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MODULATION METHODS AND
CONTROLLERS FOR NEUTRAL POINT
CLAMPED CONVERTER

RELATED APPLICATION

This application claims the benefit of the filing date of
Application No. 63/388,265, filed on Jul. 12, 2022, the
contents of which are incorporated herein by reference in
their entirety.

FIELD

The invention relates to three phase neutral point clamped
power converters. More particularly, the invention relates to
control methods and controllers that balance power losses
and capacitor currents by controlling switching devices of
neutral point clamped converters.

BACKGROUND

The three-level neutral point clamped (NPC) converter
has attracted wide attention, especially in high-power
medium voltage applications [1] [2]. One important market
for the NPC converter is the application in wind energy
conversion systems [3] [4]. Wind turbine power ratings may
be as large as 8 MW [5]. This power rating is challenging for
two-level converter technology due to the voltage and
current limits of switching power devices. NPC converters
reduce the voltage stress on the power devices, however,
there is unequal power loss distribution among the semi-
conductors, which is a major issue in these converters [6]
[7]. Unbalanced power losses cause unequal thermal stress
on the semiconductors. The most stressed devices then
determine the limit in power rating and lifetime of the
converter. Equalizing the thermal stress on semiconductors,
therefore, increases the lifetime and the power conversion
capability of the converter. In wind energy conversion
systems, the converters are frequently operated at frequen-
cies much lower than the fundamental frequency. This
further increases power loss and exacerbates junction tem-
perature imbalance [8]. A direct consequence of operating
the converter at a frequency lower than the synchronous
frequency is that the most stressed power devices are
continuously heated up for longer periods. This causes
increased junction temperature ripples and reduced lifetime
of the converter.

As a solution to the loss imbalance problem in the NPC
converter, the Active NPC (ANPC) converter was intro-
duced. In this topology the clamp diodes in the NPC
converter are replaced with active/controllable power
devices, thus offering more flexibility for loss balancing
control. Pulse width modulation (PWM) methods [9]-[10]
have been proposed to manage the power loss distribution in
ANPC converters. However, they do not fully address the
problem.

SUMMARY

One aspect of the invention relates to a three phase NPC
converter modulation scheme that overcomes the problem of
unequal loss among switches in each leg of the converter.
Embodiments reduce RMS current of dc link capacitors
which allows for small capacitor size.

Another aspect of the invention relates to a method for
controlling a three phase NPC converter, comprising: for
first, second, and third phases of the NPC converter, inde-
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2

pendently controlling switching devices of each phase to
produce a reconstructed output voltage level of each phase
based on a linear combination of three voltage levels of that
phase; setting duty ratios of the switching devices of each
phase to provide the reconstructed voltage level of each
phase during a switching cycle; wherein the three voltage
levels of each phase are 0,

and Vdc, where Vdc is an NPC converter input voltage.

One embodiment comprises arranging the duty ratios of
the switching devices of the first, second, and third phases in
the switching cycle to optimize a switching frequency of the
NPC converter.

In one embodiment, a neutral point current is minimized
over one switching cycle.

In one embodiment, setting duty ratios comprises select-
ing switching states corresponding to the duty ratios asso-
ciated with each space vector for each phase; wherein a
switching frequency of the NPC converter is minimized.

One embodiment comprises balancing DC-link capacitor
voltage by arranging the duty ratios of different switching
states in one switching cycle such that capacitor voltage drift
is compensated; wherein volt-second balance is maintained
in each phase; and a sum of duty ratios in each phase is equal
to 1.

Another aspect of the invention relates to a controller for
a three phase NPC converter, comprising: a circuit that
produces drive signals for power switching devices of first,
second, and third phases of the NPC converter; wherein the
drive signals independently control the switching devices of
each phase to produce a reconstructed output voltage level
of each phase based on a linear combination of three voltage
levels of that phase; wherein the drive signals set duty ratios
of the switching devices of each phase to provide the
reconstructed voltage level of each phase during a switching
cycle; wherein the three voltage levels of each phase are 0,
Vdc/2, and Vdc, where Vdc is an NPC converter input
voltage.

In one embodiment, the drive signals arrange the duty
ratios of the switching devices of the first, second, and third
phases in the switching cycle to optimize a switching
frequency of the NPC converter.

In one embodiment, the drive signals control the power
switching devices to minimize a neutral point current over
one switching cycle.

In one embodiment, the drive signals arrange the duty
ratios by selecting switching states corresponding to the duty
ratios associated with each space vector for each phase;
wherein a switching frequency of the NPC converter is
minimized.

