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Abstract—This paper introduces a novel three-level voltage-
source converter (VSC) as an alternative to known three-level
topologies, including the conventional neutral-point-clamped con-
verter (NPCC), many T-type VSCs, and active NPCC. It is shown
that, operating in the low converter dc-link voltage range, this
new solution not only can achieve higher efficiency than many
typical three-level structures but also can overcome their draw-
back of asymmetrical semiconductor loss distribution for some
operating conditions. Therefore, a remarkable increase of the
converter output power capability and/or system reliability can
be accomplished. The switching states and commutations of the
converter, named here as hybrid NPCC (H-NPCC), are analyzed,
and a loss-balancing scheme is introduced. Five- and seven-level
H-NPCC topologies with loss-balancing features are also pre-
sented. Finally, a semiconductor-area-based comparison is used to
further evaluate many three-level VSC systems. Interestingly, the
total chip area of the proposed H-NPCC is already the lowest for
low switching frequencies.

Index Terms—Neutral-point-clamped converter (NPCC), space
vector modulation (SVM), three-level voltage-source converters
(VSCs).

I. INTRODUCTION

HREE-LEVEL voltage-source converters (VSCs), partic-

ularly the neutral-point-clamped converter (NPCC), are
widely used in industrial medium-voltage-range applications
(e.g., rolling mills, fans, pumps, marine appliances, mining,
tractions, and renewable energy) [1]-[5]. Recent investigations
have shown that the NPCC is also a promising alternative for
low-voltage applications [6], [7].

Compared to the two-level VSC shown in Fig. 1(a), the
three-level NPCC [cf. Fig. 1(b)] features two additional ac-
tive switches, two extra isolated gate drivers, and four more
diodes per phase leg. The three-phase three-level NPCC allows
27 switch states in the space vector diagram, whereas the
two-level VSC allows eight switch states only [4]. Hence,
the clearly superior controllability of the phase currents and
the dc-link voltage Uy, is the most distinct advantage over the
two-level converter [4]. Additionally, in applications such as
photovoltaic grid inverters, rectifiers, motor drives, and active
filters, three-level NPCC and/or T-type VSC systems, e.g., that
in Fig. 1(c), can achieve lower losses than two-level converters
if the switching frequency is high enough [7], [8].
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The main disadvantages of the three-level NPCC and/or
T-type VSCs are the relatively high cost, the necessary partial
dc-link-voltage-balancing control, and the commonly uneven
loss distribution across the bridge-leg semiconductors.

The semiconductor chips assembled in a three-level NPCC
bridge-leg module are mostly dimensioned neglecting the loss
distribution to the specific elements. This often results in an
oversized design with an expensive and weakly utilized semi-
conductor area [8]. In addition, the typical uneven loss distribu-
tion and the resulting different-junction-temperature operation
of the individual chip devices could lead to unacceptably high
thermal stresses on some power devices, and thermomechanical
damage can arise, thus reducing the system reliability [9], [10].

A three-level active NPCC (A-NPCC), which features loss-
balancing capability between the power devices, is shown in
Fig. 1(d). The two extra active switches per phase leg added to
the three-level NPCC, i.e., T'4,3 and 14,4, allow a substantial
improvement in the semiconductor loss distribution, while the
system efficiency remains nearly unchanged [11].

In this paper, a novel three-level VSC is introduced as an
alternative to many three-level topologies, e.g., the conventional
NPCC, T-type VSCs, and the A-NPCC. This converter shown
in Fig. 1(e) is named hybrid NPCC (H-NPCC). It combines
the operating properties of different VSC topologies, having the
freedom to control the system in a two- or three-level manner.
It is shown that, operating in the low converter dc-link voltage
range, this new solution not only can achieve higher efficiency
than many typical three-level structures but also can overcome
their drawback of extremely asymmetrical loss distribution for
some operating conditions. Therefore, a remarkable increase of
the converter output power capability and/or system reliability
can be accomplished.

This paper is organized as follows. Section II presents a sur-
vey of three-level VSC topologies, including the conventional
NPCC, the A-NPCC, and various T-type VSC systems. The
loss distribution problem of the three-level converters is inves-
tigated, and the space vector modulation (SVM) scheme pro-
posed in [14], which incorporates an optimal clamping of the
phase, is used to improve the system performance. This strategy
can be used to maximize the efficiency of the three-phase
three-level systems and/or to improve the distribution of the
component losses such that the variation of the power/thermal
cycling of the individual elements in a bridge leg is minimized.
Subsequently, the novel three-level H-NPCC is introduced in
Section III, where the switching states and commutations of
the converter are analyzed. A loss-balancing scheme suitable
for enhancing the temperature distribution over the employed
semiconductor devices is presented. In Section IV, an efficiency
comparison between the studied topologies for 10-kVA 50-Hz
inverter operation in the switching frequency range of 5—48 kHz

0278-0046/$31.00 © 2012 IEEE
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Fig. 1.

VSCs. (a) Two-level VSC. (b) Conventional NPCC. (c) Three-level T-type NPCC. (d) Three-level A-NPCC. (e) Three-level H-NPCC.

Fig. 2.

and low dc-link voltage level is presented to demonstrate
the performance and feasibility of the novel three-level
H-NPCC. Additionally, analytical expressions for loss calcu-
lation of the H-NPCC semiconductor devices are presented.
Finally, in Section V, a semiconductor-area-based comparison
is used to further evaluate many three-level VSC systems.

II. SURVEY ON THREE-LEVEL VSC TOPOLOGIES

Fig. 1 shows the bridge-leg structures of three-phase VSCs
in two- and three-level configurations, including the two-level
VSC, the conventional NPCC, the T-type NPCC, the A-NPCC,
and the proposed H-NPCC.

A typical three-level T-type converter constitutes a standard
two-level VSC with an active bidirectional switch connecting
the ac terminal with the dc-link midpoint “0.” Figs. 1(c) and 2
show several arrangements of T-type VSCs. For low rated dc-
link voltage level in the range of 700-1000 V, as for the two-
level VSC, the T-type topologies shown in Fig. 2(a)—(e) would
require 1200-V insulated-gate bipolar transistors (IGBTs) for
the top and bottom switches, i.e., 771 and T};. The systems shown
in Fig. 2(a)—(c) and (f) also need 1200-V diodes for the top and
bottom switches, i.e., D1 and D,. Since the bidirectional mid-
point switches have to block only half of the dc-link voltage,
600-V IGBT and diodes can be used.

