Chapter 4

Design of a Novel Five-Level

Stacked Dual-Output Converter

4.1 Introduction

The output voltage quality and total harmonic distortion (THD) of a three-level converter
can be further improved by considering a five-level converter. With the increase in the
number of levels, the component count increases; therefore, the converter level is decided
based on the application and efficiency requirement. A five-level converter provides lower
voltage stress, dv/dt across power devices, enhancing reliability. The reduced dv/dt leads
to less electromagnetic interference (EMI) and improved motor life. Additionally, switching
losses are reduced as a result of lower voltage steps. consider the comparison between a
conventional three-level NPC (3L-NPC) inverter and a five-level NPC (5L-NPC) inverter.
For the same switching frequency (2 kHZ) and load conditions, the 3L-NPC inverter
typically produces a phase voltage total harmonic distortion (THD) of around 69.09%,
whereas the 5L-NPC inverter reduces the THD to approximately 27.10%, resulting in a
reduction of more than 50%. Similarly, the dv/dt stress on the load terminals decreases
with increased voltage levels due to smaller voltage steps between consecutive levels. For
the 3L-NPC, the voltage step is approximately Vj./2, while for the 5L-NPC, it is reduced to
Vae/4, effectively achieving a reduction of about 50% in voltage slew rate. A conventional
five-level stacked MLI (CFLS-MLI) simultaneously supplying either a single six-phase
load or two three-phase loads is shown in Fig. 4.1 [61]. The authors proposed a three-
leg stacked dual-output five-level (TL-SDOFL) converter shown in Fig. 4.1(b), in [73]. It
reduces the switch count by 45% (60 to 33) and capacitors by 42.85% (14 to 8) compared
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FIGURE 4.1: (a) Five-level stacked converter for six phase [61]. (b) Three-leg stacked
dual-output five-level (TL-SDOFL) converter [73].

to the CFSL-MLI. However, the TL-SDOFL has limitations in its region of operation, thus

lacking independent control.

This chapter builds on [73] to develop a novel five-level stacked dual output (FLSDO)
converter. It has a complete region of operation, improved redundancy, and increased DC-
link utilization compared to TL-SDOFL, with a slight increase in the number of switches
(five per leg). The FLSDO converter eliminates the vycf1 > vpeg2 limitation of TL-SDOFL
by providing a complete region of operation with increased switching states for redundancy.
Thus, FLSDO offers all the voltage states of a conventional stacked five-level inverter
supplying two loads, reducing the number of switches by four per leg and the number of

flying capacitors by two.

The FLSDO can drive a single six-phase load or two three-phase motors simultaneously
with the same capabilities as the conventional five-level inverter. The output voltages can
be independently controlled regardless of amplitude, frequency, and phase angle (phase

difference).

4.2 Five-Level Stacked Dual Output (FLSDO) Converter

4.2.1 Topology of FLSDO

The proposed five-level stacked dual output (FLSDO) converter supplying a six-phase
load is shown in Fig. 4.2. The converter consists of 48 semiconductor switches, two DC-

link capacitors, and six flying capacitors. The converter is symmetrical across the flying
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FIGURE 4.2: Proposed five-level stacked dual output (FLSDO) converter.

capacitors (FCs) charged to “Vpc/4”, parallel to two loads with four selector switches. It
can drive two three-phase loads simultaneously. It has four fewer switches per leg than
a conventional stacked MLI required to drive two loads simultaneously. The proposed

converter has two outputs per leg. The first output has S;i2, S’

!
w12, Sz15, and Sy - as

selector switches and Sy13 and S’5 controlling first output terminal i.e., V. Similarly,
the second output has Syoo, S.q9, Sz2s, and S.,5 as selector switches, and Syo3 and S.43

controlling second output terminal i.e., Vya. Switches Sy1, S.;, Sg4 and S, are shared

between two outputs, here z € {A, B, and C}.

The output voltages v,; and v,9 are the two distinct voltages obtained from the com-
bination of these switches and are defined as the phase voltages. Since the phases are
independent, the topology can also be adapted to any number of phases. The currents i,
and 4,9 are corresponding output load currents. The input DC-link voltage is V. across

the series connection of capacitors C7 and Co.
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Table 4.1 lists the number of switches, devices, and operating regions of FLSDO with five-
level dual-output topologies. Compared to other topologies, FLSDO provides advantages

in terms of cost and volume and has zero clamping diodes.

4.2.2 Operation of FLSDO

The output voltage levels of the FLSDO converter are -Vy./2, -Vy./4, 0, Vg./4 and V. /2.
The two R-L loads are connected across the V1, Vo and O. For the single leg of the
FLSDO topology, few switching states are shown in Fig. 4.3(a)—(c) and are described as

follows.

