7652

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021

Three-Phase Step-Up Multilevel Inverter With
Self-Balanced Switched-Capacitor

Yuanmao Ye

Abstract—This article presents a new three-phase multilevel
inverter with boosting capability for low-voltage applications like
electric vehicles and renewable energy sources. This inverter is
fed by a single dc voltage source and each phase involves two
low-voltage transistors, two high-voltage transistors, two diodes,
and two capacitors. Except that the two high-voltage transistors
withstand twice the dc input voltage, all other components are
rated to the dc input voltage. With phase-disposition pulsewidth
modulation, the two types of high- and low-voltage transistors
operate in low and high switching frequencies, respectively. This
is very beneficial for reducing switching losses and selecting semi-
conductor switches. The two capacitors are connected in parallel
and series alternately with the dc source resulting in high ac output
voltage with multiple levels, self-balanced capacitor voltages as well
as low voltage ripples. The topology, operation principle, capaci-
tors’ voltage ripples and power loss are analyzed in detail. Both
simulation and experimental results are provided to demonstrate
the feasibility of the proposed inverter.

Index Terms—Multilevel inverter (MLI), pulsewidth modulation
(PWM), switched-capacitor.

I. INTRODUCTION

S THE inherent advantages of reduced switching stresses

dv/dt, near-sinusoidal output voltage waveforms and oper-
ation with lower switching frequency, etc., multilevel inverters
(MLIs) have attracted the wide attention of industrial and re-
search communities [1], [2]. Since Nabae et al. [3], [4] invented
the neutral-point-clamped (NPC) inverter in 1979, Meynard
and Foch invented the flying capacitor (FC) inverter in 1992,
both NPC and FC inverters have caused a substantial attention
for researchers globally and they have already been put into
commercial use. However, the two types of MLIs suffer from
the problems of unbalanced capacitor voltages and complex
clamping circuits. In 1995, Peng et al. [5] presented cascaded
H-bridge (CHB) inverter for static var generation, and Hammond
[6] promoted it successfully for medium-voltage high-power
motor driver. As each H-bridge is fed by a dc source, the CHB
inverter requires multiple isolated dc sources. In recent years, the
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modular multilevel converter (MMC) presented by Marquardt
[7]1in 2003 is also very popular and it has been applied in HVdc
applications.

A common feature for these classic MLIs is that none of them
have the voltage-boosting capability. For instance, the amplitude
of ac output line voltages for NPC, FC, and MMC is equal to
the dc input voltage, whereas the amplitude of ac output phase
voltages for CHB is equal to the sum voltage of all isolated
dc sources used to feed H-bridges in each phase. This makes
these classic MLIs very suitable for high- and medium-voltage
applications.

Nowadays, with the rapid development of electric vehicles
(EVs) and renewable energy source (RES) like solar panels
and fuel cells, boosting-type inverters play a critical role in
these low-voltage applications where the dc source’s low voltage
needs to be boosted and then inverted to a high ac voltage
to drive a motor or connect to the grid. The commercialized
solution for this type of inverters is to cascade boosting-type
dc—dc converter with a conventional two-level inverter. In this
system, all transistors employed in the two-level inverter have to
withstand high voltage and operate in high switching frequency
resulting in more switching loss and serious EMI problem [8],
[9]. To overcome this issue, a new type of MLIs based on
switched capacitor (SC) technology has been proposed in recent
years [10]-[21].

Different from NPC, FC, CHB, and MMC that have been
commercialized in medium- and high-voltage applications, SC-
based MLIs (SCMLIs) are mainly developed for low-voltage
application as they have the advantages of voltage-boosting
capability and self-balanced capacitors’ voltages. For instance,
the series/parallel SCMLI presented by Hinago and Koizumi in
[10] is capable of generating 2n-+3 levels of ac output voltage
and each level is equal to the dc input voltage, here n is the
number of SC cells. In addition, all capacitors’ voltages of this
SCMLI are balanced automatically without the use of auxiliary
balancing circuits and control algorithms.

So far, various SCMLIs are mainly introduced as single-phase
structures and the most popular type of SCMLIs is developed
by cascading an SC-based dc—dc multilevel conversion circuit
with an inverting H-bridge. Different dc levels are generated
by the front-side circuit, while ac output voltage is achieved by
the end-side H-bridge. Specifically, a general series/parallel SC
dc—dc multilevel circuit and its simplified version as well as an
improved structure are used to feed H-bridges in [10]-[12]. In
[13] and [14], SC-based voltage doubler is used as the front-
side of five-level inverting units. In [15], the front-side of a
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seven-level inverter is implemented by an SC-based voltage
tripler. In [16] and [17], a bridge modular SC network and a
cross-switched SC circuit are developed as front-side circuits to
feed H-bridges. Another popular type of SCMLIs is developed
by inserting an SC-based dc—dc multilevel conversion circuit
between two half-bridges [18]—[21]. In this type of SCMLIs,
different voltage levels are also generated by the SC dc—dc
conversion circuit while the two half-bridges are responsible
for alternating polarity. Compared with the former type of
SCMLlIs, only two high-voltage semiconductor switches are
required while another inverting half-bridge withstands low volt-
age stress. The both types of SCMLIs are developed specifically
for single-phase applications. Because the voltages across the
inverting H-bridge and/or half-bridges are varied, it is difficult to
extend these single-phase SCMLISs to three-phase configurations
directly by increasing the number of inverting legs. In contract,
the classic MLIs like NPC, FC, and MMC use a stable dc
bus voltage provided by a single dc source to feed phase-leg,
the number of phases can be changed very flexible by chang-
ing the number of phase-legs. Of course, three-phase SCMLI
configurations can be easily implemented by connecting three
single-phase circuits in “Y” structure. Taking the conventional
series/parallel SCMLI [10], the boost SCMLI [19], the quadru-
ple boost SCMLI [21], the FC-clamped SCMLI [28], [29] and
the cross-switched SCMLI [17] as examples, their three-phase
topologies configured in “Y” structure are illustrated in Fig. 1(a)
to (e), respectively. It indicates that each phase needs at least one
dc source and the “Y” structure comes at the cost of complex
structure and more components.