The three-level NPCC topology is most often used for
medium-voltage-range applications. The factors preventing the
NPCC from being successful in the low-voltage market are
increased costs and complexity. For low dc-link voltage level,
six diodes and four IGBTs per phase leg rated at 600 V are
required. However, the number of IGBTs and isolated gate
drives is twice that of the two-level VSC. Compared to the
T-type NPCC [cf. Fig. 1(c)], which allows the connection of
two IGBTs with a common emitter, the NPCC needs one more
isolated gate drive per phase leg.

(a)—(f) T-type VSC topologies. In (a), the four-quadrant midpoint switches could be assembled with common emitter.
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Fig. 3. (a)—(c) New three-level hybrid VSCs.

Two substantial disadvantages of the conventional NPCC
and T-type VSCs are the commonly uneven loss distribution
across the semiconductor devices and the resulting asymmet-
rical temperature distribution over their junctions [13]. Adding
two extra active switches to each phase leg of the conventional
NPCC allows a substantial improvement to loss distribution,
utilizing the additional switching states and new commutation
possibilities [cf. Fig. 1(d)] [11]. This configuration, known
as A-NPCC, permits a specific utilization of the upper and
lower paths of the neutral tap and, thus, affects the distribution
of conduction and switching losses among the semiconductor
devices [11], [13]. When compared to the conventional NPCC,
the A-NPCC requires two extra active switches and one isolated
gate driver per phase leg (T'a,3 and T'4,4).

As for the A-NPCC, the three-level H-NPCC, shown in
Fig. 1(e), requires two extra switches when compared to the
conventional NPCC (T4, and T'4,) or the T-type NPCC. The
strategically placed auxiliary switches allow the topology to
operate equally to the conventional NPCC [cf. Fig. 1(b)] and/or
the T-type NPCC [cf. Fig. 1(c)]. For operation in the low voltage
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Fig. 4. Loss-minimized SVM for three-phase three-level VSC topologies: (a) Optimal clamping of the phases, where Png = 60° and Nyg = 60°, and (b)
clamping strategy during unbalanced dc-link capacitor voltages, where Pnyg = 70° and Nng = 50°.

converter range, 1200-V devices are necessary, in contrast to
the A-NPCC, which requires 600-V auxiliary switches. Other
circuit implementations of the three-level H-NPCC are shown
in Fig. 3. Note that the auxiliary switches could also be added
to the A-NPCC. The H-NPCC shown in Fig. 1(e) is analyzed
thoroughly in Section III.

In order to address the loss distribution issue of the three-
level conventional NPCC and T-type VSCs, an SVM scheme
incorporating an optimal clamping of the phase is used in
Section II-A.

A. Loss-Minimized SVM

Several modulation and control strategies exist for the three-
level NPCC, which could be used not only in the A-NPCC
and T-type VSCs but also in the proposed three-level H-NPCC.
Rodriguez et al. [13] provide a survey of NPCCs, where many
suitable strategies are listed.

For the systems presented in this paper, an SVM scheme
incorporating an optimal clamping of the phase, as described
in [14], is considered for analysis. The output voltage vector
is always formed with the three nearest discrete voltage space
vectors. Since the three-level topology offers redundant space
vectors on the inner hexagon, it is possible to implement an
optimal clamping strategy in order to reduce switching losses.

For the whole vector space, the possible no-switching in-
terval can be described as shown in Fig. 4(a). The switching
operation of each phase leg of a three-phase three-level VSC
can be stopped for 120° in one period, generating almost the
same distorted output currents as typical sinusoidal pulsewidth
modulation (SPWM) methods [14]. When aiming for high
efficiency, particularly during high operating frequency, the
“no-switching interval” can be set to match the phase leg with
the highest current values. With regard to the symmetry of three
phases, the no-switching duration must be 60° for positive and
negative load currents. The optimal clamping scheme allows
a phase shift drift ¢,; of up to 30° between the fundamental
output voltage Upy and current Io,¢. For ¢,,; > 30°, the effect
of reducing the switching loss will be somewhat decreased [14].

Although, under the optimum clamping condition, the dc-
link capacitor voltages naturally balance over one fundamental
cycle, asymmetries in the semiconductor characteristics, differ-

Fig.5. Single-phase hardware specifically designed to enable operation of any
of the VSC topologies shown in Fig. 1.

ent gate delay times, dynamic load changes, and/or unbalanced
loads can cause a steady drift of the neutral-point potential
[4]. In order to keep the balancing of the dc-link capacitor
voltages, while the optimal clamping of the current is partially
maintained, a proper selection of the no-switching interval is
required.

An asymmetric modulation, where the no-switching inter-
vals differ in each phase for the positive and negative output
currents, can be used for the balancing control as shown in
Fig. 4(b). It is desirable to keep the current clamping schemes
in each phase equal in order to keep the average losses among
them even; thus, the positive Pyg and negative Nyg no-
switching intervals for each phase must fulfill Pxys + Nng =
120°. Typically, for Pxg < 60°, the upper dc-link capacitor
is charged while the bottom capacitor is discharged. When
Png > 60°, the capacitor charging cycle is changed. Therefore,
it is possible to maintain the stability of the neutral-point po-
tential with no additional circuitry and no additional switching
transitions. In the case of severe dc-link voltage imbalance, the
redundant zero vectors of the inner hexagon are selected to
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Fig. 6. Phase-leg component loss distribution for three-phase three-level inverters operating with conventional NPCC (a) SPWM and (b) SVM and with T-type
NPCC (c) SPWM and (d) SVM. Note that, for the analyzed operating point, D1, D2, D3, and D4 do not conduct current.

ensure the stability of the system, without paying attention to
the optimal clamping of the phase (cf. [8]).

It should be understood that, due to the lower switching
losses when compared to conventional SPWM [15], the optimal
clamping strategy can provide substantial improvement to the
loss distribution of the three-level topologies. For inverters
based on three-level NPCC and T-type NPCC, operating at
high switching frequency (fs), maximum output current, high
modulation index (M), and unitary power factor (¢,; = 0°),
the outer switches are normally the most stressed devices.
These devices experience very high switching losses, while the
inner switches display virtually only conduction losses. There-
fore, in the case that all switches of the inverter are similarly
rated and/or assembled within a power module, the difference
between the operating junction temperatures of these devices
could considerably differ for the conventional SPWM. Hence,
during critical operating points, a derating of the converter
could become mandatory to ensure the system stability [4].