In one embodiment, the drive signals balance DC-link
capacitor voltage by arranging the duty ratios of different
switching states in one switching cycle such that capacitor
voltage drift is compensated; wherein volt-second balance is
maintained in each phase; and a sum of duty ratios in each
phase is equal to 1.

Another aspect of the invention relates to a three phase
NPC converter comprising a controller as described herein.

Another aspect of the invention relates to a non-transitory
computer readable media for use with a processor, the
computer readable media having stored thereon instructions
that when executed by the processor of a controller for a
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three phase NPC converter, cause the controller to perform
amodulation method, comprising: for first, second, and third
phases of the NPC converter, independently controlling
switching devices of each phase to produce a reconstructed
output voltage level of each phase based on a linear com-
bination of three voltage levels of that phase; setting duty
ratios of the switching devices of each phase to provide the
reconstructed voltage level of each phase during a switching
cycle; wherein the three voltage levels of each phase are 0,
Vdc/2, and Vdc, where Vdc is an NPC converter input
voltage.

In one embodiment of the non-transitory computer read-
able media, the modulation method further comprises
arranging the duty ratios of the switching devices of the first,
second, and third phases in the switching cycle to optimize
a switching frequency of the NPC converter.

In one embodiment of the non-transitory computer read-
able media, a neutral point current is minimized over one
switching cycle.

In one embodiment of the non-transitory computer read-
able media, setting duty ratios comprises selecting switching
states corresponding to the duty ratios associated with each
space vector for each phase; wherein a switching frequency
of the NPC converter is minimized.

In one embodiment of the non-transitory computer read-
able media, the modulation method further comprises bal-
ancing DC-link capacitor voltage by arranging the duty
ratios of different switching states in one switching cycle
such that capacitor voltage drift is compensated; wherein
volt-second balance is maintained in each phase; and a sum
of duty ratios in each phase is equal to 1.

BRIEF DESCRIPTION OF THE DRAWINGS

For a greater understanding of the invention, and to show
more clearly how it may be carried into effect, embodiments
will be described, by way of example, with reference to the
accompanying drawings, wherein:

FIG. 1A is a circuit diagram of a conventional NPC
inverter, according to the prior art.

FIG. 1B is a generalized diagram of a current controller
for a NPC inverter.

FIG. 2 is a space vector diagram for a conventional NPC
inverter, according to the prior art.

FIG. 3 is a plot showing typical output voltage levels of
phase a in a sampling period of an NPC inverter, according
to the prior art.

FIGS. 4A and 4B are plots showing simulation results for
phase a voltage (v,,, in FIG. 1A) and current for an embodi-
ment and a classic Space Vector Modulation (SVM) tech-
nique, respectively.

FIGS. 4C and 4D are plots showing simulation results for
line to line voltage (v,,) for an embodiment and a classic
SVM technique, respectively.

FIGS. 4E and 4F are plots showing simulation results for
frequency spectra of the line to line voltage waveform for an
embodiment and a classic SVM technique, respectively.

FIGS. 4G and 4H are plots showing simulation results for
a number of switching transitions for an embodiment and a
classic SVM technique, respectively.

FIGS. 5A and 5B are plots of DC-link capacitor current
for an embodiment and for a classic SVM technique, respec-
tively.

FIGS. 6A and 6B are plots showing simulation results of
dc-link capacitor voltages for an embodiment when active
voltage balancing is applied, and for a classic SVM tech-
nique, respectively.
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FIGS. 6C and 6D are plots showing simulation results of
steady-state dc-link capacitor voltages for an embodiment
when active voltage balancing is applied, and for a classic
SVM technique, respectively.

FIGS. 7A, 7B, and 7C are plots showing power losses of
switching devices for an embodiment, for a conventional
SVM technique, and an ANPC converter, respectively, based
on a simulation.

FIG. 8 is a schematic diagram of an equivalent thermal
model used to analyze junction temperature of devices of
converters.

FIGS. 9A and 9B are plots showing simulation results of
junction temperature of switches S, and S, at an operating
point of M=1 and PF=0.8 for an embodiment and for a
classic SVM technique, respectively.

FIGS. 10A and 10B are plots showing simulation results
of junction temperature of body diodes D,, and D,, and
diode D,,,; at an operating point of M=1 and PF=0.8 for an
embodiment and for a classic SVM technique, respectively.

