching control

which is only generically depicted in FIG. 1. It should also
be noted that in most widely used known MMCs, the

common DC capacitor, C,.,,, 18 not necessary and not

shown. However, in the switching cycle capacitor voltage
control (SCCVC)of the present invention this capacitor is

required to absorb switching frequency currents as will be
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4
understood from the following discussion although this
capacitor may be omitted from other Figures for clarity.

Therefore, no portion of FIG. 1 is admitted to be priorart in

regard to the present invention.
FIG.1 illustrates an array of power cells or modules 100

whichis extensible to meet any desired specifications forAC
power delivery as indicated by triple-dotted portions of

connections. (The terms power cell, cell and module are
used synonymously and interchangeably hereinafter.) It is

contemplatedthat all modules 100 will be ofthe same design

and maximum current and voltage specifications. Therefore,
the number of modules can be increased in the vertical

direction (e.g. between the positive and negative DC power
busses) to raise the breakdown and operational voltages to

exceed the DC input voltage (which must exceedthe desired
peak-to-peakAC output voltage) as indicated by the vertical

triple-dotted connections. The same number ofmodules 100

should generally be provided between the positive or nega-
tive DC bus (which are collectively referred to as the

DC-link) and the output node(s) 110. The module or group
of modules above or below the output nodeis referred to as

an arm and controls the pulse width modulated application
of DC input power to develop a positive or negative half

sinusoidal voltage waveform and corresponding current

waveform on the output node 110, respectively. The number
of phases or branches 120 can also be increased beyond the

three phases (six arms) illustrated as may be desired (as
indicated by horizontal triple-dotted portions of connec-

tions) to deliver the desired current either as separate phases
or in parallel or both.

The single pole-double throw (SPDT) switches 120 in

each module 100 are preferably constituted by two series-
connected transistors as shown in FIG. 1A which are oper-

ated in a complementary fashion to alternately connectto the
upper pole or lower pole of the switch. As a convention

herein, “1” will indicate connection to the upper pole and

“0” will indicate connection to the lower pole for the
switching state S with a subscript of “U” or “L” to indicate

the arm in which the switch is located. Additional subscripts
(e.g. X, Where x=a, b, c, . .. n) may be included to indicate

phase but will be omitted for simplicity in discussion of a
single phase embodimentillustrated in FIG. 2. These switch-

ing states correspond to the conduction states of the series

connected transistors constituting the SPDT switches 120
illustrated in each module 100, as alluded to above. Thatis,

Sua(1 when switched to the upper pole ((0 when

switched to the lower pole. Q)

Referring now to FIG. 2, operation of a single phase
MMChaving one module per arm, for simplicity, will now

be discussed. The addition of the upper and lower arm
currents is referred to as

becombdt=Dery 2)

where i,,, is the circulating current flowing in the loop
between the DC-link and the two arms of the MMC (defined

as one-half of i,,,,. Which is not a real current appearing at

any given location in FIG. 2 but is important in analyzing
and understanding the operation of a MMCsuchasthat of

FIG. 1). The phase or branch current is the difference in
currents between the upper and lower arms or

(3)

Based on these definitions of the sum and phase currents
and analysis of the circuit of FIG. 2, the current state

equations can be derived as:

ipn=turiz,
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4, _ Vae — Suvu + Siv4) (4)
ar" L

4, _ Srv -Suvu)/2-vs (5)
at Ph Lo +L/2

The capacitor voltage equations can then be derived as

1. isum + iph (6)

ay = oul =80a

1 isum — Eph 1)
=v, = SSzip = S, Pdee GEL 9G

It should be noted that the critical state variables of the

phase current and capacitor voltage are controlled by equa-

tions (5), (6) and (7) which determine whether or not the
converter can deliver power with sinusoidal phase current

and balanced capacitor voltages. However, equation (4)
indicatesthat, if the sinusoidal current powerdelivery func-

tion can be achieved, the sum current or circulating current
can be regulated as desired whenthe states of the upper and

lower switches are operated together (e.g. where S,4S,#1)

as will be explained in greater detail below. This facility
offers a degree of freedom to influence the arm currents

which charge and discharge the capacitors and is thus a
principal motivation for the present invention in supporting

the function of decoupling the frequency of the circulating
current and current and voltage ripple from the (potentially

variable) output line current frequency.