In order to quantify the feasibility of the studied loss-
minimized SVM, simulations are performed for two 3-phase
3-level inverters, one based on a conventional NPCC and an-
other derived from a T-type NPCC. These systems, rated to
10 kVA, are set to operate at 48-kHz switching frequency and
the following specifications: Upyt = 325V, Iou = 20.5 A/
50 Hz, ¢,; =0° and Ug. =700 V. The Infineon IGBTs
600-V IKW30N60T and 1200-V IGW25T120 are selected for
the assessment, and their loss characteristics are determined

with a test setup specifically designed to enable operation of
any of the single-phase topologies shown in Fig. 1 (cf. Fig. 5).

An optimized heat sink with a thermal resistance of Rth =
0.1 K/W has been designed and considered in the thermal
analysis. The thermal models of the devices are obtained di-
rectly from the datasheet, including the thermally conductive
insulating material Hi-Flow from Bergquist (Rth =~ 0.4 K/W).
For comparative purposes, two modulation schemes are ana-
lyzed: the conventional SPWM in which there is no reduction
of switching losses and the SVM with optimal clamping.

For each inverter, the resulting averaged power loss dis-
tribution and the operating junction temperature 7'; of the
individual elements in a phase leg are shown in Figs. 6 and 7,
respectively. In Fig. 7, a constant ambient temperature 74 of
50 °C is assumed in the analysis. The temperature distribution
across the heat sink Tyg is regarded as uniform. It can be seen
that the systems operating with SPWM yield the lowest effi-
ciency 7 as total semiconductor losses Pr of 200 and 330 W
exist for the conventional NPCC and the T-type NPCC, re-
spectively. By avoiding switching currents with high values,
the SVM obtains expressive loss reduction as it provides 25%
and 38.5% less power dissipation for the conventional NPCC
and the T-type NPCC, respectively. Additionally, the operating
junction temperatures of the upper, bottom, and inner IGBTs
are always better balanced for the SVM. Finally, for both
systems employing SVM, the operating junction temperature
ripples and maximum values of the outer transistors 7 /T4 and
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(b) Conventional NPCC: SVM Modulation
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Phase-leg component operating junction temperature for three-phase three-level inverters operating with conventional NPCC (a) SPWM and

(b) SVM and with T-type NPCC (c) SPWM and (d) SVM. Note that the averaged junction temperature of each device is given.

clamping diodes Dj/Dg are always smaller than those for the
SPWM (cf. Fig. 7).

It is important to point out that, for the inverter operation
considered in this analysis, the T-type structures shown in
Figs. 1(c) and 2(a), (b), and (e) would display very similar
efficiencies and loss distributions across the components. This
is particularly true because the commutations during switching
transitions and the numbers of components conducting in the
current path, including device technologies, are always the
same for all these topologies.

III. H-NPCC

As for the A-NPCC, the proposed H-NPCC requires two
extra switches when compared to the conventional NPCC or

the T-type NPCC (per phase leg). The power supplies of the
isolated gate drives for T and T can be advantageously used
for T'4,1 and 14,2, respectively. In contrast to the A-NPCC, for
operation in the low dc-link voltage converter range, 1200-V
devices are employed as auxiliary switches [see T'4,1 and T'4,2
in Fig. 1(e)]. The A-NPCC would require two extra 600-V-rated
active switches per phase leg [see T'4,3 and T4 4 in Fig. 1(d)].

The strategically placed auxiliary switches 74,1 and T 4,2
allow the system to operate like the conventional NPCC [cf.
Fig. 1(b)], the T-type NPCC [cf. Fig. 1(c)], and/or the two-level
VSC. In contrast to the A-NPCC, which offers extra redundant
zero states to the conventional NPCC (central tap “0”), the new
switches create redundant switch states to the “P” and “N”
potentials. Therefore, the losses across the devices within the
phase leg can be strategically distributed.
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TABLE 1
SWITCH STATES OF THE THREE-LEVEL H-NPCC

Device T| Ta| T3| T4|Tay| Taxe| Operating mode
State P1 111]10]0] 0|0 NPCC
StateP2 | 0| 1] 0] 0| 1| 0 | T-type NPCC
State P3 11 1] 0] 0| 1] 0 | NPCC/T-type
State 0 O 1] 1]0]| 0|0 | NPCC/T-type
StateN1 | O[O 1| 1] 0|0 NPCC

State N2 0| 0|10 O0]|1 | T-type NPCC
State N3 0[O0l 1] 1| 0|1 | NPCC/T-type

During T-type NPCC operation, conduction losses can be
drastically reduced, as fewer devices exist in the current path.
This characteristic allows higher efficiency operation when
compared to the conventional NPCC and/or the A-NPCC,
which always contains two conducting devices. In fact, the
losses for the A-NPCC are similar to those for the conventional
NPCC, and the main advantages in the use of this more complex
structure are the loss balance control capability and the voltage
clamping possibility which guarantees an equally shared volt-
age between the main devices T3 /T5 and T5/T}.

In inverter operation, by proper selection of the redundant
“P” and “N” switching states, it is possible to improve the
efficiency of the three-level H-NPCC. The losses of the system
can be distributed such that the auxiliary switches 74,1 and
T 4.2 mainly display conduction losses while the outer switches
Ty and T, are mostly stressed with switching losses. Hence,
transistors with excellent ON-state features could be selected
for the auxiliary switches, while high-speed devices would be
more suitable for the outer switches.

A. Switching States and Commutations

A single phase leg of the H-NPCC, shown in Fig. 1(e), is
taken into consideration. The switching states of the proposed
system are given in Table I. As can be noted, the redundant
switch states “P1” and “N1” define the conventional NPCC
operation, while the states “P2” and “N2” express the T-type
NPCC operation. The states “P3” and “N3” characterize a
hybrid operation of the system, where T-type and NPCC op-
erations are blended in order to improve the system efficiency.
Note that the direct commutation to or from the terminals “P”
and “N” (P < N), using “P1,” “P2,” “P3,” “N1,” “N2,” or
“N3,” describes the two-level VSC operation.

