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Abstract—The hybrid utilization of silicon (Si) and silicon car-
bide (SiC) devices is an effective way to improve the efficiency
and power density of three-level active neutral-point-clamped (3L-
ANPC) inverters while the hardware cost is not significantly in-
creased. However, the unbalanced power loss between SiC de-
vices reduces the inverter lifespan and increases the complexity
of the cooling system design. A hybrid commutation-based active
loss-balancing control (HC-ALBC) scheme is proposed for Si/SiC
hybrid 3L-ANPC inverters. First, the loss distribution of different
commutation processes in the 4SiC-III hybrid 3L-ANPC inverter is
analyzed. Then, three different commutation processes are utilized
with an optimized usage ratio to actively control the power loss
difference between SiC devices. As a result, the balanced power loss
is achieved under different output power and modulation indices.
Finally, a 6-kW Si/SiC hybrid inverter prototype is built, and
experimental results show that the proposed HC-ALBC scheme
achieves balanced power loss between SiC devices. Besides, both
high efficiency and excellent harmonic performance are achieved.

Index Terms—Active neutral-point-clamped inverter, commuta-
tion, power loss balancing control, Si/SiC hybrid, three-level
inverter.

1. INTRODUCTION

HREE-LEVEL active neutral-point-clamped (ANPC)
T inverters are widely used in photovoltaic power generation
and electric transportation due to their lower voltage stress and
lower harmonic distortion [1], [2]. To achieve higher power
density, reducing the filter size of the ANPC inverter is desired
by increasing the switching frequency [3], [4]. However,
more switching loss is generated as well. Compared with
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Fig. 1. Unit prices of Si and SiC devices according to http://www.mouser.cn/.

silicon (Si) devices, silicon carbide (SiC) devices such as SiC
metal-oxide-semiconductor field-effect transistors (MOSFET)
feature lower switching loss and higher thermal conductivity
[5], [6]. Thus, ANPC inverters using SiC devices could operate
with higher switching frequency and temperature, resulting in
higher power density. However, as illustrated in Fig. 1, SiC
devices are more expensive than their Si counterparts in similar
specifications [7]. Thus, full-SiC ANPC inverters significantly
increase hardware costs.

To achieve the tradeoff between the inverter performance
and the hardware cost, the hybrid utilization of SiC MOSFETS
and Si IGBTs is studied [8], [9], [10]. Five different Si/SiC
hybrid ANPC inverters and their optimized driving signals are
presented in Fig. 2. In Fig. 2(a), two SiC MOSFETs are employed
to achieve the high-frequency switching of the bridge-leg volt-
age, and four Si IGBTs only operate in fundamental frequency
[11]. Thus, the switching loss can be reduced while only two
SiC MOSFETs are utilized. Fig. 2(b) presents the topology of
another 2-SiC hybrid solution [12]. All devices operate with
high-frequency switching during half of the fundamental period.
The switching loss of four Si IGBTs is reduced by optimizing
the modulation scheme. Therefore, the switching loss is mainly
generated by two SiC MOSFETs as well. These 2-SiC hybrid
topologies feature low hardware cost and high efficiency, but
suffer from excessive thermal stress on the two SiC devices due
to concentrated power losses, thereby limiting the power rating.
4-SiC hybrid topologies are proposed to lower the switching
loss of each SiC MOSFET, leading to higher output power and
power density, as depicted in Fig. 2(c)—(e). By optimizing the
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Topologies with their switching signal sequences of SiC/Si hybrid 3L-ANPC inverters. (a) 2SiC-I hybrid topology [11]. (b) 2SiC-II hybrid topology [12].

(c) 4SiC-I hybrid topology [13]. (d) 4SiC-II hybrid topology [14]. (e) 4SiC-III hybrid topology [15].

modulation scheme and adopting zero-current switching (ZCS)
for the Si IGBTs, the switching loss is generated by four SiC
MOSFETS, achieving a more averaged loss distribution compared
with 2-SiC hybrid topologies [13], [14], [15]. Compared to the
2SiC-I topology, the 4SiC-I topology increases the output power
by a factor of 1.47 [16]. In the 4SiC-II hybrid topology, the
ZCS of Si devices and dual current paths for all O states are
achieved at all PF conditions, which can further improve the
efficiency. However, the switching losses of inner and outer
SiC MOSFETs still have a significant difference [16], resulting
in excessive thermal stress on some SiC MOSFETs. This uneven
thermal distribution leads to great difficulty in heat sink design
[17], [18], limits the output power, and accelerates device aging,
thereby limiting both the power density [19], [20], [21] and
lifespan of the inverter [22], [23], [24].