Morespecifically, referring to FIG. 3, the possible switch-
ing states of a single phase MMC with a single module per

arm as shown in FIG. 2 are illustrated. (In the following
discussion, the respective states will be identified by a

numberenclosed in angle brackets.) The respective values of
states S,, and 8, are shown above the schematic diagram

showing the SPDT switch positions in each state and cor-

responding to the values of the state variables, S;;).
While a total of four combinations of switch states are

possible for the MMC shownin FIG.2, it should be noted
that states <1> and <2> have only one capacitor connected

in the circuit and control transfer of energy to the load. In
states <3> and <4> both capacitors are either connected in

or disconnected from the circuit and thus control the sum or

circulating current flowing between DC sources and the
capacitors. In conventional control approaches, for the

MMC,the states that satisfy

SytSp#1 (8)

(which can be generalized to S,,4S,n for an n-cell per arm

MMCconverter) are avoided. This is a general statement
followed in much of the literature for control of MMC

converters. For example, when a cell is bypassed in the
upper arm (e.g. S,=0) a cell in the lower arm will be inserted

into the converter (e.g. S,;=1) such that the total number of

the inserted cells in a phase leg equals the numberofcells
in an arm. That is, states <3> and <4>) are intentionally

avoided to avoid high peaking currents in the arms and only
states <1> and <2> are used to control phase current. That

is, if equation 8 is satisfied, the voltage on the two arm
inductors will be equal to the powercell capacitor voltage,

which could be 1000V or higher across an inductance of 2

mH, for example. This voltage stress on the inductors will
cause a very high rising rate of the arm currents. However,

from time-to-time during conventional operation, states
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which satisfy equation (8) occur for very short periods of
time caused bythe circulating current control loop or certain

phase-shifted-carrier pulse width modulation approaches,

and generated by the comparison between the carrier and
modulation signals without control of when such states may

occur. Also, in some conventional MMC control arrange-
ments, a comparatively slow sinusoidal circulating currentis

introduced which will allow states <3> and <4> to occur.
Such arrangements essentially control the “averaged”

volts*seconds value of the short states to control the circu-

lating current (or sum current) rather than controlling the
actual values of the durations and currents of the short states

as is achieved by the present invention. In sharp contrast
with known control methods, the switching cycle capacitor

voltage control (SCCVC) in accordance with the invention
provides specific sequence arrangements and control ofall

four states in each switching cycle in accordance with

capacitor voltages and arm current control being taken into
consideration. Thus utilization of states <3> and <4>

becomescritical and useful.
More specifically, the concept of SCCVC is to take

advantage of the resonance between the arm inductors and
the cell capacitors to control the capacitor voltage back to a

reference voltage by providing proper initial arm current

prior to each of states <1> and <2>. FIG. 4 provides a
comparison between the conventional control method (on

the left side of FIG. 4) and SCCVCcontrol in accordance
with the invention (on the right side of FIG. 4) to demon-

strate how capacitor voltage balancing can be achieved
within one switching cycle rather than over an output

voltage (e.g. line frequency) cycle.

In both the conventional control method and the SCCVC
control method it is assumed that the phase current is

beginning a positive half cycle. In the conventional control
method, as alluded to above, only states <1> and <2> are

used in an alternating pulse width modulation (PWM) mode

which gradually controls the average value of the phase
current to be approximately sinusoidal while the sum current

is not impacted by these two states. The unbalanced charges
from one switching cycle (as distinct from a line frequency

cycle) to another make the capacitor voltages deviate from
their original values and return to their initial values only

after one AC line frequency cycle.

In contrast, in the SCCVC control methodillustrated on
the right side of FIG. 4, state <3> is briefly asserted

immediately prior to state <1> to control the lower arm
(circulating) current to an offset value such that in the

(following) time interval of state <1>, the average current
flowing through the lower capacitor is controlled toward

zero such that the error voltage between average capacitor

voltage and a reference voltageis also controlled toward and
may be zero. Similarly, state <4> is asserted immediately

prior to state <2> to control the upper arm (circulating)
current to an offset value such that, during state <2>, the

average current flowing through the upper capacitor is
controlled toward zero. When the phase current is negative

(e.g. during the negative half-cycle of the approximately

sinusoidal output waveform), state <4> (instead of state
<3>) is inserted before state <1> and state <3> (instead of

state <4>) is inserted immediately before state <2>. Thus, in
sharp contrast with the conventional control method, the

capacitor voltages are returned to their initial state every
switching cycle rather than every cycle of the output line

frequency which may be variable or even zero (DC), as

alluded to above. As can be appreciated from the comparison
of FIG. 4 over only the initial few switching cycles (when

the output voltage is low), with conventional control, longer
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durations of the output line frequency cycles allow capacitor
currents to build up larger voltages which large capacitances

are required to absorb. Therefore, by balancing the capacitor

voltages every switching cycle, the ripple voltages and
currents will also be at the switching frequency which is

necessarily much higher than the line frequency (since the
line frequency is developed by PWM at the switching

frequency) and the capacitances can be greatly reduced.
The SCCVC methodology can be extended to multiple

phases if a DC-link capacitor, C.,,,, common to all (e.g.

three) phases is placed in the circuit for all the phases since
all the circulating currents needed in the SCCVC will be

provided by the DC-link capacitor. That is, if the common
DC-link capacitor(s) are connected between the positive DC

bus and the negative DC busthat are shared by all phases,
the current that is needed for achieving the balancing of the

capacitors in one phase-leg within the switching cycle can

be provided by the common DC-link without affecting
behaviors of other phases.