The commutations to or from the new states, incorpo-
rated in the conventional NPCC, determine the distribution
of power losses across the semiconductor devices. As for the
conventional NPCC and the A-NPCC, all commutations take
place between one active switch and one diode; even if more
than two devices turn on or off, only one active switch and one
diode experience essential switching losses [4].

Assuming the operating conditions where the ac terminal has
impressed positive or negative current (Ioy > 0 or Iy < 0)
and positive output voltage Upys, the commutations to or from
“P1,” “P2,” and “0” are given in the following.

1) Commutation “P1” to “0” (P1 — 0): This commutation

starts when 77 is turned off and finishes after a dead
time when T3 is turned on. If Iy < 0, as shown in
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Fig. 8. Commutation (P1 <> 0) in the three-level H-NPCC for conventional
NPCC operation mode: (a) oyt < 0 and (b) Ioyut > 0.
P P
T[ -I
TAxlﬂt‘:} ________ TAxl‘IE
Eon N
Eorr Tz'| : A5/Ds
C I - ! ERccovcry
A Out E
S - : 0 AC 0
l()ut
T3‘| D; Zs D
TAxZ‘lE TAXZ-IE
T4-I D4
(a) N N

Fig. 9. Commutation (P2 < 0) in the three-level H-NPCC for T-type NPCC
operation mode: (a) Ioy¢ < 0 and (b) oyt > 0.

Fig. 8(a), the current /ot commutates from 77 to Ds
after 7 is turned off, and essential turn-off losses occur
at 7. If Ioye > 0, as shown in Fig. 8(b), the current
Ioyt commutates from Dy /Dy to T3 and Dg after T3
is turned on. Hence, 735 faces turn-on losses, while D;
suffers recovery losses.

2) Commutation “0” to “P1” (0 — P1): This commutation
starts when 73 is turned off and finishes after a dead time
when 77 is turned on. If 1o, < 0, as shown in Fig. 8(a),
the current /o,y commutates from Ds to 77 during the
turn-on of 7;. In this case, T7 and D5 experience turn-on
and recovery losses, respectively. If 1ot > 0, as shown
in Fig. 8(b), the current I, commutates from Dg /T3
to D1/Ds during the turn-off of 73. Therefore, essential
turn-off losses occur at 73.

3) Commutation “P2” to “0” (P2 — 0): This commutation
starts when 74,7 is turned off and finishes after a dead
time when T3 is turned on. If Ioy; < 0, as shown in
Fig. 9(a), during the turn-off of 7'4,1, the current Ioy
commutates from 74,1 to 75 and Ds, and essential
turn-off losses occur at T'4,1. If Ioye > 0, as shown in
Fig. 9(b), the current /o, commutates from Dy /D5 to T
and Dg after T5 is turned on. Thus, T5 and D, experience
turn-on and recovery losses, respectively.

4) Commutation “0” to “P2” (0 — P2): This commutation
starts when 73 is turned off and finishes after a dead
time when 74,1 is turned on. If /o, < 0, as shown in
Fig. 9(a), the current /o,y commutates from 75 and Ds
to T'4,1 after T4, is turned on. In this case, T4, and
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D5 experience turn-on and recovery losses, respectively.
If Iowt > 0, as shown in Fig. 9(b), the current Iyt
commutates from Dg /T3 to D1 /D5 after T5 is turned off.
Thus, essential turn-off losses occur at T5.

For the switch states “P3” and “N3,” particular attention has
to be paid to the current distribution between the two redundant
paths. For instance, in the event that 77 and T4, are turned
on at once, the ON-state characteristics of these devices, the
prior switching state, etc., would strongly influence the current
distribution between these components, and their losses would
not be precisely defined.

In order to take advantage of the commonly good switch-
ing performance of the path T} /Ty and the usually superior
ON-state characteristic of the path T'4,1/T 4.2, the switching
commutation to or from “P3” and “0” (P3 <> 0), shown in
Fig. 10(a), is recommended. Therein, the optimum current
transitions between 77 and T'4,1 are shown, where T} displays
mainly switching losses (turn-off: t5 — tg; turn-on: t7 — tg).
T, suffers conduction losses only during the times ¢4; and
tqo. These time intervals must be selected taking into account
the current “tail” of the slow switch in order to preserve the
soft-switching feature in 74,1. Note that the interval ¢y — to,
with ¢; — to being very short, must be much bigger than
ts — t5 in order to ensure that the conduction losses during
“P3” are mainly dissipated across T'4,1. This commutation
was implemented in the prototype shown in Fig. 5, and the
experimental result is shown in Fig. 10(b).

Another commutation possibility for (P3 < 0) is shown in
Fig. 10(c), where the turn-on time interval during the “P3” state
for T overlaps that of T'4,1 in order to ensure that the switching
transitions are performed only by 77 and the current conduction
is executed mainly by T'4,1.

An alternative to the desired commutations, (P3 <+ 0) or
(N3 «» 0), is achieved if, during the optimal clamping interval
of the SVM, the system operates only as T-type NPCC and,
during all other intervals, the system operates solely as the
conventional NPCC. Therefore, Ta,1/T 4.2 only displays con-
duction losses, while 77 /T is mainly stressed with switching
losses.

Table II summarizes the aforementioned commutation de-
scriptions, where the distribution of the main switching losses
for positive and negative currents is shown.