DETAILED DESCRIPTION OF EMBODIMENTS

Described herein are methods and controllers for modu-
lating switching of power switching devices in NPC con-
verters, such as that shown in FIG. 1A. FIG. 1A is a circuit
diagram of a conventional NPC converter implemented with
insulated gate bipolar transistors (IGBTs) as the power
switching devices. In some embodiments the NPC converter
may be implemented with other types of switching devices,
such as MOSFETs. Referring to FIGS. 1A, P and N are the
positive and negative dc input points, respectively, for
receiving a dc input voltage V., O is the neutral point, C,_,
and C,, are the dc link capacitors, which, according to the
prior art, are typically very large electrolytic capacitors, and
a, b, and ¢ are the output points of the three phases. Each
phase a, b, and c¢ includes four series-connected power
switching devices (e.g., S,;-S,4, shown with body diodes
D,,-D,,) connected between the positive and negative dc
input points, and two clamping diodes (e.g., D,s-D,¢) con-
nected across the second and third switches and the neutral
point O.

Embodiments equally distribute loss among the power
switching devices of NPC converters and substantially
reduce or eliminate loss imbalance problems typically
exhibited by prior approaches. Embodiments avoid the need
for other approaches, such as complex ANPC topologies and
complex switching schemes, as have been employed in prior
attempts to address loss imbalance of NPC converters. For
example, performance of embodiments as described herein
implemented with basic NPC converters exceeds that of
state-of-the-art modulation schemes implemented on
advanced ANPC converters. Embodiments retain merits of
NPC topology such as the dv/dt of output voltage and
dynamic voltage sharing of the switches. Methods and
controllers according to embodiments may be implemented
in existing NPC converter topologies such as that shown in
FIG. 1A, and existing controllers such as that shown in FIG.
1B, e.g., as a retrofit, thereby avoiding the need for expen-
sive and time-consuming converter upgrades.

Embodiments are based, in one aspect, on reconstructing
a voltage level of each phase by a linear combination of the
other two other voltage levels of that phase. For example, the
three voltage levels may be O,
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and Vdc, where Vdc is the NPC converter input voltage, or,
more generally, the voltage levels may be represented as 0,
1, and 2. Reconstructing voltage levels this way results in
lower neutral point current over one sampling period which
reduces current ripple in dc link capacitors, which in turn
reduces the size and cost of dc link capacitors, allowing
smaller and less expensive capacitors to be used and increas-
ing reliability. For example, compared to the conventional
SVM modulation scheme, embodiments may allow for a
reduction in size of dc-link capacitors by 40-70%. Imple-
mentation of embodiments with NPC converters provides
attractive benefits, including, e.g., one or more of:

Smaller dc link capacitor size due to the reduced rms
current of capacitors and reduced voltage ripple;

Active balancing of dc link capacitor voltage;

Lower cost of voltage conversion systems due to utiliza-
tion of simple NPC topology instead of ANPC topol-
0gy;

Significantly improved loss balancing of the main switch-
ing devices;

Significantly improved thermal distribution of the main
switching devices;

Increased power rating and lifetime of NPC converters
due to smaller junction temperature ripples of the
switching devices and smaller dc link capacitors;

Ability to operate in all ranges of modulation indexes and
power factors;

Retain the merits of NPC topology such as the dv/dt of
output voltage and dynamic voltage sharing of the
switches;

In some embodiments, use of discontinuous Space Vector
Modulation (SVM) to decrease switching losses and
improve efficiency.

As noted above, embodiments may include a modulation
scheme based on reconstructing the voltage level of each
phase by a linear combination of other voltage levels of that
phase. For example, if the level of a given phase is set to 1
by an appropriate modulation technique, this level can be
reconstructed by a linear combination of three levels 0, 1 and
2. Itis noted that the average of a reconstructed voltage level
is equal to the corresponding actual voltage level, and
therefore using the reconstructed voltage level instead of
actual voltage level still satisfies the volt-second balance
requirement. The volt-second balance is the relationship
used in SVM schemes to determine duty ratios of the voltage
space vectors. The relationship states that the average volt-
second of the voltage space vectors over the sampling period
should equal the reference voltage. However, an added
feature of a reconstructed voltage level modulation scheme
as described herein is that implementation results in lower
neutral point current over one sampling period.

As used herein, the term “sampling period” refers to a
modulation period of an NPC converter. A sampling period
or modulation period is the period for one complete switch-
ing cycle of the converter.

In some embodiments, an additional control loop may be
used to balance dc-link capacitor voltages. In such embodi-
ments a feature is included whereby the capacitor voltage
drift is compensated. As will be shown below, this results in
a reduction in current ripple of the dc link capacitors. This
may be achieved by rearranging the duty ratios of different
switching states in one sampling period such that capacitor
voltage drift is compensated, while meeting the volt-second
balance requirements during one sampling period.