For MMCswith multiple cells per arm, as illustrated in
FIG. 5 (having two modules per arm for simplicity), several

switching sequencesare possible to introducestates that can
quickly change the arm current such that the capacitor

voltage can be brought to a reference level at the next

switching interval. (In FIG. 5, N,, and N, in the legends
above the schematic diagramsindicates the number ofupper

or lower capacitors that are connected in the upper and lower
arms, respectively. If N,,, N, are not equal to zero, some of

the capacitors in the upper arm and/or lower arm are
connected.) For example, as shown in FIG. 6 and again

assuming that the MMCis at the beginning of a positive

half-cycle of the near sinusoidal output waveform, short
delays are introduced at every edge of the two lowercell

switches as indicated at “a” in FIG. 6. It should be under-
stood that FIGS.4 and6 illustrate possible exemplary ways

to arrange the states that causes the “shoot-through” which

conventional controls did not use or provide. (The term
“shoot-through”is used hereinafter as a collective reference

to the currents in states <3> and <4> since the large currents
caused by the states <3> and <4> resemble shoot-through

behaviors that are generally to be avoided even though the
term is not entirely accurate because these currents are

controlled by the SCCVC methodology of the invention.)

However, it should be understood that other approaches to
using the additional states will become evident to those

skilled in the art from the examples illustrated in FIGS. 4 and
6. If the delay is of proper duration for S,,, then the

capacitor voltage of v.,;, can resonate back to the reference
voltage, indicated by arrow “a”. Thereafter, the capacitor

voltage can remain at the reference voltage when the capaci-

tor is bypassed in the immediately subsequent switching
state (e.g. when S,,=0). A similar mechanism occurs with

delays at “b”, “c” and “d”. At each of these points, the
voltage on a module capacitor is brought back to the

reference voltage and remains substantially constant through
the subsequent switch state. At t=O, assuming all four

capacitor voltages are at a reference voltage, (e.g. 1 kV),

with the effect of delay “a”, v.,;,; and V-;> begin to respond
in the circuit and both will go back to the reference voltage

at arrow “a”if the delay duration of “a” is properly selected
which changes the lower arm current charging/discharging

the two lower capacitors. The two upper capacitors are
unchanged since they are bypassed and apart from the

circuit. For the following switching state, vo;. remains

constant since capacitor C,, is bypassed. When delay “b”is
introduced capacitor C,,, is the target capacitor and will be

charged/discharged by the upper arm current.
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8
Asthe lower arm current changes simultaneously with the

upper arm current, the capacitor voltage v,,, will respond

away from the reference voltage because capacitor C,, is

inserted at this switching state. For the next two switching
states capacitors C,, and C;,, are the targeted capacitors and

are controlled back to the reference voltage at the times
indicated by arrows “c” and “d”, respectively, by using

delays “c” and “d’’. Following this process, all the capacitors
have the opportunity to be controlled back to the reference

voltage within one switching cycle. The analysis of the

resonant interactions causing the initial capacitor voltage to
vary from the reference is fairly complex even for the case

of two cells per arm and, in any event, a detailed analysis is
unnecessary to the successful practice of the invention but is

set out in detail in U.S. Provisional Patent application
62/027,551, incorporated by reference above. That analysis,

also set out below, is very long and complex and the

relationships between the variables are not readily apparent
therefrom or easily explained. However, a graphical solution

from which the invention can be practiced, although not
optimally, is illustrated in FIG. 6A and which may be of

assistance in understanding the detailed analysis given
below which is important to the optimal design of the

capacitance and inductance values, switching frequency and

the like.
It should be understood that the preceding discussion is

intended to demonstrate an exemplary use of the “shoot-
through” states in addition to one type of pulse width

modulation (PWM)control. The generation of the “shoot-
through states includes but is not limited to such delays or

advances or any other methods and the PWMpattern is not

limited to that shown in FIG. 6 where a phase shifted carrier
modulation technique is used. The capacitor control

sequenceis also not limited to that of the foregoing example
where “a”, “b”, “c” and “d” are controlled by one another.