B. Loss-Balancing Control

As for the A-NPCC, the general approach used to optimize
the distribution of the losses over the power semiconductors
and/or to equalize their junction temperatures is to always keep
the hottest devices as cool as possible [4]. For real-time opti-
mization, the junction temperatures of the main semiconductors
need to be estimated or measured at every sampling time. Based
on the temperatures and phase current information, a simple
algorithm could then select the appropriate commutations in
order to alleviate losses from the hottest device for the coming
switching period. Therefore, a substantial improvement in the
loss distribution can be achieved, enhancing the reliability
and/or power capability of the system. This feedback-controlled
loss-balancing method was previously proposed for the
A-NPCC in [4] and can be simply adapted to the proposed
three-level H-NPCC by the use of a decision chart for the
commutations shown in Table III.
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An alternative strategy to the loss-balancing control proposed
in [4] is given in [16], where the calculations of the losses
and device temperatures are performed offline for all relevant
operation points, assuming a specific control and modulation
strategy. Thus, the optimal ratio between the different types
of commutations can be identified online as a function of the
modulation index M and the operating power factor using a
feedforward controller and a stored lookup table [16]. In this
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TABLE 1II
DEVICE SWITCHING LOSSES IN THE THREE-LEVEL H-NPCC
Device | Ty | Dy [T, | Dy | Ts | D3| Ty | Dy | Ds | D6 [Tauxt|Tanye| Commutation type
Lou>0
P10 | Type 1
P2 0) X Type 2
P30 | X Type 3
(N1 0) Type 4
N2 0) X Type §
(N3 0) X X Type 6
Toui<0
(P1-0) X X Type 1
(P2 - 0) Type 2
P30 Type 3
(N1 0) X X Type 4
(N2« 0) X X Type 5
(N3 0) X X Type 6
TABLE III
DECISION CHART FOR THE THREE-LEVEL H-NPCC
Commutation | Phase current Junction t atures Operation
AT; +>AT; 12 ATy 1> AT; 1 Ttype NPCC
Lo - " | ATj 11<ATj 11 | Conv. NPCC
P 0 out AT: (oAT- AT; 19>AT; 1axt Ttype NPCC
R AT, 13<AT 100 | Conv. NPCC
L. <0 AT 1>ATj 12 Type or NPCC
o AT, 1>AT; 74 Type or NPCC
L0 AT, 14>ATj 13 Type or NPCC
o AT; 15>AT; 14 Type or NPCC
(N« 0) AT, +>AT; 13 AT 14>ATj 12 | Ttype NPCC
- =7 | AT 14<AT; 100 | Conv. NPCC
I <0 I J_
. AT, 13AT; 7y |20rATima | Type NPCC
- - AT; 15<AT; a2 | Conv. NPCC

method, a substantially simplified implementation of the loss-
balancing system can be achieved, as the complex real-time
estimation of junction temperature is avoided. It is important
to note that the efficiency of both loss-balancing schemes is
strongly related to the operating switching frequency [18], [19].

C. H-NPCC With Five and Seven Levels

Multilevel VSCs, with loss-balancing control characteristics,
can be derived from the proposed three-level H-NPCC version
shown in Fig. 1(e). For example, Fig. 11(a) and (b) shows the
five- and seven-level VSCs, respectively. Note that the blocking
voltage of the auxiliary switches is always twice that of the
conventional multilevel NPCCs.

IV. INVERTER SYSTEM COMPARATIVE EVALUATION

In order to quantify the feasibility of the proposed three-level
H-NPCC, operating with the loss-minimized SVM or the con-
ventional SPWM, an efficiency comparison between this sys-
tem and other 10-kVA-rated three-phase inverters derived from
the two-level VSC, the conventional NPCC, the T-type NPCC,
and the A-NPCC is presented. Suitable commercial semicon-
ductors are considered in the analysis IGBTs IGW25T120 and

Taed TX‘“{} i T ==l U

TH‘I ray

oL ==l Use

T

Tm-”;

Upc
== 4

Hlls]

(b)

Fig. 11. Novel multilevel H-NPCCs: (a) Five- and (b) seven-level versions.

IKW30N60T), where the loss data are obtained with the test
setup shown in Fig. 5. Note that, for an accurate analysis of
the switching losses, the information from the datasheets only
would not be enough to enable a fair comparison of the studied
systems. Due to the mismatch of voltage-rated devices, e.g.,
during the T-type NPCC operation, the turn-on energy of the
1200-V IGBTs will be lower if the commutating diode is only
600 V rated because of the considerably lower reverse-recovery
charge. Similarly, the 600-V-diode turn-off loss energy will be
higher due to the commutating 1200-V IGBT.

For the three-level H-NPCC, the following two operation
modes are considered in the analysis.

1) High-efficiency operation (mode 1): The losses of the
system are distributed in such a way that the auxiliary
switches T'a,1 and T4, only display conduction losses
while 7} and T, are mainly stressed with switching
losses.

Loss-balanced operation (mode 2): The operation mode,
T-type NPCC or conventional NPCC, is defined by the
real-time calculation of the junction temperatures of the
switches following the algorithm presented in Table III.

2)

In Fig. 12, the pure semiconductor efficiency of the inverters
under study is shown for operation in the switching frequency
range of 5-48 kHz and low dc-link voltage level (Ugc
700 V). The resulting averaged power loss of the individual
elements in a phase leg for 48-kHz switching frequency is
shown in Figs. 6 and 13.

The simulated junction temperatures for the three-level
H-NPCC in mode 2 operating at 48 and 20 kHz with SPWM
and SVM are shown in Figs. 14 and 15, respectively.

The H-NPCC, operating in mode 1, can always achieve the
highest efficiency (cf. Fig. 12). This happens because this sys-
tem suffers the lowest conduction and switching losses among
all analyzed topologies. However, in contrast to the A-NPCC,
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Fig. 12. Efficiency comparison between the different topologies of 10-kVA inverters employing commercial semiconductors (operation: unity power factor,
fundamental output voltage peak Uoyt = 325 V, and Ioyt = 20.5 A). (a) SPWM. (b) SVM.
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Fig. 13.
and (f) SVM.

the power losses across the transistors 77, 15, 15, and T} are
not equalized (cf. Fig. 13).

As for the A-NPCC, a substantial improvement in the loss
and junction temperature distribution across the devices of the
phase leg can be achieved with the three-level H-NPCC. As can
be seen in Fig. 12, the H-NPCC inverter in mode 2 only displays

(b) Active NPCC: SVM Modulation

30.0
= =98.5%
250 Pr=150W nr °
E 20.0
% 150
w)
&
— 10.04
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(d) Hybrid NPCC Mode 1: SVM Modulation
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(f) Hybrid NPCC Mode 2: SVM Modulation
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Phase-leg component loss distribution. A-NPCC (a) SPWM and (b) SVM. H-NPCC mode 1 (c) SPWM and (d) SVM. H-NPCC mode 2 (¢) SPWM

better efficiency than the A-NPCC for switching frequencies
below 25 kHz for the SVM and below 8 kHz for the SPWM.
Due to the fact that the A-NPCC cannot balance the losses
across the auxiliary switches, a better thermal distribution
among all the devices could be achieved with the new system.
Note that the loss-balancing algorithm in Table III aims to



1928
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H-NPCC 48kHz: SPWM Modulation
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Fig. 14. Phase-leg component operating junction temperature for three-phase three-level inverters based on A-NPCC and H-NPCC operating with SPWM.