Otherwise, more effort is needed to reconstruct these SCMLIs
for three-phase applications, and the corresponding new modula-
tion logic and analysis need to be developed as well. For instance,
Fig. 2(a) illustrated a new single-source three-phase SCMLI
derived from the conventional series/parallel structure [10].
Compared with Fig. 1(a) of which each phase voltage has seven
different levels, the new three-phase SCMLI has different output
levels and other features as well, so that new modulation logic
and design philosophy also need to be developed accordingly.
Similarly, Fig. 2(b) shows another new three-phase SCMLI
derived from the boost structure [19]. It is obvious that it has
different features from Fig. 1(b). Hence, the modulation logic
and analysis given in [19] cannot be applied in this three-phase
SCMLI directly.

In this article, a new SCMLI is developed to convert a single
dc source’s low voltage to three-phase high ac voltages with four
levels per phase. As each phase has two transistors withstanding
twice the input voltage, the proposed three-phase SCMLI is
actually not suitable for high-voltage applications. However,
it has the advantages of voltage-boosting capability, simple
circuit configuration, and self-balanced capacitors’ voltages.
These features make the proposed inverter expected to be a
new member of three-phase MLIs, mainly used for low-voltage
applications such as EV, solar panels, and fuel cells, rather than
a competitor of the conventional MLIs. With phase-disposition
pulsewidth modulation (PD-PWM)), two types of high- and low-
voltage transistors employed in the proposed SCMLI operate
in low and high switching frequencies, respectively, so that the
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Fig. 1. Three-phase topologies configured in “Y” structure for the existing
SCMLIs. (a) Series/parallel SCMLI [10]. (b) Boost SCMLI [19]. (c) Quadruple
boost SCMLI [21]. (d) FC-clamped SCMLI [28], [29]. (e) Cross-switched
SCMLI [17].

Vo

Fig. 2. Three-phase topologies derived from the existing SCMLIs. (a) Se-
ries/parallel SCMLI [10]. (b) Boost SCMLI [19].

(a) (b)

switching loss is reduced. Moreover, capacitor’s voltage ripples
and the harmonics of output voltages are reduced as well. Both
simulation and experimental results are provided to demonstrate
the effectiveness of the three-phase SCMLI.

II. TOPOLOGY OF THE PROPOSED SCMLI
A. Circuit Description

The proposed three-phase SCMLI is shown in Fig. 3. Its three
phases have the same circuit configuration and they are powered
by a dc voltage source V.. Its neutral point is provided by two
dc-link capacitors C; and Cy withstanding the same voltage
stress of 0.5 V4.. Compared with the conventional two-level
half-bridge inverter, each phase of the proposed inverter has one
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Fig. 3.  Circuit configuration of the proposed three-phase SCMLI.

TABLE I
SWITCHING STATES OF THE PROPOSED SCMLI, X = 4, B, AND C

Switching Switches Capacitors | Output
states T.| T | S| S| C | C Uy

1 1 0 1 0 C D | +1.5V

2 0 1 1 0 - C +0.5Ve

3 1 010 1 C - -0.5Vy,

4 0 1 0 1 D C -1.5Vy

more SC unit inserted between the dc source and the inverting
half-bridge. The SC unit consists of one half-bridge, two diodes,
and two capacitors. Hence, two half-bridges are employed in
each phase of the proposed SCMLI and each half-bridge is made
up of two complementary operating transistors.

When the transistor 7, is turned ON while 7', is OFF, the
capacitor C,, is charged by the dc source through the diode D,
where x = a, b, and c. This makes the capacitor voltage V¢,
equal to V4. Similarly, C/, is charged to V4. through D/, when
T, is turned ON while 7, is OFF. All components employed in
this SC unit are rated to the dc input voltage V4.

In addition, the inverting half-bridge is connected in parallel
with the series-connection of C, and C/,. The voltage stress of S,
and S, is therefore 2V ... Each of them can also be implemented
by two series-connected transistors so that all components em-
ployed in the SCMLI are rated to V..

B. Operation Principle

To facilitate the following analysis, all components employed
in the proposed SCMLI are seen as ideal and the capacitors Cy,
Co, C,, and C,, are so large that their voltages are constant at
0.5V 4. and V4, respectively.

As each half-bridge is controlled by a pair of complementary
signals and there are two half-bridges in each phase, there are
a total of four switching states as illustrated in Table I. Note
that 1 and O represent ON and OFF states of the related transistor,
respectively. Capacitors’ states are indicated by “C,” “D,” and
“—" which are indicative of charging, discharging, and idle
states, respectively. As a result, the proposed inverter is capable
of generating four different output levels that are £0.5V . and
+1.5V4.. Compared with the traditional two-level inverter of
which each phase is capable of generating the levels of £0.5V 4,
the proposed inverter not only has the boosting ability, but also
can generate more ac voltage levels.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021

Fig. 4. State circuits for one phase of the proposed SCMLI, x = a, b, and c.
(@) ugy = +0.5Vge. (b) uy = —0.5Vgc. () uy = +1.5Vge. (d) uy = —1.5V 4.