FIG. 6A is a three-dimensional plot whichillustrates the

mathematical relationship between the cell capacitance, C,
arm inductance, L, the number of switching cycles (e.g.

within an AC line frequency cycle) and the calculated initial
arm current, ip 5,,4, OL Izmax USINg equations (18) and (19) for

a single cell per arm case. The initial arm current is the
current created by the “shoot-through”states <3> and <4>

to achieve capacitor voltage balancing. The value of the

initial current can differ between switching cycles within a
complete fundamental line frequency cycle (as can be

observed in 6) and reaches a maximum at a switching cycle
determined by the duty-cycle value and the load power

factor and will differ from case-to-case. Lower maximum
initial arm currents correspond to lower power losses con-

sumedby the switching devices and more efficient converter

performance.It should also be observed from FIG. 6A that
larger capacitance values (but still far below capacitance

values required in the absence of the invention to achieve
comparable capacitor voltage ripple) and smaller inductance

values will result in reduced maximum initial arm current.
Essentially, the above analysis provides an approximation

of the two resonant frequencies which indicate the physical

meaning of the resonant behavior of the capacitors and
inductors. The relatively faster resonance betweenthe series

connection of the two equivalent arm capacitors and the
inductors determines the basic behavior of the circuit while

the lower frequency fundamental resonance componentwill
have a lesser but non-negligible impact on the time-domain

response. The two time-domain arm current expressions in

the above-incorporated provisional patent application (in
which w, is the fundamental frequency of the phase current

and k is the identifier of the switching cycle in the entire
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fundamental line cycle) allow calculation of capacitor volt-

age response, or to solve for the initial arm current value

needed to balance the capacitor voltages and the impact on

other capacitors while the SCCVCis seeking to balance any

given capacitor.

Morespecifically, from the circuit diagram of a two cell

per arm MMCconverter (N,.,=2) at different switching

states of FIG. 6, the state-space differential equation is

derived as equation (9) using i,,, iz, Vz, and v; since those

state variables have clear physical definitions.

 

1 1 9o 9 tL (9)
Ly In

iu 1 1 [tu
0 0 -— w=

a) in |. bh |li |,
dt| vy |~ i 6 6 6 vu

vp Cy vy

1
oo — OO 0

CL

O.5Vae  Vssin(wot + 2a-k/ CR)

L Iho +L
O.5 Vue + Vssin(wot + 2a-k/CR)

L 2Lo +L

0

0

Nett Nett (10)

Nu= >) Sun Ne = » Su
i=l i=l

Noett Nett qa)

vy = Sur Yur Ve = SuVi
i=l i=l

1 Mw 1M (12)
Cu (UCC,

_ Llp +L) |— LQLo +L) (13)
I Toth To

Asimplification of equation (9) can be made when N;, or N;

equals zero and, consequently, one of the two terms in
equation (12) also equals zero. The two resonant frequencies

are

 

 

 

 

(14)
— |cyte, CELY +ACUCLL— 2Cy CLL + CoLy
A NI3CGeLE BCuCLLLs

(15)
Cu tC, CRIB + 4CyCyl — 2CyC3 + C2.

2 =! CGE WyCl

which can be approximated as

i (16)
(+a)whey * &

(2 1)fips
ALo\Cy  C.

Wy ®

a7)
wy &

indicating the physical meaning of the resonant behaviors of

the capacitors and inductors. Therelatively faster resonance
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10
in equation (16) between the series connection of the two
equivalent arm capacitors and the series connection of the

two arm inductors determines the basic behavior of the

circuit while the lower frequency resonance or fundamental
component expressed in equation (17) has a minor but not

negligible effect on the time-domain response.
With the resonant frequencies thus approximated, the

complete solution of the upper and lower arm currents is
given by equations (18) (shown in FIG.6B) and (19) (shown

in FIG. 6C), respectively, where w, is the fundamental

angular frequency of the line current.
With the two arm current expressions thus derived, it is

straightforward to calculate any capacitor voltage response
during the time interval of any switching state. Also, the

current expressions can be used to solve for the initial arm
current value needed to balance the capacitor voltages.

Further, while the control is seeking to balance one of the

arm capacitors, the impact on the other arm capacitor(s) can
also be derived.