Improving the modulation scheme can effectively achieve
balanced power loss between each switching device in Si/SiC
hybrid 3L-ANPC inverters. A doubling switching frequency
(DF) scheme is proposed in [25], where the modulation wave
is compared with two opposite carrier signals to enable two
different current paths for O-level within a switching period.
As a result, the switching losses are evenly distributed be-
tween inner and outer switching devices. A similar scheme is
proposed in [26], where three sinusoidal modulation signals
with different amplitudes are compared with one carrier signal
to enable different current paths for the O-level. In [27], by
modifying the commutation process, the outer switching devices
generate the turn-OFF losses, and turn-ON losses are generated by
the inner switching devices. As a result, the switching losses
are distributed in outer and inner switching devices. However,
these schemes only balance the switching losses between the
inner and outer switching devices, and the conduction loss is
not considered. Jiao and Lee [28] introduced a dual current path
scheme for O levels, further reducing the conduction losses of
inner switching devices. Unfortunately, these schemes use fixed
current paths at the O level under varying operating conditions.
Thus, the power losses of the switching devices cannot be
balanced under different output power or modulation indices.

To actively balance the power loss under varying operation
conditions, the hybrid utilization of different switching fre-
quencies and redundant O levels with different current paths
are combined according to calculated power loss or estimated
junction temperature. Based on the DF scheme, Deng et al. [29]
introduced an adaptive doubled frequency scheme, which bal-
ances the power loss by controlling the duty cycles of redundant
O levels with different current paths within a switching period.
However, the switching times are increased. To avoid the addi-
tional switching times in each switching period, different current
paths for O-level can be hybrid utilized within a fundamental
period by adjusting the amplitudes of the modulation signals
[30]. Similarly, in [21], the redundant O levels are hybrid uti-
lized within ten fundamental periods, and an offline power loss
calculation module is employed to control the ratio of redundant
O levels. However, this scheme leads to significant fluctuations
in junction temperature. In [20], the switching device with the
maximum junction temperature is detected, and the current path
of the O level is optimized to reduce the junction temperature of
the dedicated switching device. Although the maximum device
temperature is controlled, all switching devices operate in high-
frequency switching, which increases the switching loss of Si
devices and thus reduces the efficiency of Si/SiC hybrid inverters
[31]. An active thermal control (ATC) scheme is introduced in
[32], where the high and low switching frequencies are mixed
based on instantaneous current values to improve efficiency.
Meanwhile, different current paths of O level are applied with
different switching frequencies to achieve balanced power loss
distribution. However, reducing switching frequencies degrades
the harmonic performance and the power density. Therefore,
the existing active loss-balancing schemes cannot achieve low
current total harmonic distortion (THD) and high efficiency
while actively balancing the power loss.

A hybrid commutation-based active loss-balancing control
(HC-ALBC) scheme is proposed for Si/SiC hybrid 3L-ANPC
inverters. First, the power loss distribution of different com-
mutation processes in the 4SiC-III hybrid 3L-ANPC inverter is
analyzed. Then, three commutation processes with different loss
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TABLE 1
SWITCHING STATES OF THE 4SIC-IIT HYBRID 3L-ANPC INVERTER

Switching states S S S S Ss Se Voltage
P 1 0 1 0 1 0 0.5Uyc
OL1 1 0 1 0 0 1 0
OL2 0 0 1 0 1 1 0
OL3 0 0 1 0 0 1 0
oul 0 1 0 1 1 0 0
ou2 0 1 0 0 1 1 0
ou3 0 1 0 0 1 0 0
N 0 1 0 1 0 1 -0.5Uq

distribution characteristics are utilized in a hybrid manner. The
usage ratio of different commutation processes is optimized by
calculating the power loss in real time to achieve balanced loss
distribution under different operating conditions. The rest of this
article is structured as follows: Section I analyzes the power loss
distribution in detail by using different commutation processes.
In Section III, the proposed HC-ALBC scheme is presented.
In Section IV, a three-phase 4SiC-III hybrid 3L-ANPC inverter
prototype was built to conduct experiments. Section V concludes
this article.

II. POWER LOSS ANALYSIS OF THE 4S1C-III HYBRID
3L-ANPC INVERTER

The 4SiC-III hybrid 3L-ANPC inverter shown in Fig. 2(e) is
the previous work reported in [15]. In this section, the power
loss distribution of a 4SiC-III hybrid 3L-ANPC inverter with
different commutation processes is analyzed to explore the
active power loss control method of each switching device.

A. Topology and Switching States Analysis

In ANPC inverters, the switching devices S; to Sg of each
bridge leg are categorized as outer switching devices (S; and
S4), inner switching devices (S5 and Sg), and clamping switching
devices (S2 and S3). In the 4SiC-III Hybrid 3L-ANPC inverter,
the SiC MOSFETs are used for the inner and outer switching
devices, while SiIGBTs are used for the other switching devices.
The switching states of the 4SiC-III hybrid 3L-ANPC inverter
are listed in Table I, where “0” and “1” represent the off and

on states of switching devices, respectively. Uy is the dc-link
voltage. With different switching states, the 3L-ANPC inverter
can output three different voltages, including P state (+-0.5Uy.),
O state (0 V), and N state (-0.5U4.). From Table I, it is obvious
that O state can be realized by six redundant switching states
(OL1, OL2, OL3, OU1, OU2, and OU3).