4.2.2.1 State of Operation 1

Switches Sz1, Sz12, Sz13, Shas, Sz2s and Sgq are in the ON state. Fig. 4.3(a) shows the
current flow between the DC-link and the output loads. At this time, the output voltages
Vy1 and Vo are Vi./2 and 0. During this state, C; discharges, and C2 maintains the

previous voltage.

4.2.2.2 State of Operation 2

Switches Sy1, S, Sz13, Shoss Shos and S, are in the ON state. The current flow between
the DC-link to the loads is shown in Fig. 4.3(b). At this time, the output voltages V1
and Vo are +V,./4 and -V./2. During this state, C; discharges and C5 charges.

4.2.2.3 State of Operation 3

Switches S5, Sl15, Szd, Shos and Szos are in the ON state. The current flow between the

DC-link to the loads is shown in Fig. 4.3(c). At this time, the output voltages V;; and

Vo are -Vg./4 and 0. During this state, C7 and Co maintains the previous voltage.
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FIGURE 4.3: Few operating states of the proposed FLSDO (a) V1= V4./2 and Vo= 0
(b) Ve1= +Vae/4 and Vyo= -V /2 (¢) Vo= -Vye/4 and Vo= 0.
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It can be seen that the maximum blocking voltage of the switch in FLSDO is V.. Ta-
ble 4.2 presents all the switching combinations of the FLSDO converter along with the
corresponding output voltages and capacitor states. For conciseness, the switching states
are presented in decimal format. The states can be converted to binary to obtain the
switching signal, e.g., state (28)10 is equivalent to (00011100)2 where each bit corresponds
to Sz1, Sz12, S22, 5213, Sz23, Sz4, Sz1s and Syo5 respectively. The converter has 256 valid
switching states, of which 231 are redundant. The count column indicates the number
of times each specific output voltage combination can be achieved using different possible
switching signals. The available redundant states are used to lower the average switching
frequency, reduce dynamic power losses, and balance the DC-link and flying capacitors.
Redundant switching states provide alternative pathways for current flow, which is critical
in the event of a fault. By having multiple valid states for the same output voltage level,
the converter can continue to operate even if certain switches or paths fail. This ensures
continuous operation and reduces downtime. Moreover, having two different voltage levels
at each output enables the converter to operate at different frequency (DF) and common

frequency (CF) modes for both outputs.

In a three-phase, five-level stacked dual output (FLSDO) converter, there are two DC-
link capacitors (C7 and C5) and six flying capacitors. The top capacitors (C; and Cy3 )
provide positive voltage levels, and the bottom capacitors (Cy and C,4) provide negative
voltage levels. The voltage deviations of the capacitors of Cy, Cs, C.3 and Cp4 occur
due to charging and discharging. As shown in Table 4.2 and Fig. 4.2, any deviation
in the voltages across these capacitors can result in an imbalance in the output voltage,
which adversely affects the overall performance of the converter. Table 4.2 outlines the
charging, discharging, or bypass conditions of DC-link capacitors based on the current
directions ( iz1 > 0, iz2 > 0) and the corresponding switching states. The designed PWM
technique utilizes switching redundancies to balance capacitors. The FLSDO converter
features multiple redundant switching combinations that can generate the same output
voltage, each with a unique impact on the capacitor voltages. By carefully selecting
the appropriate switching states according to the current operating conditions and the
capacitor voltages, the converter can dynamically manage the charge distribution across
the capacitors. This dynamic management is essential for maintaining balanced capacitor
voltages. Let AVio1, AVpe, AVpes and AV represent the DC-link and flying capacitors
voltage ripple respectively. Vioy = Vg/2 + AV, Voo = Ve /2 + AVieo, Views = Vae/4
+ AVeges and Vg = Vge/4 + AVeogs. The sum of Vg and Vg is V. and AVieg = -

AVey. The capacitor currents through Cy, Co, Cy3 and Cyy are ic1, i02, tcz3 and icgq
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respectively. The DC-link and flying capacitor currents can be written in terms of the

load currents and the switching signals as follows:

Table 4.2 outlines the charging, discharging, or bypass conditions of DC-link capacitors
based on the current directions (iz1 > 0, iz2 > 0) and the corresponding switching states.
The designed PWM technique utilizes switching redundancies to balance capacitors. The
FLSDO converter features multiple redundant switching combinations that can generate
the same output voltage, each with a unique impact on the capacitor voltages. By carefully
selecting the appropriate switching states according to the current operating conditions
and the capacitor voltages, the converter can dynamically manage the charge distribution
across the capacitors. This dynamic management is essential for maintaining balanced
capacitor voltages. Let AVey, AVeo, AVees and AVegs represent the DC-link and flying
capacitors voltage ripple respectively. Vo1 = Vg /2 + AV, Voo = Vie/2 + AViea, Vious
= Vie/4 + AViyes and Viogy = Vg /4 + AViogg. The sum of Vi and Vg is V. and AVie
= - AVp1. The capacitor currents through Ci, Cs, Cps and Cyy are ic1, ico, i0z3 and
icza respectively. The DC-link and flying capacitor currents can be written in terms of

the load currents and the switching signals as follows:

ic1 = =821 (8213121 + Sz2322) (4.1)
ico = Syy(Sh13i21 + Syogia2) (4.2)
icx3 = Sz13(Sz1 — Sr12)ix1 + Sz23(Sx1 — Sz22)iz2 (4.3)
ices = Siy13(Sea — S215)ie1 + Sho3(Sea — Sa2s)ia2 (4.4)