The above-incorporated provisional patent application
also summarizes a State-space switching model (SSSM)

described in detail in “State-space Switching Model of
Modular Multilevel Converters” by J. Wang et al., 2013

IEEE 14” Workshop on Control and Modeling for Power

Electronics Converters (COMPEL), pp. 1-10, which is
hereby also incorporated by reference in its entirety. The

SSSM given for a three phase MMCis the most accurate
model with no assumptions other than Kirschoff’s voltage

and current laws of the circuit of FIG. 1. In the process of
discretization of the continuous SSSM, the Euler approxi-

mation can be used if the time-step is sufficiently short. As

is known, in mathematics and computational sciences, the
Euler approximation method is a numerical procedure to

discretize the ordinary differential equations and to solve
them with given initial values. The time-step is the interval

whenthe variables in the equations is piece-wise linearized.

The local error or error per time-step of this method is
proportional to the square of the step size and the global

error is proportional to the step size. Thus, a time-step is
considered to be sufficiently short when the globalerror is

acceptable.)
Comparing the time domain arm current approximation

expressions with the SSSM approach,the three-phase SSSM

approach is more accurate since it considers the circulating
current interactions between the phases and the common

mode voltage between the neutral and the DC-link mid-
point. Howeverthe single phase arm current approximation

expressionsare sufficiently accurate for digital control of the
PWMpulse durations in the respective switching states as

will now be discussed.

It is well-known that there is always one switching cycle
delay in digital controllers for determining PWM switching

state durations. This delay restrains application of the
SCCVCmethodologyas described abovesince the values of

the state variables are sampled at the end of T,,,, and used
for the control at T.,,,, as illustrated in FIG. 7. To addressthis

issue, prediction of the dynamics of the state variables is

necessary for digital control of the SCCVC process and is
referred to as a model-predictive control (MPC) process.

Otherdigital or analog techniques will be apparent to those
skilled in the art in view of the following discussion for

realizing SCCVCin accordance with the invention and can
be applied in particular applications but digital model pre-

dictive control is much preferred.

MPCis preferably performed in twosteps. First, the state
variable values including all the capacitor voltages and

inductor currents in the converter at the end of T,,, are
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calculated based on the data sampled at the beginning of

Ts, and the time durations of each of the switching

scenarios(e.g. the different orders of switching states for the

positive and negative half cycles of the output) given in the

previous cycle by using either the time-domain current

approximations or the SSSM as discussed above. The sec-

ond step is to determine the time durations of all of the

switching states, for example, the <3>, <2>, <4>, <1>

sequence. A trial-and-error method is then performed as a

scan-and-predict algorithm to derive the prediction forming

the best solution. Therefore, the time durations of the <1>

and <2> switching state in the conventional control method

can be calculated in a known manner using equations (18)

and (19) above or the State-Space Switching model using

equations (20)-(23) as follows:

   

d. 1 2 (20)
ite = OE 3Vac — » 2» (SunVun a)

die
qe = Tp 2d (StaYia — SuaVua)!2-Vsa— rn

d. fe
qe Tp 2d (St ¥im — Sup Yup) 12 — Vsp — rn

» » (SuaYom + Savin) -
d, 1 |x=a,b,c =1
aioe = 6L n

3) (Sua¥ua + StaVLa)
i=l

» » (SunVua + StaVia) —
da. 1 |x=4,b,c n=1
ane -6L n

3)" (SumVub + StVip.)
i=l 

=) 5.3 (21)
a=¢ Ux tx

1 | (22)
qt = Cobaitx

(i=l... vn)
where

1 2 (23)
Yum = % (SteaVia — Sua Yun)

Since the durations of states <3> and <4> are both very

short delays limited to less than 15 tsec due to the very small

arm inductance, L, a 1 usec time step is sufficient to scan for

the best duration of switching state <3>. Using either the
time-domain arm current approximations or the SSSM

approximation as discussed above, the (lower) capacitor
voltage, v,, at the end of state <3> can be calculated for

different durationsofthat switching state. By trying different
durations, the optimal duration will be the duration produc-

ing a minimum value for (v,-V,,,)° which can then be used

to modify the duration of switching state <1>. Then, all the
state variable values at the end of state <1> can be calculated

using the arm current approximations or SSSM which can be
used similarly for calculating the optimal duration of switch-

ing state <4> (e.g. finding the duration producing the mini-
mum value of Wu-Ve)) that can then be used to modify

the duration of state <2>), and so on as illustrated in the flow

chart of FIG.8. Since only a small numberoftime steps need
to be computed for the maximum duration of switching

states <3> and <4> and further time step calculations can be
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12
omitted after a minimum valueof(v1-Viep) or (Vu-Vpep) is

found, all processes can be carried out during switching

cycle period Tx.