Embodiments may be implemented in a controller with
power switching device gate drivers and logic circuitry in
whole or in part using discrete (e.g., analogue) components
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and/or using digital technology. Embodiments may include
integrated circuit (IC) implementation, which greatly
reduces component cost and design complexity. Examples
of suitable digital technologies include processors such as,
but not limited to, digital signal processor (DSP), field
programmable gate array (FPGA), application specific inte-
grated circuit (ASIC), and microcontroller unit (MCU). For
example, one or more components of a controller may be
implemented in an algorithm using a suitable computer or
hardware language (i.e., code) such as, for example, very
high speed integrated circuit (VHSIC) hardware descriptive
language (VHDL), register transfer language (RTL), or
Verilog. Such an algorithm may be implemented in, for
example, a DSP, FPGA, ASIC, or MCU device of a con-
troller.

An example of a controller for an NPC converter is shown
in FIG. 1B. Briefly, the controller senses the current deliv-
ered to a load 105 using a current sensor 110. The sensed
current is compared to a reference current 115 to generate
error signals at 120. The error signals are subjected to a
proportional-integral (PI) function 125 to generate reference
voltages. The reference voltages are used to calculate Vref
and phase 0 at 130, which are then used in a modulation
scheme at 135 to generate the gate signals for the switches
of the NPC converter 100. Such a controller may be based
on a space vector modulation (SVM) scheme stored/pro-
cessed at 135, as known in the prior art. However, such a
controller may also be based on embodiments described
herein by instead storing/processing a modulation scheme
according to the embodiments at 135. Various components
such as the storage/processing component 135 may be
implemented in a digital technology as noted above. For
example, the modulation method may include an algorithm
stored as computer code in a nonvolatile memory device,
such that the memory device may be replaced or updated
(e.g., “flashed”) with code for performing a modulation
method according to embodiments described herein.

Another aspect of the invention relates to non-transitory
computer readable media for use with a processor, the
computer readable media having stored thereon instructions
that, when executed by the processor of a controller for a
NPC converter, cause the controller to perform a modulation
method according to embodiments described herein.
General Approach

FIG. 2 is a conventional space vector diagram of an NPC
converter. Each sector in the space vector diagram has nine
regions, as shown in FIG. 2. In each region, the reference
vector is synthesized by three adjacent space vectors. These
three vectors are termed as V,,, V, and V, and described in
terms of corresponding phase voltage levels as

Vieillauden) = (V" M

lau

bu pcu
Vi Z(‘u)

Voillalwler) = (VES VP VE)

lav "Iy " ey

Vieillawlpolew) = (Vi VI VE? )

where 1, (p=a, b, ¢ and s=u, v, w) is the level of phase p
corresponding to space vector s, and V,p"” is the correspond-
ing output voltage of level 1, relative to the negative rail N—

(see FIG. 1A). Note that

Iyl 1 2) )
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-continued

VP e
'ps

Ve }
0 Vie
{ P

The first step is to reconstruct a given phase voltage level
using a combination of the other existing voltage levels. For
example, if the level of phase p is set to 1 by an appropriate
modulation technique, this level can be reconstructed by a
linear combination of three levels 0, 1 and 2. Note that the
average of the reconstructed voltage level 1 is equal to the
actual voltage level 1, and therefore using the reconstructed
voltage level 1 instead of the actual voltage level 1 still
satisfies the volt-balance requirement. However, an added
feature of using the reconstructed voltage level is that its
implementation results in lower neutral point current over
one sampling period.

Also, considering that no current passes through neutral
point during levels 0 and 2, the reconstructed voltage levels
0 and 2 are the same as the original levels, i.e.

Rv()l _‘/1)1

RV,»=V, 3

Using (3) and (4), proper phase voltage level reconstruction
can be performed such that the following requirements are
satisfied:

1) Volt-second balance in each phase is maintained, and

2) The sum of duty ratios of applied levels in each phase

is equal to 1.

The next step is selecting the proper space vectors and
their corresponding duty ratios in a Space Vector Modula-
tion (SVM) technique such that the desired reconstructed
phase voltage levels are achieved.