Note that the averaged junction temperature of each device is given.

distribute the losses between 1) and 75 (I3 and T}), but it
does not permit the auxiliary switches to be more thermally
stressed than these devices. This is the reason that the junction
temperatures across the NPCC switches are not even for the
48-kHz operation (cf. Figs. 14 and 15). On the other hand, for
the 20-kHz operation, a much better performance is achieved.
In fact, without the loss limitation of the auxiliary switches,
the thermal profiles of the NPCC switches would be equalized;
however, the auxiliary switches would face very high losses
during high operating switching frequency.

From the results compiled in Fig. 12, it becomes clear that the
main advantage of the H-NPCC over the conventional VSCs
is the possibility to achieve higher efficiency. Therefore, in
Sections IV-A and IV-B, the advantages of this operating con-
dition are analyzed further, and analytical expressions for loss

calculation of the H-NPCC (mode 1) showing the effects of
the modulation index, the power factor, etc., are derived. The
accuracy of the power loss is verified with the hardware shown
in Fig. 5.

A. H-NPCC Mode 1: Analytical Model and Semiconductor
Power Loss for SPWM

In order to analytically determine the losses of the semi-
conductors used in the conventional NPCC, the T-type NPCC,
and the H-NPCC (mode 1), the current rms and average values
of each device have to be calculated, and therefore, mathe-
matical expressions are required. Herein, for each converter,
simple expressions and means to calculate the semiconductor’s
power losses within a phase leg are given as functions of the
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A-NPCC 48kHz: SVM Modulation
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Fig. 15.

modulation index M, the peak values of the ac terminal voltage
UOut and current Iout, the dc-link voltage level Uy, and the
phase shift between the ac terminal voltage and current ¢,;.
The derived models are only valid for the conventional SPWM;
however, for an in-depth description of the analytical model
derivation for the loss-minimized SVM, the reader is referred
to [20]. Additionally, for the real-time power loss calculations
of the A-NPCC, see [4].

For the following calculations, it is assumed that the con-
verter has a purely sinusoidal phase current shape and operates
with a constant switching frequency being much higher than the
mains frequency fn (fs > fn).

1) Semiconductor Current Stresses: With a defined modu-
lation index given by

2U0ut
Udc

M:

ey
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the average and rms currents of the IGBTs and diodes form-

ing a phase leg of the following converters are finally as
follows.

1) Conventional NPCC

ITl/T4,avg
_ fOutM [sin(wwi) + (T — @ui) cos(pwi)] )
47
I71/74,rms
. M [1 + cos2(py;) + 2cos(@y;
_ Iout\/ [ (vi) (0] 3)
6w
I12/73,avg
. 1 M Isin(@y;) — ©ui cos(pyi
o { [sin(p )47:{9 (pwi)] @
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I72/73,rms
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2) T-type NPCC
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3) H-NPCC in mode 1
Considering that 7 and 7T} suffer conduction losses
only during a time t4 = t41 + t42 as shown in Fig. 10(a),
(16)—(25), shown at the bottom of the page, model the
rms and average values of each semiconductor of the H-
NPCC operating in mode 1.

2) Semiconductor Power Losses: The conduction losses of
the IGBTs and diodes of each converter can be approxi-
mated by

PT/D,c = CQF/D,rms [TT/D(1 + Gv-TJ,T/D)]

+ It pave [Vryp(L+ aTyr/p)]  (26)

where rr/p and Vp,p are the ON-state characteristics of the
selected commercial power devices (IGBT/diode), while a,.
and a, are the fitting coefficients to adjust the values of rr,p
and V7, p according to the semiconductor junction temperature
Tj7r/p-I7/D avg and I7/p 1ms are obtained from (1)—(25).
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The switching losses of the IGBTs Taz1, Tazo, 11, and
T4 and the diodes D5 and Dg can be calculated by (27),
shown at the bottom of the page, where by, by, and by
correspond to the fitting coefficients which, for the IGBTs,
model the turn-on and turn-off energies as functions of the
forward current Ig and the applied reverse voltage Up, e.g.,
Er 0N+OFF (Is, Ug, T,]yT) =by+bi1ls+ b2I2, and, for the
diodes, model the reverse-recovery energy as a function of the
forward current /p of the diode and the applied reverse voltage
Up,e.g., Err(ID7 Ug, TJ7D> =byg+bilp+ bg[% ag, a1, and
as are the fitting coefficients to adjust the values of by, b1, and by
according to the semiconductor junction temperature 1y 7/ p.
The switching losses of the IGBTs 75 and 75 and the diodes
D, and D, can be estimated by (28), shown at the bottom of
the page. The diodes D5 and D3 do not suffer switching losses.
Note that, for the H-NPCC in mode 1, the switching losses of
T'az1 and T'4,o will be very small if ¢4 is set high enough and,
thus, can be neglected (cf. Fig. 10).

Finally, the total averaged power loss of each semiconductor
Pr can be determined using

Pr=Pr/p.+ Pr/ps- (29)

3) Power Loss Model Accuracy: In order to verify the ac-
curacy of the derived power loss models, the single-phase
hardware shown in Fig. 5 is set to operate as an inverter at
20 kHz with SPWM and the following specifications: Uy, =
700 V, Ioys = 10.0 A/50Hz, 0.5 < M < 0.95, and ¢,; ~ 3°.
The prototype losses for operation as the conventional NPCC,
the T-type NPCC, and the H-NPCC (mode 1 with t; = 2 us)
have been measured with a Yokogawa WT3000 precision power
analyzer (basic power accuracy of 0.02%). The measurements
were conducted with an RL load, where the value of the ac
inductor was fixed (L = 2 mH) while the resistor value was
varied to adjust the ac current amplitude for different modula-
tion indices. Fig. 16 shows the calculated and measured semi-
conductor power losses as a function of the modulation index.
The loss data used to compute the power losses of the utilized
commercial semiconductors (IKW30N60T and IGW25T120)
are presented in Table IV. Due to the fact that the power ana-
lyzer results include not only the semiconductor losses but also
the circuit losses such as those from the printed circuit board
tracks, inductors, and connections, these external loss quantities
have to be predicted and subtracted from the measurements. As
can be seen, the calculated semiconductor losses are slightly
lower than those measured. The deviation can be explained
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Fig. 16. Phase-leg semiconductor total power loss. Comparison between the

calculated and the measured losses at fs = 20 kHz, Ug. = 700V, and fom =
10 A.