1) uy = +0.5V4.: When the switches S, and T, are turned
ON while T, and S, are OFF, the output level +0.5V 4. is
directly provided by the capacitor C; through the diode
D/, and the switch S, as shown in Fig. 4(a). The same
output level can also be provided by the reverse series
connection of C/, and C5 for inductive loads. In this state,
C', is charged by the dc source while Cj, is idle.

2) u; = —0.5V4.: When the switches 7, and S/, are turned
ON while S, and T, are OFF, the output level —0.5V
is directly provided by Cy through the diode D, and the
switch S’ as shown in Fig. 4(b). The same output level
can also be provided by the reverse series connection of
C; and C,, for inductive loads. In this state, C, is charged
by the dc source while C', is idle.

3) u, = +1.5V4.: When the switches S, and T, are turned
ON while S/, and 77, are OFF, the output level +1.5V 4, is
provided by the series connection of Cy and C,, as shown
in Fig. 4(c). In this state, C, is charged by the dc source
while C', discharges to loads.

4) u, = —1.5V4.: When the switches S/, and 77, are turned
ON while S, and T, are OFF, the output level —1.5V . is
provided by the series connection of Cs and C,, as shown
in Fig. 4(d). In this state, C), is charged by the dc source
while C,, discharges to loads.

C. Self-Balance of Capacitor Voltages

As analyzed before, the transistors T, and T/, operate in a
complementary manner, the capacitors C, and C,, are alternately
charged by the dc source through the diode D, and D/, respec-
tively. Their voltages can therefore be balanced to the dc input
voltage V. automatically.

III. MODULATION OF THE PROPOSED SCMLI

For the proposed SCMLI, various modulation strategies like
multicarrier PWM and space vector modulation can be applied to
control its output voltage. In this section, only PD-PWM strategy
is adopted to illustrate the operation of the proposed SCMLI.
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Figs. 5 and 6 show the modulation logic and typical wave-
forms of the proposed three-phase SCMLI with the PD-PWM
strategy. There are three carrier signals uy, up, and us, which
are compared with the reference signals u,ef_q, Urer_p and
Uref_ to generate the gating signals Vg sq.p.c and Va_74,c.
Specifically, the gating signals Vi g, is generated by comparing
the reference signal u,.;_,, with the bipolar carrier signal uy,
where again x = a, b, and c. According to Table I, the transistor
T, is turned ON when Upep ;>uo OF Uy >Uper 5 >ug. Its gating
signal V_ 1, is therefore the comparing result of the reference
signal with the three carriers as illustrated in Fig. 5.

The waveforms of Fig. 6 shows that the high-voltage tran-
sistors S, 1, and ', p . operate in lower switching frequency
while the low-voltage transistors T ; . and Ta,b,c operate in
higher switching frequency. This is very beneficial for either the
selection of transistors or the reduction of switching losses. For
instance, MOSFETs with low ON-resistance and fast turn-ON/OFF
speed can be used as the low-voltage transistors while IGBTs
can be used as the high-voltage transistors.

As aresult, there are seven different levels for the line voltages
Ugb, Upe, and uc, of the proposed SCMLI as illustrated in the
bottom of Fig. 6. And the amplitude of the line voltages is three
times the dc input voltage, i.e., 3V ;.. This makes the line voltages
closer to sinusoidal waveforms than the conventional two-level
inverter and a low dc voltage source can be used to power the
three-phase inverter.

IV. CAPACITANCE DETERMINATION

A. Switched Capacitors

In the proposed SCMLI, the SCs C, and C,, are used as
dc voltage sources to generate different output levels. Their
voltages will drop when they discharge to loads.

With the PD-PWM, the capacitors operate alternately between
charging and discharging modes at the carriers’ frequency. As
the effect of the total parasitic resistance r¢, including the ESR
of capacitors, on-resistance of switches as well as the internal-
impedance of the dc source, voltage ripples of C, and C), in three
different cases are illustrated in Fig. 7.

The best case is that 7, is so small that the capacitors can
be fully charged to V4. every time, as illustrated in Fig. 7(a). It
means that the time constant of the charging loops is smaller than
a quarter of the shortest charging duration when the reference
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Fig. 6. Typical waveforms of the proposed SCMLI with PD-PWM.

signal u,c;_, reaches to its amplitude Ay, i.e., rcrCp<(1.5-
Arepl(4fc), wherein fo is the carriers’ frequency. Under the
premise that the carriers’ frequency is far higher than the ref-
erence signals’ frequency, the load current i, can be seen as
constant in each period of carrier frequency, the capacitors’
voltage ripples are determined by the integral of the load current
i, and the duty ratio d for each charging interval as well as the
capacitance, i.e.,
AVe, = Qx _ iy (t) X d(t)
Iosin (wt —

= %fc(p) [Aepsin (wt) —0.5] (1)
where /o and w are, respectively, the amplitude and angular fre-
quency of the output current, ¢ is the phase difference between
the output voltage and the output current.
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For loads with a power factor of 1, the maximum voltage
ripple AV, ... is found in the interval when u,.s_ reaches to
its amplitude A,y The output current also reaches to /¢ in this
discharging interval. As a result, the maximum voltage ripple is
calculated by
, Qe Ay =05
AV, , Cofe Io. 2)

The worst case is that - is too large to effectively charge the
related capacitor when |u,._,|>0.5, as illustrated in Fig. 7(b). It
means that ¢,-C, is far greater than the longest charging duration
when u,._; is just above 0.5, i.e., r¢,Cy>>1/fc. In this case,
the maximum voltage ripple is estimated by

y A B
AVCmaw = % = Cf . Zxdt
Io
= /A2 . —0.25 3
WfrewaAref ref ( )

where 7, = [sin™ (0.5/A, PU(Tfrep), T2 = UQ2frep) — 1.