B. Analysis of Power Loss Distribution With Different
Commutation Processes

Three different commutation processes of the 4SiC-III hybrid
3L-ANPC inverter at the positive half period are shown in
Fig. 3. The inner commutation process (CM-I) and the outer
commutation process (CM-O) have a symmetric commutation
process. The OL1 and OUI states are utilized by using CM-I,
while the OL2 and OU2 states are utilized by using CM-O.
The asymmetric commutation process can be considered as a
combination of CM-I and CM-O within a switching period. The
positive half period is utilized to analyze the power loss distribu-
tion of different commutation processes. The switching losses
(Egyw) consist of turn-ON loss (E,y,), turn-OFF loss (Eqg), and the
reverse recovery loss of the body diode (E,,). The conduction
loss (Econ) is also divided into three parts: the conduction loss
with the P state (Eqon_p). the conduction loss with the O state
(Econ_0), and the conduction loss of the body diode (Epcon)-

1) Loss Distribution With CM-I: As shown in Fig. 3, by using
CM-I, S5 and Sg operate at high frequency to achieve different
output voltages. During this process, S; has the conduction loss
with the P state. S3 has the conduction loss with the OL1 state.
When the switching state is changed between the P state and
OL1 state, S5 is turned off and on, generating the turn-OFF and
turn-ON losses. With the P state, S5 also has the conduction loss.
Since the inductor current flows through the body diode of Sg
in the dead time, turning on and off S results in zero-voltage
switching (ZVS) with no turn-ON or turn-OFF losses. Sg has the
conduction loss with the O state, and its body diode has both the
conduction loss and reverse recovery loss in the dead time.

2) Loss Distribution With CM-0O: By using CM-O, S; and
S¢ operate at switching frequency at the positive half period.
When the switching state is changed between the P state and
OL2 state, S is turned off and on, generating the turn-OFF and
turn-ON losses. During this process, the conduction loss with the
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TABLE II
L0OSs DISTRIBUTION UNDER DIFFERENT COMMUTATION PROCESSES AT THE POSITIVE HALF PERIOD
Symmetric commutation process: CM-I Symmetric commutation process: CM-O Asymmetric commutation process
Egv Econ Esw Econ Esw Econ
Ew Est Ex | Ecnr Eeono Epeon | Eov  Eott  Ex | Ecn? Econo Epeon | Em  Eott Ex | Ecnp  Econo  Epcon

S N v v N v v
S> N N, N J
S3 N v J
Sy
Ss | N N N N v v J
Se N N N N N N N N N

P state is also generated by S;. The conduction loss and reverse
recovery loss are generated by the body diode of So. S5 has the
conduction loss during the OL2 state. S5 has the conduction
loss during both the P state and O state. Similar to the CM-I,
turning on and off Sg achieves ZVS. The body diode of Sg has
conduction loss and reverse recovery loss. Compared with CM-1,
CM-O employs dual current paths for O state, which reduces the
conduction loss.

3) Loss Distribution With the Asymmetric Commutation Pro-
cess: By using the asymmetric commutation process, S1, S5, and
S operate at high frequency at the positive half period. During
this process, S has the conduction loss during the P state. There
is no current flowing through the S; when the switching state
is changed from the OL1 state to the OL2 state. Thus, turning
off §1 achieves zero-current switching (ZCS) with no turn-OFF
loss. Due to the asymmetric commutation process, when the
switching state is changed from the OL2 state back to the P
state, turning ON S; cannot achieve ZCS, and the turn-ON loss is
generated. The body diode of S5 has conduction loss and reverse
recovery loss. S3 has the conduction loss during the O states.
When the switching state is changed from the P state to the OL1
state, S5 is turned OFF. Thus, S5 has the turn-OFF loss. Besides,
while turning on the S5, the body diode of the S5 will not be
conducted before the drain—source voltage of S5 is decreased
to about zero [15]. Thus, turning ON S5 achieves ZCS without
turn-ON loss. Since the inductor current flows through the body
diode of Sg, turning ON and OFF S also achieves ZVS with no
turn-ON and turn-OFF losses.

The loss distribution by using different commutation pro-
cesses at the positive half period is summarized in the Table II.
The loss distribution at the negative half period can be analyzed
similarly and is not mentioned here for brevity. It can be seen
that the CM-I generates the turn-ON and turn-OFF losses on the
inner switching devices, while CM-O generates these losses on
the outer switching devices. In the asymmetric commutation
process, the turn-ON and turn-OFF losses are generated by outer
and inner switching devices, respectively. As a result, further
control of power loss distribution can be achieved by utilizing
different commutation processes with different loss distribution
characteristics.