Assuming the conventional SVM method is applied, the
basic volt-second balance relationship used to determine the
duty ratios of space vectors may be written as

Vi =y Viitdy, Vitdy, V,,
0<dy,<1

dy,tdy,tdy,=1 4)

where d,,, dy,, and d,, are the duty ratios corresponding to
three adjacent vectors v,,, v,, and v,,, respectively. Consid-
ering FIG. 2, one may note that these duty ratios also show
the duration of each level corresponding to selected space
vectors. For example, if vector V,, ;:211 in FIG. 2 is selected
for v, the duty ratios of level 2 in phase a, level 1 in phase
b, and level 1 in phase ¢ would also be dy,. Extending this
concept to reconstructed levels and writing in generalized
form yields

(5)

dppas =d, ps =dgpes =dy_,s=u, v, w
RV/as RV[,; RV/C: Vs
where, for example,
dyyas
l(L\'

is the duty ratio corresponding to the reconstructed voltage
level 1.

Using (3) to (5), the duty ratios corresponding to voltage
levels 0, 1 and 2 of phase p of space vector s may be
calculated as
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1
d ps = d .ps + —d DS
L6 RV 3 RV{

1
—d ,fzs,p:a,b,c. & s=u, v, w.

d,ps =
i 3RV

1
deps = dRVZps + gdm,lps

where dyps, dy s, and dy,ps are respectively the duty ratios
corresponding to voltage level 0, 1, and 2 of phase p of space
vector s.

The selection of the sequence of applying different
switching states over one sampling period is an important
step in any SVM technique as it affects the converter
switching frequency and output voltage harmonic spectra.
The first step in selecting switching sequence according to
the methods herein is determining the intervals associated
with each phase level during one sampling period. The duty
ratios corresponding to these intervals are shown by dy,»
where 1 is the associated level and p denotes the phase name.
For example, d,« illustrates the duty ratio in which phase a
should stay in level O during the sampling period. These duty
ratios may be calculated by knowing the duty ratios corre-
sponding to given phase voltage level during the sampling
period. The following equations may be used for the calcu-
lation of duty ratio associated with each phase level.

(M

d,p =d,pu +d pv +d pw
o o "o o
dle = de“ + dViuv + dVti’ p=a, b, c.

ded pu +d pv+d pw
6] " 6 1)

where dyp, dy, and d, are respectively the duty ratios
corresponding to voltage level O, 1, and 2 of phase p during
one sampling period.

Once the duty ratios associated which each phase levels
are determined, they must be properly arranged in one
sampling period such that the switching frequency is mini-
mized or other performance criteria are achieved. FIG. 3
shows a typical voltage level arrangement for different
phases in one sampling period.

Discontinuous SVM

It can be seen from FIG. 2 that there is a redundancy
associated with V,, V,, and V. For example, given the
reference voltage is located in triangle V,, V,, and V  as
shown in FIG. 2, the space vector V,, has redundant switch-
ing states (211) and (100). Therefore, after selecting the duty
ratio associated with each space vector, there are different
combinations of switching states to apply to the converter in
each sampling period. The selection of proper switching
states is important in optimizing the switching frequency as
described below.

In one embodiment the switching state associated with
each space vector may be selected with the goal of mini-
mizing switching frequency. Considering FIG. 2, if the first
switching states of space vectors V,,, V , and V,, are selected,
the level of phase a would remain at 3 throughout this sector.
It can be shown that if any other combination of switching
states is applied in this sector, the phase levels would change
in such a way that higher switching frequency results. Due
to the symmetry, this rule exists and is applied to the other
sectors of the space vector diagram as well.
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Active Capacitor Voltage Balancing
In one embodiment, an additional control loop may be
utilized to compensate any dc link capacitor voltage drift
due to non-ideal converter characteristics. This may be
achieved by rearranging the duty ratio of different switching
states in one sampling period such that capacitor voltage
drift is compensated. As shown below, this results in a
reduction in current ripple of the dc link capacitors.
Any rearrangement must always meet the following
requirements during one sampling period:
1) Volt-second balance in each phase is maintained;
2) The sum of duty ratios of applied levels in each phase
is equal to 1; and
3) The duty ratios of the voltage levels 0, 1, and 2 are
modified to balance the dc-link capacitor voltages.
Assuming no significant change in reference voltage
during one sampling period, writing the volt-second balance
for phase p (p=a, b, ¢) during one sampling period yields

dy gV +dy XV Py o)XV +dy XV =V, ®)

)

where V,, 7 is the amplitude of reference voltage in phase p.
The normalized voltage deviation of dc-link capacitor C,
may be presented as

d, vop+d V]p+d v2p+d V= 1

Ver = Vael2 (10)

AVy =
! Vae

An index may be defined based on the voltage deviation of
dc-link capacitor as:

8,=AV;xsign(i,) (11

The new duty ratios may be defined as

dyp e =d vd’_kX5,/ 2
dVIP,ne\\‘:dvlp_kXSp

Ay o =dy k8,2 (12)

where dyp e v s Qv e, are the new duty ratios of
level 0, 1, and 2, respectively. It can be seen that with these
new duty ratios, the three necessary requirements stated
above are satisfied. This modification results in lower volt-
age deviation of the dc-link capacitors.