In practice, the parasitic resistance should be as small as
possible but it cannot be infinitely small. The maximum capac-
itors’ voltage ripple is therefore between above two cases, i.e.,
AV 0w <AV Crmaa<AVE, . as illustrated in Fig. 7(c). As a
result, the capacitance C,, can be estimated by

L5M — 05,
fCAVC’ma:D ©
I
<C, < o V2.25M2 —0.25  (4)

15MT7 fref AVoman
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where M = A,.f/1.5 is the modulation ratio. The voltage ripple
ratio AV gpmaa/Vae 18 usually set to 5% or 10%.

B. DC-Link Capacitors

As shown in Fig. 4, in each phase, there is always one SC,
which is connected in parallel with the dc source to charge at
any time. For three-phase operation, there are therefore three
SCs connected in parallel with the dc source and the dc-link
capacitors, as shown in Fig. 8, wherein C 4, C, and C crepresent
C,orC',,CprorC'y,and Coor C' ., C1o=C1/2=Cs/2,r12is the
ESR of the dc-link capacitors C;, 4. is the internal impedance
of the dc source, r; is the sum of ESR for each of C, and C',,
and ON-resistance for each of T, and 77,

By setting r4. = kxr ;2 and applying the Kirchhoff’s voltage
law to Fig. 8, the virtual bus voltage V;,,s can be derived as

T2 [Vae + kVeiz (B)] + kri2 > Voo (t)
3kT12 + (1 + k) Tz
where x in 2V, represents A, B, and C. The currents flowing

output of the dc source and the dc-link capacitors are therefore
given by

Vous (t) = ®)

T12 [3Vdc - Z VCm (t)] + 7y [Vdc - VC12 (t)]
[3kT12 + (1 + k‘) 7"1»] 712

_ k2 [3Veore () = 3 Vou ()] + 72 [Vera () — Vac]

[3/€T12 + (1 =+ k) ’I“I] 712 '

Z‘dc (t) = (6)

i12 (t)
@)
And, the total charging current 2i, = is+ig+ic = igetise
is
Zi (t)= BVie — > Voo (U)] + E[3Vea (t) — Y Voo (1)]
r 3/{5T12+(1+k)7’3« '
®)

When the internal impedance of the dc source is far smaller
than the ESR of Cjy, i.e., k<<1, almost all charging current is
provided by the dc source and the dc-link capacitor is idle. In
this case, the inrush current is totally limited by the parasitic
resistance r,, and it is independent of the values of the dc-link
capacitors.

Otherwise, the dc-link capacitors can be used to absorb the
inrush charging current partially. Considering the initial voltage
of the dc-link capacitors is same as the dc input voltage V., the
initial values of the currents are given by

. YAV

iae (0) = s Tqsim,

. k> AV,

12 (0) = g e ©)

. _ (4k)> AVes
21 (0) = st e
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Fig.9 Variations of the charging currents and capacitor voltages. (a) k = 0.5,
Ci2 = 100 uF. (b) k = 0.5, C12 = 1000 pF. (c) k = 0.5, C;2 = 10000 pF.
(d)k=2,C12 =100 pF. (e) k =2, C12 = 1000 pF. (f) k = 2, C12 = 10000
uF.

where AV, is the voltage ripple of SCs.
Considering that the currents i ;2 and i,, have opposite refer-
ence directions in Fig. 8, the rate of change for the current i 4. is

derived from (6), i.e.,
didc (t) - TxCxilz (t) — T12012 ZZ;C (t) ) (10)

dt o C.C1a [3k7"12 + (]. + k) T‘I] 712

According to the above analysis, variations of the inrush
charging currents and the capacitor voltages are determined
by the resistance rq., ri2, 5, the capacitance Cj;2, C, and
the voltage ripple of capacitors together. For instance, with the
parameters of r;» = 0.04 Q, r, = 0.1 Q, C, = 1000 uF, V4. =
Vc12(0) =100 V, VcA(O) =90 V, VCB(O) =91 V, and VCA(O)
= 95V, the simulation results with different values of C;» and
k = rq./r;2 are shown in Fig. 9. The results are consistent with
(9),i.e., the initial values of the charging currents are determined
by the resistance and the voltage ripple of capacitors, and the
ratio i 3.(0):i;2(0) = ry2:r4. = 1:k. Moreover, the variation trend
of the current i 4, is related to the capacitance C;» and C,, as
described by (10). Specifically, when the dc-link capacitor C;»
is so small that the numerator on the right side of (10) is positive,
the current 4. will rise first and then fall, as depicted in Fig. 9(a)
and (d). In the rise stage, the maximum changing rate is found
at the start moment. In order to suppress the inrush charging
current of the dc source effectively, the numerator on the right
side of (10) should be negative at the start moment. As a result,
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the value of the dc-link capacitors is derived as

27’$i12 (0)
= = 2 _ = T
C Cy Cio > S i (0) C A58 o

where again ry is the total ESR for C; and Cs, £ is the ratio of
the internal impedance of the dc source to ryg, r, is the sum of
the ESR for each of C,, and C’,, and ON-resistance for each of
T,and T’,.