III. HYBRID COMMUTATION-BASED ACTIVE LOSS-BALANCING
CONTROL SCHEME

In this section, an HC-ALBC scheme is proposed, which is a
hybrid that utilizes three different commutation processes with

an adjustable usage ratio. As a result, the switching loss of the
inner and outer SiC devices can be actively controlled. Then,
the total loss can be further balanced by optimizing the ratio
coefficients based on the real-time calculation of power losses
under varying operating conditions.

A. Proposed HC-ALBC Scheme

The modulation signals and the driving signals of the proposed
HC-ALBC scheme at the positive half period are shown in
Fig. 4. u,, and u,p represent the modulation signal and the
positive triangular carrier signal, respectively. ugg1—Ugss TEP-
resent the driving voltages for switching devices S;—Sg, while
upo represents the voltage between points A and O. uy is a
newly introduced modulation signal that is compared with the
positive carrier signal uyp to determine the commutation process
in each switching period. At the positive half period, So and
S, are clamped at OFF-state, while S3 is clamped at on-state.
As shown in Fig. 4, with the proposed HC-ALBC scheme,
three different commutation processes are hybrid utilized with
a specific ratio within every N switching periods. These N
switching periods are divided into N-1 switching periods with
the symmetric commutation process and one switching period
with the asymmetric commutation process. In these switching
periods with symmetric commutation processes, the CM-I and
CM-O schemes are hybrid utilized across different switching
periods at a ratio of ngy: ngz. The switching period with the
asymmetric commutation process is also shown in Fig. 4. 7o
represents the duration of the O state in a switching period. In
this asymmetric commutation period, the OL1 state and OL2
state are hybrid utilized. k17 and ko represent the ratio of the
duration of the OL1 and OL2 states to the to, respectively. By
adjusting the ky; and ki, the conduction loss can be further
controlled within a switching period, enabling a more precise
loss balancing control

N = ng1 +no2 + k11 + k2
1< N<05N,NeZ

ki1 + k2 = 1,0 < k1, k12 <1 M
0 < no1,n02 <N — 1,101,102 € Z
fs
N, = 22, ()
fq

By using the proposed HC-ALBC scheme, the relationship
between N, ng1, no2, k11, and kjo is given by (1). The Ny
represents the total switching periods in a fundamental period,
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which is calculated by (2), where f; is the switching frequency
and f, is the fundamental frequency. In (1), every N switching
periods can be divided into ng; switching periods with CM-I,
nge switching periods with CM-O, and one switching period
with the asymmetric commutation process. This asymmetric
commutation period can be divided into k1175 and ki27T5. To
ensure symmetrical loss distribution between the positive and
negative half period, N is limited to be lower than 0.5Ng.

As shown in Fig. 4, the commutation process in the HC-ALBC
scheme can be determined by a set of ratio coefficients (N,
no1, o2, k11, k12). From (1), it can be found that only three
of the five ratio coefficients (N, ng1, k11) are independent. As a
result, within every N switching periods, uy for the ith switching
cycle can be calculated by (3) according to the specific ratio
coefficients (N, no1, k11). For example, in the positive half period
(um>0), the asymmetric commutation is

u (i) =
i (i) i (i) £ 0,1 < < 1y
(2]{311— )um (z)+2 2k11 um( ) >O,z—n01—|—1
2y, (4) U (1) >0, (no1 +1) <i <N
(2k11—1) up (1) —2+2k14 Um (1) < 0,0 =ngp1 + 1
—2 — Uy, (7) m (1) <0, (no1+1) <i < N

3)

applied at the (101 +1)th switching period within the total of N
switching periods (i = ng1+1). As shown in Fig. 4, the value of
uy can be calculated based on the principle of triangle similarity
using kq1 and uy,, resulting in (2ky1—1)uy, +2-2k1;. The values
of uy in the other switching periods can be calculated similarly.

It is worth noting that Si IGBT in the 4SiC-I and 4SiC-II
topology will have switching loss with CM-I and CM-O, respec-
tively. Thus, the proposed HC-ALBC scheme is not suitable for
these two conventional hybrid topologies. Since the 4SiC-III can
be combined with the proposed HC-ALBC scheme to achieve
highly balanced power loss, it is advantageous in reducing the
thermal stress of SiC devices.

B. Optimal Ratio Coefficients

Based on Table II, the power loss of each switching device
within every N switching periods at the positive half period is

asymmetric commutation process
symmetric commutation process

Modulation signals and the driving signals of the proposed HC-ALBC scheme at the positive half period.

[J]:A []: de'td'
(td(on)+lr+tra+trb)
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'
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1 Un _
T
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Fig. 5. Switching process of MOSFET and its body diode.

presented in Table III. Thanks to the SiC materials, the reverse
recovery losses of the diodes of SiC MOSFETs can be ignored.
In Table III, E.on o and E ., o represent the conduction loss
during the O state with a single current path and a dual current
path, respectively. A similar analysis can also be conducted at
the negative half period. From Table III, it can be found that the
power loss distribution can be actively balanced by optimizing
the ratio coefficients N, ng1, and k1.