It should be noted that due to the insertion of states <3>

and <4>, the originally calculated PWM duty cycles may or

may notbe slightly changed. Since the durations of states

<3> and <4> are very short (particularly because a much
smaller value of capacitors and arm inductances can be used

as will be discussed below), the duty cycle need only be
slightly changed,if at all, before being provided to the PWM

modulator. Therefore, there will be very little change,if any,
in the state variable responses since the cycle times of their

resonant frequencies are very much longer than the time

duration of states <3> and <4>.
To demonstrate the efficacy of the invention, a simulation

has been performed using the converter specification given
in the following table.

 

Apparent power 200 KVA

PowerFactor Unity

Line-to-line Grid Voltage 1140 Volts

Line Current 100 Amperes

DC-bus voltage 200 Volts

Cell count per arm 2

Cell DC Link Voltage 1000 Volts

Cell DC-Link Voltage Ripple -50 V~+50 V

Capacitance pre Cell 400 uF

Arm inductance 20 pH

Line inductance 2000 pH

Line frequency 60 Hz

Switching frequency 33 * 60 Hz
 

The 1 kV DC-Link voltage is selected in order to use a
low cost 1.7kV IGBT module. The cell numberin each arm

is selected to simply demonstrate the operation waveforms
without being too complicated to be observed and under-

stood. However, it should be appreciated that the SCCVC

can be extended to any numberof cells per arm to accom-
modate higher voltage requirements.

The simulation results for 60 Hz line frequency are shown
in FIG.9. It should be notedthatthe line current is controlled

to follow the specified line current and that a number of
intermediate line voltage levels are produced (e.g. +500

volts, +1500 volts, etc.) caused by the newly inserted states

in accordance with the invention, as shown in the v,,
waveform. In the SCCVC, the averaged PWM duty cycles

are maintained as originally required for the averaged line
current control as for the conventional control technique (to

assure that the phase current is substantially sinusoidal
without distortion) and, therefore, there are no low order

harmonic distortions of the line-to-line voltage and no low

frequency distortion appearing on the phase current. (The
averaged duty cycle will be influenced somewhat by the

“shoot-through” state in the SCCVC and some compensa-
tion may be applied but doing so is not important to the

successful practice of the invention.) The sum current is
controlled to indirectly regulate the cell capacitor voltages to

be certain that the cell capacitor voltages return to the

reference voltage; 1000 V in this case.
FIG. 10 illustrates results of a simulation under the same

specifications and conditions as in the simulation results
depicted in FIG. 9 exceptthat the line frequency is 1 Hz. The

similarity to FIG. 9 demonstrates that the SCCVC in accor-
dance with the invention substantially eliminates depen-

dency on line frequency to balance the cell capacitor volt-

ages since the capacitor voltage ripple is substantially the
sameas for the 60 Hz simulation andthere are no low order

harmonic distortions on the line-to-line voltage.
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Importantly, it should be noted that the specified cell

capacitance value is 400 uF and the arm inductance is 20 uH

whichis substantially reduced from the conventional control

case where a 4 mF capacitance and a 1 mH arm inductance

would be required to achieve the same capacitor ripple

voltage. Accordingly, it is seen that the SCCVC in accor-

dance with the invention can not only provide capacitor

current balancing at the PWM switching frequency rather

than the line frequency but decouples the power converter

control and operation from the line frequency altogether and

allows the capacitor and arm inductor values and physical

size to be greatly reduced; resulting in a potentially large

increase in power density of an MMC. Moreover, since the

MMCusing SCCVCis independentof the line frequency,

operation at a line frequency of zero Hz is possible; allow-

ing, for example, AC motors to be started with high torque.

As alluded to above, the SCCVC in accordance with the

invention is capable of balancing capacitor cell voltages

essentially without dependency on AC line frequency and

thus can operate at an AC line frequency of zero (e.g. DC).

For applications requiring conversion between DC voltages

as might be presented, for example, by a need for reduction

of a high DC voltage at which power is stored to an

intermediate or low DC voltage for local distribution on a

DC grid or direct use. The SCCVC in accordance with the

invention can provide such a function without an interme-

diate AC stage and can thus achieve an increased power

density of such converters. As alluded to above, a given

module of an MMCora series connected string of such

modules can basically be regarded as being equivalent to a

switch. Such switches may then be employed in any power

converter topology such as the simple buck converter to

form a modular multilevel buck converter (MMBC)

depicted generically in FIG. 11 and in a single cell per arm

configuration in FIG. 12 (with the two semiconductor

switches depicted as a single-pole, double-throw switch, as

discussed above) which is often employed for DC/DC power

conversion. Other DC converter DC power converter

topologies can also be employed andare referred to generi-

cally and collectively as modular multilevel DC (MMDC)

converters.