2kr,,

V. POWER LOSS ANALYSIS

The proposed SCMLI operates alternately in charging and
discharging processes of capacitors. In a charging process, the
power loss is determined by the difference of charging voltage
and capacitors’ initial voltage, and it is absorbed by parasitic
resistors of switches and capacitors in the charging loop. In a
discharging process, the power loss is mainly determined by
the load current which is provided by the capacitors. This loss
is also absorbed by parasitic resistors of the discharging loop.
Hence, all power loss of the SCMLI can be classified into three
categories of charging loss of capacitors, conduction loss caused
by the load current, and switching loss of transistors.

A. Charging Loss of Capacitors

As shown in Fig. 4(b) and (c), the capacitor C,, is charged by
the dc source through the transistor 7, and the diode D,. The
charging loop can be equivalent to the circuit of Fig. 10(a) by
ignoring the influence of the dc-link capacitors, where Vg is the
forward voltage drop of D, 7, is the charging loop’s impedance
including on-resistance of T, and ESR of C,. As the charging
loss is absorbed by parasitic resistors of the charging loop, it
also analyzed according to the three cases shown in Fig. 7.

For the best case when r.,.C; is so small that the capacitor
can be fully charged to V4.—VF every time, as illustrated in
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Fig. 10(b), energy loss in one charging process is given by

1
AE. = Vg CoAVe, + iC’mﬁV& (12)

where AV, is the voltage difference of the capacitor at start
and end moments of the charging process.

As illustrated in Table I, when the phase voltage u,, is switched
between —0.5V;. and —1.5V., the capacitors C, operates
alternately in charging and discharging modes at the carriers’
frequency f¢. During one cycle of the output voltage, the number
of charging/discharging cycles for the capacitor C,, can therefore
be expressed by

fc ( 1 1 . 1 )
Nege = — — —arcsin
! f ref 2 7T 2Aref
where again A,y and f,..; are, respectively, the amplitude and fre-
quency of the reference signal, and f- is the carriers’ frequency.
As a result, the charging loss of the capacitor C,, for the best
case is given by

13)

nca

PC’.t_min = frefcm Z

1
(VFdAVCm_k + 2Ang_k> (14)
k=1

where AV, is a voltage ripple occurred in the kth charging
process of the capacitor C,,.

For the worst case, r ¢, is too large so that there is little current
charged into the capacitors in each pulse charging duration,
as shown in Fig. 10(c). C, and C/, can only be replenished
in the positive and negative half-cycles of the output voltage,
respectively, as illustrated in Fig. 7(b). In this case, the charging
loss of the capacitor C;, is given by

" ]. "
PC’.t_nmJ: = frpfct <VFdAVCmaac + QAVC%naT) . (15)

As analyzed before, as r ¢, cannot be infinitely small and the
pulse charging duration is varied, the capacitors are charged
partially in many cases, as illustrated in Fig. 10(d). Hence, the
charging loss in practice should be between (14) and (15).

B. Conduction Loss Caused by Load Currents

At any time, one of the two IGBTs S, and S, is turned ON to
provide path for the load current i,. Conduction loss caused by
the three inverting half-bridges is therefore given by

PCmLS' - SIAVVFS (16)

where 14y is the average value of phase currents in half-cycle
and Vi, is the voltage drop of one IGBT.

In one cycle of the output voltage, the amount of charge
flowing into a capacitor is equal to that flowing out of it. This
means that all output current has to flow through the diodes.
Conduction losses caused by the diodes is therefore given by

a7

Pcon_p = 314vVpq

where Vi, is the voltage drop of one diode.
For the phase voltage u, = 1.5V, the load current i, flows
through one of the MOSFETs T, and 77,. Conduction loss caused
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by the MOSFETS is therefore given as

Uy = iO.SVdC

0,
Pcon_T - {37‘T'Lg, Uy = :t15Vdc (18)

where r is ON-resistance of one MOSFET.

C. Switching Loss of Transistors

Usually, the switching loss of a transistor can be estimated by
two ways. One way is based on the overlap of the transistor’s
current and voltage at switching instants [22]. Another way
is based on the transistor’s parasitic capacitance Cpgg and its
voltage stress Vpg as well as the switching frequency fg [23],
ie.,

Ps = CbssVps® fs (19)

For the proposed SCMLI, two types of transistors with the
voltage stresses of 2V,. and V. are employed. As shown in
Figs. 5 and 6, the gating signals for the low-voltage transistors 7,
and 77, are the comparison result of the reference signals and the
three carriers. Their switching frequency is therefore the same as
the carriers’ frequency f. In one cycle of the output voltage, the
number of state switching for each of the high-voltage transistors
S, and S/, is given by

2fc .05
NGy = arcsin .
‘ 7Tfref Aref

As aresult, the total switching loss of all transistors employed
in the proposed SCMLI is expressed as

Psw =6 (fCCoss_T + nSmeefCoss_S) Vd62

where Cpgss_1 and Cpgs_g are the parasitic capacitances for
one MOSFET and one IGBT, respectively.