TABLE IV
Loss DATA FOR IKW30N60T AND IGW25T120
1200 V IGBT 600 VIGBT 600 V Diode
Conduction V1=0.85V and V1=0.85V and Vp=0.85V and
Loss: rr=48.7mQ rr=28.5mQ m=21.7mQ
Switching Loss | U,=600V, by=0, | U,=400V, by=0, | U,=400V, b;=0,
I: b;=200.2p, b=60.21, b=12.9p,
ap= a;:ag:() b_7:4l 1.3n. bg:48.3n. b2:30.0n.
Switching Loss | U,=600V, by=0, | U,=400V, by=0, | U,=400V, by=0,
T-type Op.: b=200.2p, b=60.21, b=19.51,
ap= 01:02:0 bZ:4l 1.3n. bg:48.3n. b2:21.5n.
ta lus 0 0

by the approximate linear models of the conduction/switching
losses or because of the prediction of the other circuit losses. In
general, it can be seen that the loss results obtained by calcula-
tion correspond very well with those obtained by measurement,
and therefore, (1)—(29) will be used in Section IV-B to com-
pare the studied three-level VSCs for different operating points.

B. H-NPCC Mode 1: Extended Comparative Evaluation

In order to extend the comparison of the VSCs for differ-
ent operating points, the analytical expressions (1)—(29) are
used. The systems are compared according to the pure semi-
conductor efficiency achieved as functions of the modulation
index and the phase shift between the ac terminal voltage
and current (¢,;), when a three-phase inverter operation is
considered. These systems, rated to 10 kVA, are set to operate at
20-kHz switching frequency and the following specifications:

13 bo(1+ axTyr/p) 1.
Pr/ps= [ Out - / (W — Qui + 3 51n(299vi)>

+f0utb1(1 + a1y p) (1 + cos(pwi)) — bo(1 + aoTsr/p)(Pui — ) f 3Ude 27

2T * Ug

1 72

5Udc | 1ub2(1 + a2l r/p) )
Prips=1[s QUB Qut . / (2¢0i — sin(2p4))

Towbi (14 aiT wi\  bo(1 4 aoT
i out b1 ( ay J,T/D) sin? (%) 4 o a02 J7T/D)</7 ] (28)
™ Y3
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Fig. 17. Total semiconductor power loss for three-phase inverters as a func-
tion of (a) ¢,; (in radians) (at M = 0.929) and (b) M (at ¢,; = 0°).
Operating conditions: fs = 20 kHz, Ug. = 700 V, and I, = 20.5 A.

Uge =700 V, Iou = 20.5 A/50 Hz, 0.1 < M < 0.929 (at
Vi = 0°), and 0° < @,; < 45° (at M = 0.929). The Infineon
IGBTs 600-V IKW30N60T and 1200-V IGW25T120 are uti-
lized for the assessment, and the coefficients given in Table IV
model their power losses.

Fig. 17 shows the calculated power loss results. As can be
seen, the H-NPCC in mode 1 is the solution which achieves the
best performance for all analyzed operating points, particularly
at high modulation index and unitary power factor (¢,; = 0°).

Fig. 18 shows the payback time related to the additional
cost of the auxiliary switches/gate driver incorporated to the
NPCC and T-type NPCC and the energy cost reduction due
to the power savings. The analysis considers the following:
24-h operation (365 days), U.K. energy cost of £0.07/kWh,
costs of six IGW25T120 and six IKW30N60T IGBTs of £18.1
and £11.2, respectively, and gate driver cost of £12.0. As can
be noted, the payback time for operation at M > 0.6 and/or
Po; < 45° is lower than 2.5 years, which is much less than the
typical lifetime of a converter. Therefore, the implementation
of a high-efficiency H-NPCC inverter is justified.

V. CHIP-AREA-BASED COMPARISON

In the previous section, for the SPWM and the SVM, an effi-
ciency comparison between three-phase inverters derived from
the two-level VSC and many three-level structures employing
commercial semiconductors was presented. As can be observed
in Figs. 6 and 13, for a specific load and operating point,
the three-level systems display very different loss distributions
across the devices within the phase leg. Therefore, a pure
efficiency comparison between them would not be absolutely
reasonable as each system would display different reliability
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features. For a fair evaluation, the chip sizes of each system
could be adapted for a given operating point such that the
maximum or average IGBT and diode junction temperatures
T r/p are equal to or less than a predefined maximum value,
i.e.,, Tjmax = 125 °C. This strategy not only guarantees opti-
mal chip area partitioning and semiconductor material usage
but also provides a common basis for comparisons [17]. Addi-
tionally, the chip area enables the semiconductor costs of the
systems to be determined.

Due to their good documentation and data availability, the
Infineon Trench and Field Stop 1200-V IGBT4 and 600-V
IGBT3 series have been chosen as the data basis. With a
statistical analysis of many commercial-device datasheets and
manufacturer data, the chip die sizes Ag r/p depending on
their current rating [ are linearly fitted, and the resulting
expressions are shown in [7], [17]

As 1200y () =0.95 mij In +32mm®  (30)
Aspi2oov(In) =0.47 m;nQ In + 3.6 mm? (€2))
Asreoov(Iy) =0.55 mf In —0.32mm? (32
Aspeoov (In) =0.27 m;nQ In +041 mm2  (33)

The IGBT and diode ON-state parameters, which are used
to determine the semiconductor conduction losses, are modeled
with nominal chip area Ay 7 /D forward voltage drop Ucg/r,
and differential resistance R, r/p. The resulting IGBT or
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diode chip conduction losses P.,n,q can then be calculated
according to

Pcond (AS,T/Da Z‘avga Z‘rms)
Ronr/p  ANg/D 5

rms

= UCE/F ' Z.avg, + (34)

AsT/D
as a function of the average and rms currents which flow across
the device, i.e., Tavg /rms-

For the switching loss energies FEr/pon/Er/pot, the
datasheet values with the proposed gate resistors are lin-
early scaled to the same switched current ¢ and commutating
voltage u and proportionally fitted over the chip area Ag 7/ p.
In general, the switching losses scaled to the same current do
not vary much with the chip size because a large chip is usually
switched faster with a smaller gate resistor. The switching loss
energy expressions for each component adapted to the area are
presented in [7]