The invention is further described by way of the following
non-limiting Example.

EXAMPLE

An embodiment of a modulation scheme as described
herein was tested and verified by simulation using PSIM™
software (Powersim Inc., Rockville, MD, USA). The param-
eters of the simulated system are listed in Table I and were
chosen based on [5] to ease a comparison of the results with
an ANPC structure. An NPC converter with conventional
SVM technique was also simulated for comparison.

TABLE 1

Simulation system parameters.

System Parameter Value
DC source voltage (V) 1070 V
Output frequency (f,) 50 Hz
Modulation index (M) 0.8
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TABLE 1-continued

Simulation system parameters.

System Parameter Value
Sampling frequency (f,) 2 kHz
Load (R-L) R=176Q
L =42 mH
Load power factor 0.8
Switches Semikron SKM200GB125D,
1200 V, 160 A

Input and Output Waveforms

In the first step of the simulation, all switches were
assumed to be ideal in order to evaluate the functionality and
voltage balancing of the modulation scheme embodiment.

Performance comparisons between the embodiment and
the classic SVM converter, respectively, are shown for the
phase voltage (v, in FIG. 1A) and current relative to the
neutral point (FIGS. 4A and 4B), the line to line voltage
(v,,) (FIGS. 4C and 4D) and the line voltage harmonic
spectra (FIGS. 4E and 4F). A close inspection of the wave-
forms for the embodiment shows that the basic feature of the
classic NPC modulation scheme is retained, i.e., all transi-
tions are from the positive/negative voltage bus to the
neutral point which makes the output voltage step equal to
V,/2 during the entire output cycle. Consequently, the
inherent dynamic voltage sharing also remains intact.

Also shown for the embodiment and the classic SVM
converter, respectively, in FIGS. 4G and 4H, is the number
of switching transitions in phase a, demonstrating that the
switching behavior of the inner and outer switches is the
same for the embodiment (the two traces are substantially
superimposed). This confirms that the embodiment provides
better switching loss balance, especially when the switching
losses are dominant.

On the other hand, it is observed from FIGS. 4G and 4H
that the switching frequency is increased in the embodiment.
Despite that, using a proper implementation of discontinu-
ous SVM (DSVM) can decrease the switching losses.

FIGS. SA and 5B show the dc link capacitors current
waveforms together with their RMS values for the embodi-
ment and the conventional SVM scheme, respectively. It can
be seen that the RMS current of dc link capacitors is
significantly reduced in the embodiment (30 A compared to
70 A in the conventional SVM scheme). This allows for a
substantial reduction in the size of the dc link capacitors in
the embodiment. For example, in the embodiment the dc
link capacitors may be rated at 1000 V, 560 uF, whereas
using the SVM scheme 1000 V, 1000 uF capacitors are
needed. This represents a reduction in dc link capacitor size
of 44%, and optimization, e.g., for specific applications, may
allow for a further reduction in size, for example, up to 70%.

FIGS. 6A and 6B show the dc link capacitor voltages for
the embodiment and the conventional SVM converter,
respectively, when voltage balancing control is activated.
FIGS. 6C and 6D show the steady state dc link capacitor
voltages regulated to their nominal values, for the embodi-
ment and the conventional SVM converter, respectively.

It is noted that unlike prior modulation techniques (e.g.,
[71, [8]) which are applicable only to a limited range of
modulation index and/or power factor, a modulation scheme
based on the embodiments described herein may be applied
to the entire range of modulation indices and power factors.
In fact, the performance of the embodiment in balancing the
losses of the switches in low and moderate modulation
indices (e.g., M=0.1-0.6) is better than that of the methods
presented in [7] and [8].
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Loss Analysis

Using a more realistic switch model in the PSIM simu-
lation, a loss calculation associated with each modulation
scheme was carried out. Although the PSIM switch model is
not the most accurate model, it can provide a good estima-
tion for comparison between different modulation schemes.