S1 and S are selected to calculate the power loss of the outer
and inner SiC MOSFET, respectively. From Table III and the
specific N, ng1, and ky1, the total loss generated by the S; and
S5 can be calculated in (4) and (5) shown at the bottom of next
page, where i represents the ith switching period, j and k denote
the jth set of every N switching periods and the kth switching
period during a set of every N switching periods, respectively.
v is defined as the remainder when 0.5Nj is divided by N. e1(v)
and e5(v) represent the remaining losses generated by the S; and
S5 during the v switching periods. The detailed calculations are
shown in the Appendix.

A power loss model is established to calculate the power loss
in (4) and (5), referring to paper [33]. The switching charac-
teristic of switching devices is assumed to be a linear process.
Fig. 5 illustrates the switching process of a MOSFET and its body
diode in a switching period. In Fig. 5, d represents the duty
cycle corresponding to the on-state, while T and ¢4 represent
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TABLE III
Loss DISTRIBUTION BY USING THE PROPOSED HC-ALBC SCHEME WITHIN EVERY N SWITCHING PERIODS AT THE POSITIVE HALF PERIOD

Eq Econ
S, DRI T O D DAY N () S Econe ()
5 S Ea(@) (1= k1) Epeon (0 + D+ 2% Epeon ()
Ss 0 > Beno (i) + Kut Beono (a1 +1) + (1 — ki) Eeono (o + D+ Xo,0, , Eeano (@)
Sy 0 0
S5 S B (D) + X B (i) (= ki) Eeono (o + D+ D27 Eeano @) + 201, Eeone ()
N 0 ki (Bcono (o1 +1) + Epeon (01 + 1)) + (1= ki) (Eéono (or + 1) + Eeon (1101 + 1))

the switching period and the dead time. #q(on), %, fd(oft), and
ty represent the turn-ON delay time, rise time, turn-OFF delay
time, and fall time, respectively. ., and #,1, denote the reverse
recovery time of the diode. I, represents the inductor current,
while Ur and Up denote the body diode’s forward voltage
drop

0.5N;
Eltota] = Z Econ_P (Z)
=1
o.?st N N
+3 0 Y. Ew(ik)+ D Eon(jk)|+er (v)
7j=1 Lk=no1+2 k=ngp1+1

“

and reverse voltage, respectively. Upg denotes the drain—source
voltage during the turn-OFF transition. In ON-state, the MOSFET
is modeled as an equivalent ON-state resistance Rqs(on), and Uqy
denotes the voltage drop across this resistance. /gy denotes the
reverse recovery current, which depends on the rate of current
rise and the reverse recovery time. For 3L-ANPC inverters, Upg
equals to 0.5U4.. The parameters related to the switching char-
acteristics of switching devices can be found in their datasheets.

Then, the turn-ON loss of the MOSFET during a single switching
period can be calculated as follows:

1 1 1
Eon: iUDS (IL + IRR) (tr + tra) + iUDSILtrb + gUDSIRRtrb'
(©)

The turn-OFF loss of the MOSFET can be calculated as follows:

The conduction loss of the MOSFET can be calculated as
follows:

Eeon = IERds(on) <de — tdead — td(on) —tr =t — trb) .
®)

The conduction loss of the body diode can be calculated as
follows:

Ebcon = 2UrIL (tacad — tagr) — te + taon) ) - )

Since the power losses generated by S5 and S3 are symmetric
at positive and negative half periods, the power loss between Si
IGBTs s already balanced. Therefore, the power loss calculation
of SiIGBT is not presented

f (N7 nOlykll) = |E5total - Eltota1|
1< N<O05N;NeZ
0<ngr <N —1npes
O0<hkn <L

(10)

The loss balancing objective function f{V, ng1, k11) is defined
by (10). The (N, no1, k11) represents the absolute total power loss
difference between the inner and outer SiC MOSFETs. Based on
the power loss model and operating conditions, the value of f{V,
no1, k11) can be calculated under different N, ng1, and k11 values.
Minimizing the f(N, no1, k11) determines the optimal ratio coef-
ficients. Especially since the power loss distribution is different
but symmetric at the positive and negative half period, the
coefficient Nis limited to be lower than 0.5N;. The flow chart and
the calculation process of the optimal ratio coefficients by using
the proposed HC-ALBC scheme is depicted in Fig. 6(a). First,
reading the instantaneous value of the inductor current iy,, Ugqc,
and the modulation signal u,,. Then, search the optimal ratio
coefficients with minimum f{(N, ng1, k11) by using an exhaustive