(20)

ey

VI. COMPARISON WITH OTHER THREE-PHASE MLIs

As analyzed before, the boost capability of this inverter makes
it possible to convert low dc input voltage to high ac output
voltage. In contrast, the classic MLIs like NPC and FC do
not have boost capability, but they have been commercialized
in medium-voltage high-power ac motor drivers. Hence, it is
actually difficult to fairly compare the proposed inverter with
the traditional four-level MLIs. Nevertheless, this section still
attempts to compare their differences and their advantages by
designing a 660V/1140V-55 kW motor driver.

First, the NPC and FC as well as their derivation topologies
like the nested NPC (NNPC) [24], the hybrid-clamped (HC) [25]
and the active NPC (ANPC) [26], [27] have the same boosting
factor of 0.5. Their dc input voltage is therefore required to be
about 1612 V. For the proposed inverter, as it has a boosting
factor of 1.5, its dc input voltage is about 537 V.

In order to realize this motor driver with four-level output
voltage, all components in the NPC (18 transistors, 18 diodes,
and 3 capacitors), in the FC (18 transistors and 9 capacitors), in
the NNPC (18 transistors, 6 diodes, and 6 capacitors), and in the
HC (24 transistors and 6 capacitors) withstand the same voltage
stress of 537 V. In the ANPC, 12 low-voltage transistors and 3
capacitors have the same voltage stress of 537 V while other 6
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TABLE II
COMPARISON OF 660 V-55 kW MOTOR DRIVER WITH DIFFERENT TOPOLOGIES
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TABLE III
COMPARISON OF THE PROPOSED INVERTER WITH OTHER WORKS

NNPC | HC ANPC
4-level MLIs NPC | FC [24] 251 | 126,271 SCMLI
No. of transistors 18 18 18 24 24 18
No. of diodes 18 0 6 0 0 6
No. of cap. 3 9 6 6 3 6
Total components 39 27 30 30 27 30
DC voltage (V) 1612 | 1612 1612 1612 1612 537
Boosting factor 0.5 0.5 0.5 0.5 0.5 1.5
DC-link cap. (uF) | 3000 | — — 3000 3000 1333
Flying cap. (uF) - 2214 | 2214 | 2214 — -—
Switched cap. (uF) — — — — — 6000
Energy of cap. (J) | 432 319 319 751 432 1057
Cost/size High | Low | Med. | Med. Low Med.
Efficiency High | High | Med. | Low Low Med.

high-voltage transistors withstand the voltage stress of 1074 V.
Similarly, in the proposed inverter, 6 low-voltage transistors and
6 capacitors as well as 6 diodes have the same voltage stress
of 537 V, while other 6 high-voltage transistors withstand the
blocking voltage of 1074 V. As analyzed in [27], each high-
voltage transistor aforementioned can be replaced with a series
connection of two low-voltage transistors so that all components
in these compared four-level inverters have the same voltage
stress of 537 V. As a result, the numbers of transistors required
in the ANPC and the proposed MLI are 24 and 18, respectively.
If the cost and volume of the motor driver are roughly judged
based on the total number of components, both of the FC and
ANPC have the lowest cost and the smallest size, while the
highest cost and the greatest size are found in the NPC. The
proposed inverter has the same cost/size as the NNPC and HC.
In addition, as the NPC and FC have been commercialized, the
specialized components and design processes are very mature,
there is no doubt that they have very high efficiency. If only the
power loss caused by the switching components is considered,
the NNPC and the proposed MLI should have higher efficiency
than the HC and ANPC as they have fewer active switches which
consume conduction loss, switching loss, and driving loss.

In the FC, NNPC, and HC, the numbers of FCs are 9, 6, and
3, respectively, while there are 6 SCs employed in the proposed
inverter. Based on the assumptions of 1 kHz carrier frequency
and 10% voltage ripple ratio of capacitors, the total capacitance
of all FCs in each MLI is calculated by the [28, (7)]. According to
(4), the value of each SC should be between 732 pF and 3.1 mF.
The total capacitance of 6 mF is therefore used in the proposed
inverter. And according to (11), the dc-link capacitor C;2 is
estimated as 1333 uF by setting r, = 0.1, r;2 =0.05 2, and k
= (0.5. In the NPC, HC, and ANPC, three dc-link capacitors are
required and each of them is set to 1000 pF. As a result, energy
stored in all capacitors of each MLI is estimated by ignoring
their voltage ripple.

All compared items aforementioned are listed in Table II. It
indicates that the proposed four-level SCMLI has the advantages
of simple structure and boosting capability, while its main draw-
back is the use of large capacitors. Overall, it is a competitive
circuit to implement this motor driver. Especially, its boosting
ability make it very suitable for EV motor drivers of which
dc input voltage is provided by series-connected batteries. On
the other hand, the use of two high-voltage transistors in each

Inverters | DC sources | Transistors | Diodes | Cap. | Boost factor

[8] 1 21 3 3 1

[17] 6 27.9 1.7 3.5 3

[19] 3 31.3 0 6.5 4
[28][29] 3 28.7 0 7.8 4

[10] 3 31.3 0 3.5 3
SCMLI 1 18 6 6 1.5

phase makes this inverter very difficult in medium- and high-
voltage applications. In contrast, as multiple semiconductors
are connected in series to withstand the dc input voltage, the
NPC and FC are considered as a very attractive solution for
medium-voltage applications. Hence, the proposed SCMLI will
not actually become a competitor of the existing MLIs, but as a
new member mainly used for low-voltage applications such as
EV, PV, and fuel cells.