The switching devices used for the embodiment and the
conventional SVM technique in this example were
SKM200GB 125D from Semikron Inc., rated at 1200 V and
160 A. Tables 2 and 3 present the average power losses for
the switching devices for two modulation schemes. Only
half of the power devices in each phase were considered
(e.g., the upper switches S, and S, of phase a) since the
two arms of each phase are symmetrical. FIGS. 7A and 7B
show the loss distribution for the embodiment and the
conventional SVM converter, respectively. It can be seen
that there is about 12% difference between losses of the main
switches S, and S, using the embodiment modulation
scheme, while the difference between losses of the main
switches S, and S, is more than 60% in the conventional
SVM scheme, confirming the significant loss balancing of
the embodiment.

Tables 2 and 3 also shown that the overall efficiency of the
embodiment and the conventional SVM technique is similar,
indicating that significant improvements in loss balancing is
achieved by the embodiment without comprising efficiency
of the converter.

As discussed above, the active NPC (ANPC) converter
has been proposed as a solution to overcome the loss
imbalance problem of the NPC converter [3]. A recent study
proposed an adaptive doubled frequency PWM (ADF-
PWM) scheme for an improved power loss distribution
compared with conventional modulation methods [5]. FIG.
7C shows the loss distribution for half the switches in one
phase of an ANPC converter using the ADF-PWM scheme
presented in [S]. Comparing FIG. 7A with FIG. 7C shows a
better loss balancing performance of the embodiment rela-
tive to the ANPC with ADF-PWM scheme.

TABLE 2

Losses of NPC switching devices using a modulation
scheme according to an embodiment described herein.

Conduction Switching Total
Device losses (W) losses (W) losses (W)
Outer switch Sal 160.2 12.4 172.6
Dal 19.2 29 22.1
Inner switch Sa2 190.6 14.5 205.1
Da2 19.2 0.4 19.6
Neutral diode Da5 13.2 2.3 15.5
All 402.4 32.5 434.9
Efficiency = 94.6%
TABLE 3
Losses of NPC switching devices using
the conventional SVM technique
Conduction Switching Total
Device losses (W) losses (W) losses (W)
Outer switch Sal 115.4 15.7 131.1
Dal 1.1 0.3 1.4
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TABLE 3-continued

Losses of NPC switching devices using
the conventional SVM technique

Conduction Switching Total
Device losses (W) losses (W) losses (W)
Inner switch Sa2 214.2 4.1 218.3
Da2 1.1 0.3 1.4
Neutral diode Da5 52.9 3.1 56
All 384.7 23.5 408.2

Efficiency = 94.9%

Junction Temperature Variation

The instantaneous power loss of each power device
obtained from the simulations was analyzed using the ther-
mal model shown in FIG. 8 to estimate the junction tem-
perature Tj of each device. The case temperature (Tc) was
set to 80° C. The device parameters are shown in Table 4. In
FIG. 8 and Table 4, R,,,~R,,, represent the equivalent
resistances to form the transient thermal impedance of the
device and 1,~7, are the corresponding thermal time con-
stants.

TABLE 4

Parameters of the thermal impedance for IGBTs and diodes

Parameter Value Parameter Value

(IGBT) (IGBT) (Diode) (Diode)

R, 0.0033 K/W R, 0.01008 K/W
2 0.015217 K/W h 0.03808 K/W
h3 0.070217 K/W h3 0.10064 K/W

R 0.01045 K/IW R4 0.0112 K/W

T, 0.0008 s T, 0.0008 s

T, 0.013 s T, 0.013 s

T3 0.05 s T3 0.05 s

Ty 0.6 s T4 0.6 s

Instantaneous junction temperatures of the devices S,
and S, and diode D5 were investigated under three differ-
ent operating points (M=1, PF=0.8; M=1, PF=0.5; and
M=0.2, PF=0.5), for the embodiment and the conventional
SVM modulation scheme. In each case, the junction tem-
peratures of S,, and S, were almost identical for the
embodiment. In contrast, the junction temperatures of S,
and S, were different, particularly at high modulation index
(M=1) for the conventional SVM technique. The junction
temperature of D ,,; was substantially lower for the embodi-
ment under all three operating points. Representative plots
for M=1 and PF=0.8 are shown for S, and S, in FIGS. 9A
and 9B (embodiment and classic SVM technique, respec-
tively) and for body diodes D,, and D, and diode D_,,, in
FIGS. 10A and 10B (embodiment and classic SVM tech-
nique, respectively).

All cited publications are incorporated herein by reference
in their entirety.