> 1 Uncl' (¢ ¢ ) 7 method. Finally, (3) is used to enable different commutation
of f ~ 2 PS'E ( d(otr) 1) - processes in each switching cycle. Fig. 6(b) shows the system
0.5N,
Esiora = Z Econ,P (Z)
i=1
0.5N4 20:11 (Eon (.73 k) + EconfO (.77 k) + EDcon (]a k))
N no1+1 . N . .
+es (U) Z + Zko:11+ Eofe .(]7 k) + Zk:n01+2 (2Eé01}_0 (Jv k) + E]/)con (]a k)) (5)
= +k11 (Econ_O (]7 k= ng1 + 1) + Ebcon (]7 k=no1 + 1))

+ (1 - kll) (2Eéon_0 (.7’ k= no1 + 1) + Ell)con (.7’ k= no1 + 1))
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Fig. 6. Flowchart and the system control diagram under the proposed HC-
ALBC scheme. (a) Flowchart of the proposed HC-ALBC scheme. (b) Overall
system control diagram.

control diagram under the proposed HC-ALBC scheme. V¢ and
Vqr represent the d-axis and g-axis reference output voltages,
while Vg and V,, represent the d-axis and g-axis components of
three phase output voltage, respectively. Similarly, iqr and it
represent the d-axis and g-axis reference current, while /; and
I, represent the d-axis and g-axis components of three phase
inductor current, respectively. ugq and u, are modulation signals
in dg-coordinate and from the output of the dual-loop control.
u, and ug represent modulation signals of a-axis and 3-axis,
respectively. uge1 and ugco represent the upper and lower dc-
link capacitor voltages, respectively. ir,, represents the inductor
current of phase x. From Fig. 6(b), the modulation signal of
phase x uy, ,iscalculated by the traditional seven-segment space
vector pulsewidth modulation (SVPWM) based on the neutral
point (NP) control and the dual-loop control. Then, based on the
proposed HC-ALBC scheme shown in Fig. 6(a), the commuta-
tion modulation signal of phase x uy_, is calculated. Finally, the
driving voltages ugzs can be obtained through comparing uy,
and uy_,, with the carrier signals (x = a, b, ¢).

C. Simulation Verification and Loss Distribution Comparison

A Simulink/PLECS cosimulation is also conducted to further
verify the consistency between the calculated and actual losses
under the proposed scheme, as shown in Fig. 7. The utilized
specifications of the 4SiC-III hybrid 3L-ANPC inverter are
shown in Table IV. upo represents the bridge leg voltage of
phase A. i, represents the output current of phase x (x = a, b, ¢).
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Fig.7. Steady-state simulation waveforms of the proposed HC-ALBC scheme
at the rated power.

TABLE IV
PARAMETERS OF THE 4SIC-IIT HYBRID 3L-ANPC INVERTER

Parameters Value
Rated DC-link voltage (Uq.) 700 V
Rated output voltage/ frequency 220 V/ 50 Hz
Rated modulation index 0.77
Rated output power 6000 W
Filter inductor (L, Ly, and Le.) 622 uH
Filter capacitor (Cr, Cp and Cr) 4.7uF
SiC MOSFETS 1IV1Q06060T3G
Si IGBTs IKW30N60H3
Switching frequency 48 kHz

T represents the junction temperature of the SiC devices. psi,
Ps1sim, and Ps1.,) represent the instantaneous power loss within
one switching period, the simulated average power loss and the
calculated average power loss within one fundamental period of
the outer SiC devices, respectively. Similarly, pss, Psssim, and
Pgsca1 represent the corresponding power losses for the inner
SiC devices. As shown in Fig. 7, the calculated losses of the
inner and outer switching devices are nearly the same as the
simulated values, with the difference § remaining below 3%.

To evaluate the impact of parameter differences caused by
the parameter difference between devices, Fig. 8 presents the
calculated power loss of each SiC MOSFET when the devices
have different parameters. In operating condition 2, each SiC
MOSFET is set with different ON-state resistances, and the loss
balancing performance of the proposed scheme is only slightly
degraded. Thus, the proposed HC-ALBC can still be utilized
when the parameter is inconsistent between devices.

The calculated power losses and the simulated junction tem-
peratures of the inner and outer SiC MOSFETs by using CM-I,
CM-O, HC-ALBC, and the existing ATC scheme proposed in
paper [32] are compared under different operating conditions,
as shown in Fig. 9. Since the asymmetric commutation process
can be considered as a combination of the CM-I and CM-O
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Fig. 9. Loss distribution and junction temperature comparison of different

schemes under different modulation index (M) and power factor (PF) conditions.
(a) PF=1. (b) PE=10.8.

schemes during a single switching period, the power loss by
using the asymmetric commutation process is not compared
with the proposed HC-ALBC scheme. It can be seen from
Fig. 9 that, compared with the CM-I and CM-O schemes, the
ATC scheme and the proposed HC-ALBC scheme significantly
reduce the loss difference between the inner and outer switching
devices. Besides, the power loss difference by using the proposed
HC-ALBC scheme is much less than that of using the ATC
scheme. Since the power loss between SiC MOSFETSs is balanced
by the proposed HC-ALBC scheme, the junction temperature
difference between the inner and outer devices is also reduced to
within 0.5 °C, resulting in a balanced thermal stress. Therefore,
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Fig. 11.  Overall experimental setup and photograph of the three-phase 4SiC-
IIT hybrid 3L-ANPC inverter prototype.

the proposed HC-ALBC scheme features the best loss-balancing
performance compared to the other schemes under different
operation conditions.