A brief comparison between the proposed four-level inverter
and the SC-based boost inverter of [8] is also made by designing
the 660 V/1140 V-55 kW motor driver. To get the line voltage
of 1140 V, the dc bus voltage Vpy of the boost inverter in [§]
is need to be about 1612 V and its dc input voltage is there-
fore 806 V which is higher than the proposed inverter’s input
voltage 537 V. Although both inverters have six high-voltage
transistors, the voltage stress of each high-voltage transistor in
[8]is 1612 V while that in the proposed inverter is 1074 V. The
six high-voltage transistor’s switching frequency in [8] is the
same as carriers’ frequency while that in the proposed inverter
ismuch lower as illustrated in Fig. 6. Of course, the boost inverter
of [8] requires only two low-voltage transistors, two capacitors,
and two diodes, and their voltage stress is 806 V. In contrast,
the proposed inverter requires six low-voltage transistors, six
capacitors, and six diodes, but their voltage stress is 537 V. If
we calculate an equivalent number of transistors by dividing
the total voltage of transistors by a reference voltage of 537 V,
the equivalent number is 21 for [8] and is 18 for the proposed
inverter. Similarly, the equivalent numbers of diodes and capac-
itors are also calculated as given in Table III. Overall, although
the proposed inverter requires more components, it has higher
boost factor and provides four-level output voltage making it
has better output voltage quality than the two-level inverter of
[8]. And the lower switching frequency of the six high-voltage
transistors contributes to lower switching loss than [8]. In addi-
tion, the equivalent numbers of components for multiple existing
SCMLIs configured in “Y” structure are also listed in Table III.
Specifically, the third column of Table III is for the three-phase
13-level inverter shown in Fig. 1(e) which has been verified by
simulation and experiment in [17]. There are six isolated dc
sources with the same voltage of 156 V employed to meet the
phase voltage of 660 V. The fourth column is for the three-phase
inverter of Fig. 1(b), and components for the three-phase inverter
of Fig. 1(d) are given in the fifth column, wherein three isolated
dc sources with the same voltage of 234 V are employed in the
two structures to meet the phase peak voltage of 934 V. The
sixth column of Table III is for the three-phase series/parallel
seven-level inverter of Fig. 1(a) and there are three isolated dc
sources with the same voltage of 312 V. As all these SCMLIs
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Fig. 11. Diagram and parameters for the simulation model.

require dc-link capacitors, there is no comparison of this item
in Table III. Overall, the three-phase SCMLIs configured by
the existing SCMLIs in “Y” structure are capable of providing
higher boost factor, but this is at the cost of more dc sources and
complex circuit structures.

VII. SIMULATION AND EXPERIMENT
A. Simulation Results

In order to verify the feasibility of the proposed three-
phase SCMLI, a simulation model was built in PSIM9.0. As
shown in the diagram of Fig. 11, the main circuit is built
by referring the circuit configuration of Fig. 3. The dc input
voltage is 200 V, all capacitors used in the simulation model
are 1000 uF, and the on-resistance of each switch is 0.1 €2
which represents the total parasitic resistance of capacitors’
charging loops. An LC filter (4.5 mH+4.7 uF) is added to
suppress the higher harmonics of the output voltage. In order
to test the dynamic response of the inverter, the load R is
switched between 100 and 200 2. The PWM modulation circuit
is built by referring the logic circuit of Fig. 5. Three types
of PD-PWM, POD-PWM, and APOD-PWM are applied to
control the simulation model, wherein the carriers’ frequency
fc = 5kHzand the reference signal’s frequency f,.r = 50 Hz, the
modulation index M = A,./1.5 = 1.4/1.5 = 0.933. Simulation
results are shown in Figs. 12 and 13.

With the PD-PWM modulation strategy, simulation wave-
forms of the output voltages uqp’, Upp’ Uco’s Uabs, Ubes Ueq aNd
the load voltages u 49, upg, Uco, UaB, UBC, UC A, the capacitor
voltages Ve, Vora, Ven, Vou, Voes Vere, the load currents,
and the transistors’ currents are illustrated in Fig. 12. The rms
values of the four types of output and load voltages are 213.7,
352, 198.1, 342.9 V when R = 200 €2, and are 213.3, 351.2,
197.5, 342 V when R = 100 Q. It indicates that the output
voltages and the load voltages are very stable when the load
currents i 4, i g, i c change dynamically. Although the ripples of
capacitor voltages increase along with the load currents, they are
also very stable and are balanced automatically. As more power
is required to replenish larger voltage ripples of capacitors, the
capacitor’s charging currents flowing through the transistors 7,
and 77, also rise along with the load currents.
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Fig. 12.  Simulation waveforms of the three-phase four-level inverter with PD-

PWM and dynamic loads.

With the three different types of SPWM modulation strategies,
FFT analysis results of the output voltage and load voltages
are given in Fig. 13. It indicates that there is the same output
phase voltage for the three types of SPWM. However, the PD-
PWM is much better than the POD-PWM and APOD-PWM
in the aspects of waveform shape and THD of the output line
voltages. As the higher harmonics of the output voltages have
been suppressed by the LC filter, the load voltage waveforms
are almost purely sinusoidal and there are only a few lower
harmonics. Especially, the THDs for both load phase voltage
and line voltage of PD-PWM are only 0.6%. Overall, the three
types of SPWM can be used to modulate the proposed inverter,
but the PD-PWM has better performance than POD-PWM and
APOD-PWM.