ETon,lQOOV(AS,Tv U, Z)

=(=54-107" Agr+1.9-1077) - u-i (35)
Eto,1200 v (As, T, u, 1)

=(-43-107" Agp +21-1077) - u-i  (36)
Ep1200v(As,p,u,i)

=(-16-107 Agp+12-10")-u-i  (37)
Eron,600v(AsT,u,1%)

= (681071 Agr +44-107%) - -i (38)
Eromr,600v(As1, u, )

=110 Agr +57-107%) - -3 (39)
Ep soov(As,p,u,i)

=(93-10" - Agp +27-107%) u-i.  (40)

By multiplying the energy loss by the switching frequency
fs, the IGBT/diode switching losses can be determined. For
the T-type system analysis, the switching loss energy curves
obtained from the datasheets are shifted proportionally to the
point determined with the test setup shown in Fig. 5.

Finally, the thermal resistance from the junction to the heat
sink Ry, js and the averaged junction temperature of each
device T'; can be determined respectively by

K
Rth’JS(AS7T/D) :2394 mA;?T%SD (41)

Tyr/p =Tas+Rinis(As,r/p) - Pr(Asr/p). (42)

In (41), the chip-area-dependent thermal resistance is derived
based on manufacturer data for a standard power module as-
sembly with a 3-mm Cu base plate and a 380-pum Al>O3 direct
copper bonding (DCB) ceramic substrate and has been verified
by thermal simulations [17].

In each cycle of the chip area optimization procedure pro-
posed in [7], the conduction and switching loss model, in-
cluding the thermal model of the bridge-leg semiconductors,
has to be adapted according to the variation of chip area. An
algorithm incorporating the studied modulation schemes is used
to calculate the relative turn-on times/switching transitions of
the components in one phase leg. In this manner, for each
switching period, the averaged conduction and switching losses
of the devices are determined for their new chip size. The
optimization algorithm calculates the losses of each topology
and the chip sizes until the average junction temperature of each
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Fig. 19. Comparison of the total chip area usage depending on the frequency
for inverter operation with (a) SPWM and (b) SVM.

semiconductor chip reaches T); = 125 °C, assuming a heat sink
temperature of Tyg = 80 °C. For the analysis, the chip area of
each element is limited to a minimum of Agy;, = 2 mm?. This
restriction is due to the limits in the bonding technology and
also to prevent unconsidered side effects that become dominant
in small chip sizes [7]. Finally, by summing up all optimized
chip sizes, the total chip area, the semiconductor costs, the total
efficiency for a topology, and the corresponding operation point
can be found.

The optimization results for all studied 10-kVA three-phase
inverters operating with SPWM and SVM are shown in Fig. 19.
For each system, the total chip area is calculated depending on
the switching frequency.

As can be observed in Fig. 19, the total chip area of all three-
level topologies is already lower than that of the two-level VSC
for switching frequencies above 10 kHz for SPWM and 20 kHz
for SVM. Under SPWM operation at 48 kHz, the necessary chip
area of the two-level VSC is about three times larger than the
area of the three-level H-NPCC (mode 1). For SVM at 48 kHz,
the two-level system requires twice the area of the three-level
H-NPCC (mode 1).

The increase in the required chip area with increasing switch-
ing frequency is the lowest for the three-level NPCC, A-NPCC,
and H-NPCC (mode 1) because of the intrinsic small increase
in switching losses. Interestingly, the loss distribution features
of the three-level H-NPCC (mode 1) permit the minimum chip
area limit of Ag,;, = 2 mm? to be reached for a large range of
switching frequencies for most phase-leg devices.

It is important to point out that the chip area algorithm aims
to equalize the average junction temperatures of all devices
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of a phase leg. Therefore, the loss-balancing properties of the
A-NPCC and the H-NPCC will not be essential. For the chip
area comparison, mainly in low-switching-frequency operation,
these topologies will commonly display worse results than
the other three-level systems because of the extra chip area
of their auxiliary semiconductors. However, the A-NPCC can
display better performance than the conventional NPCC, if the
considered switching frequency is high enough. Intrinsically,
the A-NPCC operates distributing the switching losses among
the outer and the inner devices; thus, the increment of the chip
area in correlation to the switching frequency can be slightly
reduced when compared with the conventional NPCC. This
statement is also valid when comparing the H-NPCC with the
T-type NPCC. Comparing both topologies with loss-balancing
control, the H-NPCC (mode 2) will require less chip area than
the A-NPCC only for very low switching frequencies.

Finally, this study shows that, among the analyzed inverter
systems, the proposed three-level H-NPCC (mode 1) would
already need the smallest silicon area for switching frequencies
above 7 kHz with SPWM and 14 kHz with SVM. The part count
is increased, but the total required chip area can be expressively
smaller. This will definitely have a positive impact on the costs
of an optimized three-level H-NPCC power module.

VI. CONCLUSION

This paper has presented several three-level VSC topologies,
including the conventional NPCC, the A-NPCC, and various
T-type systems. The problem of loss and junction temperature
distribution across the semiconductors in the three-level NPCC
and T-type VSCs has been investigated. An SVM scheme incor-
porating an optimal clamping of the phase has been proposed
in order to maximize the efficiency of these typical three-level
systems and/or to improve the distribution of the component
losses, such that the variation of power/thermal cycling of the
individual elements in a bridge leg is minimized.

A novel three-level H-NPCC has been introduced, where
the switch states and commutations of the converter have been
thoroughly analyzed. It has been shown that this new solu-
tion not only can achieve higher efficiency than many typical
three-level structures but also can overcome their drawback
of asymmetrical semiconductor loss distribution. Therefore, a
remarkable increase of the converter output power capability
and/or system reliability can be accomplished.

An efficiency comparison between the studied topologies for
10-kVA inverter operation in the switching frequency range of
5-48 kHz and low dc-link voltage level has been presented
to demonstrate the performance and feasibility of the novel
three-level VSC solution. Finally, a semiconductor-area-based
comparison was used to further evaluate the studied three-
level systems. Interestingly, at low dc-link voltage level, the
total silicon chip area of the proposed three-level H-NPCC is
already the smallest for switching frequencies above 8 kHz
when considering SPWM and above 13 kHz for SVM.
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