D. Software Implementation of the Proposed Scheme

Fig. 10 presents the software implementation of the proposed
HC-ALBC scheme in a TMS320F28379D controller, which
features dual-CPUs and dual control law accelerators (CLAs)
architecture. The CPUI interrupt and CLA1 task operate in
parallel within one switching period to complete the voltage
and current sampling, coordinate transformation, neutral-point
voltage control, dual-loop control, and real-time loss calculation.
Besides, a Task process with a period of 20 ms is set in CPU1
to optimize the hybrid ratio of different commutation processes
in the next grid period. With these software design, although
the proposed HC-ALBC scheme increases the complexity of
the commutation program, it can still be executed efficiently in
real-time.
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Fig. 13. Experimental steady-state waveforms by using the ATC scheme
proposed in paper [32].
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Fig. 14. Dynamic waveforms of the proposed HC-ALBC under different
output power (P,). (a) 3 to 6 kW. (b) 6 to 3 kW.

power when the modulation index is 0.77.

IV. EXPERIMENTAL RESULTS

A three-phase 4SiC-III hybrid 3L-ANPC inverter prototype
was built, and parameters are listed in Table IV. The pro-
totype is controlled by a DSP TMS320F28379D and a field
programmable gate array EF21.45GL144B. A Kewell dc source
S7000U-15K-1500-0040 is used to power the prototype. All the
waveforms are recorded by an oscilloscope (Tek-MDO3024).
Both the THDs and efficiencies are measured by a YOKOGAWA
power analyzer WT 1800. All the thermal images are captured
using a thermal imaging camera FOTRIC 285 under natural
air-cooling conditions and a consistent ambient temperature of
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20 °C. Fig. 11 shows the overall experimental setup and pho-
tograph of the three-phase 4SiC-III hybrid 3L-ANPC inverter
prototype. The SVPWM scheme is used in the experiment.

Fig. 12 shows the experimental steady-state waveforms of the
proposed HC-ALBC scheme. i,, iy, ic, and uao represent the
three-phase output current and the bridge-leg voltage of phase
A, respectively. Uggsal, Ugsad, Ugsas, aNd Ugsae TEpresent driving
voltages for S1, S4, S5, and Sg in phase A, respectively. In Fig. 12,
it can be seen that there is no apparent alternating output current
distortion by using the proposed HC-ALBC scheme, and three
different commutation processes are hybrid utilized to achieve
active balanced loss distribution. Within every N switching
periods, the commutation process begins with the CM-I, which
lasts for ngy switching periods. An asymmetric commutation
process is utilized during the next switching period, when the
commutation process is changed from the CM-I to CM-O.
During this process, the OL1 state is enabled by turning off
Sa5. After ki1 of the switching period, S,; is turned off. After
the dead time, S,5 is turned ON to enable the OL2 state. Within
the next ngy switching periods, the CM-O scheme is employed.
At the beginning of the positive and negative half periods, the
commutation process of the proposed HC-ALBC scheme resets
to the CM-I to ensure the symmetric loss distribution between
the positive and negative half periods. It can be seen that the
commutation process is consistent with that shown in Section III.

Experimental steady-state waveforms by using the ATC
scheme are shown in Fig. 13. It can be seen that the ATC scheme
balances the power loss by hybrid utilizing different switching
frequencies and employing different modulation schemes for
different switching frequencies. Fig. 14 shows the experimen-
tal dynamic waveforms of the proposed HC-ALBC. It can be
seen that the NP voltage remains balanced with varying load
conditions.

The measured case temperature curves of each switching de-
vice with rated operation conditions by using the CM-I, CM-O,
HC-ALBC, and the existing ATC scheme proposed in paper
[32] are shown in Fig. 15. The steady-state thermal image of
different schemes is shown in Fig. 16. It can be seen that the
maximum temperature difference between SiC devices (ATs;c)
by using the CM-I, CM-O, and the ATC scheme reaches 9.2,
7.7, and 0.9 °C, respectively. However, the ATg;c by using the
HC-ALBC scheme is only 0.2 °C, resulting in a 97% reduction
compared to the CM-I and CM-O schemes, and a 77% reduction
compared to the existing ATC scheme. Thanks to the decrease of
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ATs;ic, the maximum device temperature (7,5 ) can be reduced
to 73.9 °C by using the HC-ALBC scheme, while the Ty,ax
under the CM-I, CM-O, and ATC schemes reaches 79.5, 78.2,
and 74.2 °C, respectively. Therefore, the HC-ALBC scheme
achieves the best loss-balancing performance compared to the
other schemes. The maximum device junction temperature is
also reduced. Figs. 17 and 18 present the steady-state thermal
images with different modulation indices and output power. In
Figs. 17 and 18, the HC-ALBC scheme also achieves the lowest
ATs;c of 0.2 °C, with a reduction of 95% compared to the CM-1
and CM-O schemes and a reduction of 66% compared to the
existing ATC scheme. It is clear that the HC-ALBC scheme
can effectively balance the power losses under different output
power and modulation indices.