Fig. 14 shows the results when a three-phase inductive load
100 2-50 mH is used to replace the LC filter and the pure resistive
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Fig. 13.  FFT analysis of output and load voltages of the three-phase four-level
inverter. (a) With PD-PWM. (b) With POD-PWM. (c¢) With APOD-PWM.

load in the simulation model of Fig. 11. It indicates that both
phase-voltage and line-voltage are the same as that for pure
resistive loads, and the load currents are almost pure sinusoidal
waveforms. As capacitors absorb reactive power of the inductive
load, their voltages are above 200 V sometimes but the ripples
are very limited.
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Fig. 15.

Experimental bench for the three-phase SCMLI.

TABLE IV
SPECIFICATION AND COMPONENTS OF THE THREE-PHASE PROTOTYPE

Input voltage (V) 200VDC
Frequency of output voltage f., 50 Hz
Frequency of carriers fc 5kHz
Ci Cp, C, C't Cy, C 1000uF
Sa Sp, Se, S7a 8’8" (IGBT) IRG4PC40S
To Tp, T, T’y T, T'c (MOSFET) IRFP4868PBF
D, Dy, D, D'y, D', D', (Diode) SBR40U300CT
LC filter 3 X (4.5mH+4.7uF)

B. Experimental Results

By referring the configuration of the upper part of Fig. 11, a
prototype of the proposed three-phase SCMLI was also built in
the laboratory. Fig. 15 shows the experimental bench, wherein
the main power circuit was designed with the specification and
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components given in Table IV. The value of the capacitors was
calculated by (4), wherein M = 0.93, [p = 2.79 A, and AV
= 10 V. According to the simulation result, the PD-PWM has
better performance than other two SPWM algorithms. It was
therefore adopted to modulate the proposed inverter and it was
implemented in TMS320F28335.

Fig. 16 shows the experimental results of the three-phase
SCMLI when R = 100 €2 and the modulation index is set to
0.933. Specifically, the output phase voltages g, Upg’, Ucp’
and the corresponding FFT analysis are illustrated in Fig. 16(a).
The rms value is about 209 V and the harmonics are mainly
distributed around the carrier frequency 5 kHz and its integer
multiple. This is consistent with the simulation results given in
Fig. 13(a). Fig. 16(b) shows the output line voltages u,p, Uy,
u.q and the corresponding FFT analysis. The rms value is about
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340 V and the distribution of the harmonics is the same as the
simulation result.

The load phase voltages u 4 g, U9, Uco and the line voltages
uUap, upc, uca as well as their FFT analysis are shown in
Fig. 16(c) and (d). Their rms values are about 190 V and 330
V, respectively. The same as the simulation, all load voltages
are sinusoidal and there are only a few lower harmonics. This
is benefited from the new topology and the PD-PWM strategy
which eliminates the main lower harmonics, as well as the LC
filter which suppresses the higher harmonics.

When the load is changed between 100 and 200 (2, the load
voltages u 4 g, upg, Ucp and the capacitors’ voltages Vg, Vg
are illustrated in Fig. 17(a) and (b), respectively. It indicates that
the load voltages are very stable when the load current changes
dynamically. Similar to the simulation result of Fig. 12, the
ripples of capacitors’ voltages increase along with the rise of
the load current, but they are also very stable and are balanced
automatically.
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Fig. 19. Measured efficiency of the prototype with varied loads.

Fig. 18(a) shows the output phase voltages u, ¢, up ¢, U ¢’ and
the capacitor voltages V¢, Vo, when the prototype without LC
filter is used to power a three-phase inductive load 100 2-50
mH. When the load is changed to 50 ©2-50 mH and the dc
input voltage drops to 150 V, the experimental waveforms are
shown in Fig. 18(b). The results indicate that the load current is
almost pure sinusoidal and the output voltage is normal PWM
waveform. The same as the simulation result given in Fig. 14,
capacitor voltages are slightly higher than their rated value
sometimes as they absorb reactive power of the inductive load.

Finally, when the pure resistive load was changed from 100
to 300 €2, in 50 2 increments, the efficiency of the three-phase
prototype was tested as given in Fig. 19. As the test is based on
the load’s power and the source’s power, the efficiency of the
prototype with an LC filter is slightly lower than that without
the filter. However, when the output power is changed from 384
to 1176 W, the efficiency in both cases is always higher than
0.97, and the peak value is up to 0.985. The high efficiency is
first due to the low voltage ripple of capacitors, and second the
low-frequency operation of the high-voltage switches.

VIII. CONCLUSION

A switched-capacitor-based three-phase four-level inverter is
introduced in this article. Capacitors employed in this inverter
operate alternately in charging and discharging modes resulting
in self-balanced voltages and low voltage ripples. And they are
connected in parallel and series alternately with a dc voltage
source to generate high ac output voltage with multiple levels.
Different from the classic MLIs which have been commercial-
ized in medium- and high-voltage applications, both simulation
and experimental results verified that the proposed inverter has
boosting capability and self-balanced capacitors’ voltages. It is
therefore more suitable for low-voltage applications like motor
drivers in EVs and grid-connected interfaces for RESs. Simula-
tion and experimental results also prove its high efficiency and
excellent performance under dynamic loads.
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