The four switching states of the MMBCare depicted in

FIG. 13 in a form very similar to that of FIG. 3 discussed

above. As before, switching states <1> and <2> are con-

ventionally used but, in accordance with SCCVC,switching

states <3> and <4> are also used as discussed above. The

basic difference between MMDCoperation and operation of

MMCsfor DC/AC conversion is the simplified control for

DC voltage regulation rather than generation of a sinusoidal

waveform. Therefore, since there is no current reversal in

MMDCs, only one sequenceofstates is required and, since

states <3> and <4> are of very short duration, standard

modulation techniques such as pulse-width modulation
(PWM)by comparison of an output voltage and reference

voltage with a ramp function of a chosen switching fre-

quency in a feedback loop is generally sufficient for voltage
regulation, with or without compensation for the duration of

states <3> and <4>. The aboveanalysis and design equations
are fully applicable to MMDCsbut maybe simplified to a

state variable transformation of

few(iyrtiz)/2

ipgmty-iz. (24)
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The state-space model of the MMBCis then
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Given an initial condition of the buck converter current,
iz, and circulating current, i,,,, the capacitor voltage
response and inductor current response in any time interval
can be expressed by solving differential equations (21) is the
respective switching scenarios or states, respectively. Even
for an arbitrarily large number of cells in the respective
MMECarms,a fourth-order state-space model is sufficient
to describe all the voltage and current behaviors in every
switching state (e.g. in accordance with equations (9)-(19),
above). With those solutions and the information of different
switching frequencies and the steady-state duty cycle, the
quantitative relationship between capacitance value, induc-
tance value as well as the duty cycle and switching frequen-
cies can be derived and used in a manner conceptually
similar to that discussed above.

Since the expressions for the behaviors of even a single-
cell-per-arm are lengthy and complicated and the computa-
tional burden is increased exponentially for multi-cell per
arm circuits, a model predictive control (MPC) as described
above is also preferred for realization of SCCVC in
MMDCs. A comparison of conventional control and

SCCVC control in accordance with the invention is illus-

trated in FIG. 14. Again,it is clearly seen that the capacitors
can be re-balanced within a single switching cycle by use of

SCCVCin accordance with the invention.
It should be noted that, due to the insertion of states <3>

and <4>, the originally calculated duty cycles may be
slightly changed and compensations made after the dura-

tions of states <3> and <4> are computed. However, since

these states are very short, little, if an, compensation is
generally required in the state variable response since the

resonant frequencies are generally much longer than the
durations of states <3> and <4>.

Simulation waveforms over two switching cycles of a one
cell per arm MMBCare shown in FIG.15. for 13% per unit

(p. u.) and 1.3% p. u. capacitance values. The term “per unit”

indicates the percentage of capacitive reactance at 60 Hz
referred to the load resistance (which may not appear to be

entirely appropriate for a DC-DC MMC embodimentsince
there is no 60 Hz current or voltage in a DC-DC application

but is appropriate here since the DC-DC embodiment is
essentially a special case of the DC-AC MMC embodiment

and is used here to reflect the possible capacitance reduction

characteristic of the DC-AC embodiment of the invention
discussed above andthat, if the same capacitance value, in

this case 500 uF) is unchanged in the DC-DC embodiment,
the MMBC is operable in DC-DC applications with the

same output current rating. The even smaller 1.3% p. u. (50
uF) capacitance value demonstrates that the MMBCalsois

operable with a changed resonant frequency. The compari-

son showsthat the capacitance value chosen will influence
the capacitor voltage ripple and the resonant frequency

between the cell capacitor and the arm inductance but that
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small capacitor voltage ripple can be achieved using
SCCVCwith a small capacitance.

By way of comparison with the known methods for

capacitance minimization by injection of circulating current
alluded to above, the known methods used a frequency of

injected current of between two and ten times the funda-
mental line frequency whichisstill far below the switching

frequency. These techniques will allow the “shoot-through”
states to occur but does not provide control of them for

capacitor voltage balancing, particularly within one switch-

ing cycle. By injecting controlled circulating current at a
high frequency as is achieved by the present invention by

controlling the shoot-through states, the DC-DC power
conversion of MMC-like converters such as MMBCs has

proven to be feasible and allow the advantages of MMC
architectures to be obtained.

The switching waveforms for one switching cycle of a

four cell per arm MMBC are shown in FIG. 16 which
verifies that all the capacitor voltages achieve single switch-

ing cycle balancing. The inductor current contains DC and
a componentat four times the switching frequency because

interleavedcarriers are used for the modulation. The voltage
across the inductor of the buck converter is low which is

favorable for inductor design.