EQUIVALENTS

It will be appreciated that modifications may be made to
the embodiments described herein without departing from
the scope of the invention. Accordingly, the invention should
not be limited by the specific embodiments set forth, but
should be given the broadest interpretation consistent with
the teachings of the description as a whole.
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The invention claimed is:
1. A method for controlling a three phase neutral point
clamped (NPC) converter, comprising:

for first, second, and third phases of the NPC converter,
independently controlling switching devices of each
phase to produce a reconstructed output voltage level of
each phase based on a linear combination of three
voltage levels of that phase;

setting duty ratios of the switching devices of each phase
to provide the reconstructed voltage level of each phase
during a switching cycle;

wherein the three voltage levels of each phase are 0,

and Vdc, where Vdc is an NPC converter input voltage.

2. The method of claim 1, further comprising arranging
the duty ratios of the switching devices of the first, second,
and third phases in the switching cycle to optimize a
switching frequency of the NPC converter.

3. The method of claim 1, wherein a neutral point current
is minimized over one switching cycle.

4. The method of claim 1, wherein setting duty ratios
comprises selecting switching states corresponding to the
duty ratios associated with each space vector for each phase;

wherein a switching frequency of the NPC converter is

minimized.
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5. The method of claim 4, further comprising balancing
DC-link capacitor voltage by arranging the duty ratios of
different switching states in one switching cycle such that
capacitor voltage drift is compensated;

wherein volt-second balance is maintained in each phase;
and

a sum of duty ratios in each phase is equal to 1.

6. A controller for a three phase neutral point clamped
(NPC) converter, comprising:

a circuit that produces drive signals for power switching
devices of first, second, and third phases of the NPC
converter;

wherein the drive signals independently control the
switching devices of each phase to produce a recon-
structed output voltage level of each phase based on a
linear combination of three voltage levels of that phase;

wherein the drive signals set duty ratios of the switching
devices of each phase to provide the reconstructed
voltage level of each phase during a switching cycle;

wherein the three voltage levels of each phase are 0,
Vdc/2, and Vde, where Vdc is an NPC converter input
voltage.

7. The controller of claim 6, wherein the drive signals
arrange the duty ratios of the switching devices of the first,
second, and third phases in the switching cycle to optimize
a switching frequency of the NPC converter.

8. The controller of claim 6, wherein the drive signals
control the power switching devices to minimize a neutral
point current over one switching cycle.

9. The controller of claim 6, wherein the drive signals
arrange the duty ratios by selecting switching states corre-
sponding to the duty ratios associated with each space vector
for each phase;

wherein a switching frequency of the NPC converter is
minimized.

10. The controller of claim 9, wherein the drive signals
arrange balance DC-link capacitor voltage by arranging the
duty ratios of different switching states in one switching
cycle such that capacitor voltage drift is compensated;

wherein volt-second balance is maintained in each phase;
and

a sum of duty ratios in each phase is equal to 1.

11. A three phase NPC converter comprising the control-
ler of claim 6.

12. Non-transitory computer readable media for use with
a processor, the computer readable media having stored
thereon instructions that when executed by the processor of
a controller for a three phase NPC converter, cause the
controller to perform a modulation method, comprising:

for first, second, and third phases of the NPC converter,
independently controlling switching devices of each
phase to produce a reconstructed output voltage level of
each phase based on a linear combination of three
voltage levels of that phase;

setting duty ratios of the switching devices of each phase
to provide the reconstructed voltage level of each phase
during a switching cycle;

wherein the three voltage levels of each phase are O,
Vdc/2, and Vdc, where Vdc is an NPC converter input
voltage.

13. The non-transitory computer readable media of claim
12, wherein the modulation method further comprises
arranging the duty ratios of the switching devices of the first,
second, and third phases in the switching cycle to optimize
a switching frequency of the NPC converter.
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14. The non-transitory computer readable media of claim
12, wherein a neutral point current is minimized over one
switching cycle.

15. The non-transitory computer readable media of claim
12, wherein setting duty ratios comprises selecting switch-
ing states corresponding to the duty ratios associated with
each space vector for each phase;

wherein a switching frequency of the NPC converter is

minimized.

16. The non-transitory computer readable media of claim
15, wherein the modulation method further comprises bal-
ancing DC-link capacitor voltage by arranging the duty
ratios of different switching states in one switching cycle
such that capacitor voltage drift is compensated;

wherein volt-second balance is maintained in each phase;

and

a sum of duty ratios in each phase is equal to 1.

17. A controller for a three phase neutral point clamped
(NPC) converter comprising the non-transitory computer
readable media of claim 12.
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