Fig. 19 shows the measured efficiencies of different schemes
under different modulation indices. It can be seen that, compared
to the CM-I scheme, the CM-O scheme has lower efficiency
due to the additional reverse recovery losses of the Si devices
[34]. Since the CM-I and CM-O schemes are hybrid utilized, the
efficiency of the proposed HC-ALBC scheme is slightly lower
than that of the CM-I and higher than that of the CM-O scheme.
The proposed HC-ALBC scheme achieves maximum efficiency
of 98.7% with M = 0.77, which is approximately 0.06% higher
than the CM-O and only about 0.06% lower than CM-I. Since the
ATC scheme employs a lower average switching frequency in
some grid periods, it features the highest efficiency among these
commutation processes. The maximum efficiency by using the
proposed HC-ALBC also reaches 97.4%, which is only slightly
lower than the maximum efficiency. When the modulation index
is set at 0.4, the maximum efficiency by using the proposed
HC-ALBC scheme is 97.4%, which is 0.13% higher than the
CM-O scheme, and only 0.1% lower than the CM-I scheme.
The efficiency of the ATC scheme remains the highest, approx-
imately 0.13% higher than the proposed HC-ALBC scheme.
Additionally, the efficiency of HC-ALBC achieves 98.6% under
the rated condition. Therefore, high efficiency is also achieved
by the proposed HC-ALBC scheme.

The measured output current THDs of different schemes
under different output powers and modulation indices are com-
pared in Fig. 20. It can be seen that the THD performance
with the HC-ALBC scheme is similar to that of the CM-I and
CM-O schemes. Although the ATC scheme improves efficiency
by reducing the switching frequency at a high instantaneous
current value, it also introduces more harmonics. Therefore, the
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Fig. 20. Measured output current THDs of different schemes under different

modulation indices. (a) M = 0.77. (b) M = 0.4.

proposed HC-ALBC scheme achieves actively balanced power
loss while maintaining low current THDs compared with the
ATC scheme.

It is also worth noting that although the simulation and ex-
periment are based on a 6 kW inverter, the proposed HC-ALBC
scheme can still effectively balance the power loss in different
power levels by regulating the hybrid ratio of different commu-
tation processes.
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Thermal images of different schemes under half of the rated output current with the modulation index 0.4. (a) CM-I. (b) CM-O. (c) ATC. (d) HC-ALBC.

V. CONCLUSION

An HC-ALBC scheme for Si/SiC hybrid 3L-ANPC inverters
is proposed. Commutation processes with different loss distri-
bution characteristics are hybrid utilized with optimized usage
ratios, which are actively controlled based on the real-time
calculation of power losses. Analysis and experimental results
highlight the following advantages:

1) The power loss distribution between SiC devices is ef-
fectively balanced under various operation conditions by
using the proposed HC-ALBC scheme. Both the high
efficiency and low harmonic performance are achieved
as well.

2) Compared with the traditional CM-I and CM-O schemes,
the proposed HC-ALBC scheme significantly balances the
distribution of power losses. The maximum temperature
difference between the SiC devices is reduced to 0.2 °C,
with a reduction of over 95%. The maximum device
temperature is also reduced by 7%.

3) Compared with the ATC scheme proposed in paper [32],
the proposed HC-ALBC scheme also reduces the maxi-
mum temperature difference between the SiC devices by
77%. Besides, the proposed HC-ALCB scheme reduces
the current THD by 50%, resulting in a smaller filter size
and further improvement in power density.

Therefore, the proposed HC-ALBC scheme is an excellent

commutation scheme for Si/SiC hybrid ANPC inverters, and can
also be utilized by full-SiC high-power-density ANPC inverters.

APPENDIX

This Section presents the detailed calculations of e;(v) and
e5(v) in (14). Depending on the value of v, e;(v) and e5(v) can
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be calculated by (A1) and (A2) shown at the top of this page, [15] X.Lou,L.Zhang, Y.Chen,Z. Shen, and Z. Zheng, “A dedicate modulation

respectively. scheme for 4-SiC 3L-ANPC inverter with loss balanced distribution and
efficiency improvement,” Proc. CSEE, vol. 42, no. 5, pp. 1925-1933,
Mar. 2022.
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