As alluded to above, SCCVC modular multilevel con-
verter design can be applied to any DC converter topology.

Some examples of MMDCtopologiesare illustrated in FIG.
17. It should be noted that in each case, each switch of a

generic topology can by comprised on any number of
modular cells as the input voltage and output current may

require such that components ofreduced voltage and current

specifications may be employed. SCCVC can also be
applied in isolated topologies such as phase-shifted full

bridge converters although an intervening AC stage would
be required.

In view of the foregoing,it is seen that the use of SCCVC

to balance capacitor voltages in modular multilevel con-
verter device can achieve such balancing within a single

switching cycle and allow capacitor and inductor value
reduction to a very small fraction of the values required to

achieve comparable capacitor voltage ripple under conven-
tional control conditions which provides for a substantial

increase in potential power density ofpower converters. The

modular architecture of MMCsallows low voltage and low
current components to be used in respective modules with-

out direct serial or parallel connections of such components.
While the invention has been described in terms of a

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

cation within the spirit and scope of the appended claims.

We claim:
1. A power converter having an upper arm and a lower

arm, each said upper and lower arm comprising a switch
constituted by a series connected pair of transistors and a

capacitor, said power converter module being operated using
at least two main switching states which cause currents that

deliver power from a source to a load for controlling average

value of phase current and two further switching states
which causecirculating currents in said power converter that

do not deliver power from said source to said load and which
are interleaved alternately between said main switching

states during which said capacitor is either bypassed or
connected to a voltage such that said capacitor is charged to

an offset voltage value and voltage across said capacitor is

controlled toward a reference voltage by resonance of said
capacitor with a small inductance in said power converter

during a following one of said main switching states.
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2. The power converteras recited in claim 1 wherein said

powerconverter includes more than onesaid switch in said

upper arm and said lower arm.

3. The power converter as recited in claim 2 including a

plurality of branches connected in parallel, each of said

plurality of branches comprising an upper arm and a lower

arm.
4. The power converteras recited in claim 3 wherein said

plurality of branches are operated at different phases.

5. The power converter as recited in claim 1 including a

plurality of branches connected in parallel, each of said

plurality of branches comprising an upper arm and a lower

arm.
6. The power converter as recited in claim 5 wherein said

plurality of branches are operated at different phases.

7. The power converter as recited in claim 1 wherein an

error between averaged module voltage and said reference

voltage is zero.

8. The power converteras recited in claim 1 wherein said

average value of said phase current varies sinusoidally.

9. The power converteras recited in claim 1 wherein said
average value of said phase current is controlled to produce

a substantially constant voltage.

10. A method of operating a modular multi-level power
converter (MMC) wherein modules of said MMC each

comprise a switch and a capacitor such that said switch
controls bypassing said capacitor or connecting said capaci-

tor into said MMCand said MMCincludes upper and lower
arms wherein each of said upper and lower armscontainsat

least one said module, said method comprising

determining approximate durations oftwo main switching
states which cause currents that deliver power from a

powersource to a load in a switching cycle to provide
a predetermined output voltage or waveform, and

determining approximate durations of two additional

switching states which cause circulating currents in the
MMCthat do not deliver power to said load in each

said switching cycle to charge said capacitor of respec-
tive ones of said modules to an offset voltage value

such that voltage across each said capacitor is con-
trolled by resonance of said capacitor of a said module

with a small inductance toward a reference voltage

during a following one of said main switching states
during a single said main switching cycle.

11. The method as recited in claim 10 wherein said
reference voltage is zero.

12. The method as recited in claim 10 wherein said two
approximate durations of said two additional states are

predicted from capacitor voltage and inductor current con-

ditions at the end of a previous switching cycle.
13. The methodas recited in claim 12 wherein predicted

durations are subjected to a trial and error process to
determine a best solution among predicted durations.

14. The method as recited in claim 13 wherein said best
solution is based on a minimum value of a difference

between a capacitor voltage and a reference voltage.

15. The method as recited in claim 10 wherein each of
said two additional switching states is implemented as a

modification of a respective one of said main switching
states.

16. The method as recited in claim 10 wherein said
approximate durations of said two additional switching

states is estimated from a state-space switching model.

17. The methodasrecited in claim 16 wherein estimated
durations are subjected to a trial and error process to

determine a best solution among predicted durations.
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18. The method as recited in claim 17 wherein said best

solution is based on a minimum value of a difference

between a capacitor voltage and a reference voltage.

19. The method of claim 10 wherein said output voltage
or waveform is a sinusoidal waveform. 5

20. The method of claim 10 wherein said output voltage
or waveform is a substantially constant voltage.

* * * * *