The capacitor voltages depend on the load current as follows:

1 [t
Vel = 01/ ic1dt + Voo (4.5)
0
1 t . .
Ver = _Cl/ (Sz1(Sz13021 + Sya3ize))dt (4.6)
0
¢
Voes = s / icz3dt + Vozzo (4.7)
z3 Jo
1/t .
Vors = C N / (Sx13(5x1 - le?)l:cl'i_ (48)
z3 Jo

S123(Sz1 — Se22)iz2)dt

where V1o, Vorso are the initial voltages of capacitors C7, Cp3 respectively and taking

initial value to zero. The equation for C, and C4 can be developed in a similar manner.
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To achieve balancing, the sum of currents injected or drawn by the capacitors should result
in zero net deviation over a switching period. The average current through Ci, Co, Cy3

and Cyy4 over a Ty switching period should be zero.

Tres dV,
/ ic1dt =0, ic1=Ch dfl
0
Tref FAY t Tref
cl/ fzi( Vit =0 ;»/ AV (t)dt =0 (4.9)
0 0
Tres dv,
/ ioadt =0, icy = Cy " L2
0
Tref dV t T'ref
Cy / f;()dt =0= / AVgs(t)dt =0 (4.10)
0 0
Voo = Vage — Ve -
Tref T'ref
/ A(Vie — Ve (£)) = 0 = —/ AVes ()t = 0 (4.11)
0 0
Tres AV
/ iC’det = 07 Z'C':z:?) = Cx3 dC; 3
0
Tref dV - t T’ref
Chs / Cdf()dt =0= / AVigs(t)dt =0 (4.12)
0 0
Tres dVee
/ it =0, gy = Oy 0
0
Tref dV - t T'ref
Cins / Cd;()dt =0= / AVgpa(t)dt =0 (4.13)
0 0

From (4.9), (4.10), (4.12) and (4.13), the integration of AV, AViea, AVegs and AVigg
over a switching period of T}y should be zero for balancing of DC-link and flying capacitors
voltage. As it can be observed from Fig. 4.4 that the charging and discharging times for
DC-link capacitor are the same, the DC-link capacitor gets balanced over a period of
Tyep. In the FLSDO topology, the capacitor voltage always remains in a balanced state
irrespective of the load type, modulation index, and frequency. Also, the FLSDO topology

does not require any complicated methods to balance the capacitor voltages.
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4.2.3 Capacitor Voltage Ripple Analysis

In the following analysis, the DC-link and flying capacitor voltage ripple for phase-A
under CF mode is examined with m; = mo = 1 and f; = fo = 50 Hz. Fig. 4.4 shows the
gate pulses for the switches using the proposed PWM, as well as the DC-link and flying
capacitors voltage ripple, assuming load current flows into the load. The sequences of
charging (C) and discharging (D) cause voltage ripple in the DC-link capacitors, and the
same applies to the flying capacitors. When switches S;13 and S,03 are ON, C; discharges,
reaching Vioimin, while Cy charges, reaching Viooma,. Conversely, when switches S;13 and
Szo3 are OFF, (' charges, reaching Vioimas, and Co discharges, reaching Vioomin. Since
the charging and discharging periods are balanced, the DC-link voltage ripple resets in
each reference (fundamental or line) cycle. During the discharging period of C1, the flying
capacitor Cy 3 undergoes charge and discharge cycles to balance the voltage. Similarly,
during the discharging period of Cs, the flying capacitor C4 charges and discharges,

ensuring capacitor voltage balance.

Ty and T are the charging and discharging time duration respectively and T;..; = T1+15.
The peak-to-peak value of capacitor voltage ripple AV, AVeo, AVers and AVegs is
defined to be the difference between its maximum and minimum value in one fundamental
cycle, AVer = Vetmaz - Voimin, AVeo2 = Voomar - Voomin, AVezs = Vousmar - Vozsmin
and AVoza = Vowamas - Vozamin. In the case of Fig. 4.4, AV = -AVee = 101.5 - 98.5
=3 Vand AViys = AViga = 50.04 - 49.96 = 0.08 V.

The limitation of the capacitor balancing technique can be analyzed through the voltage
ripple of the DC-link and flying capacitors under various operating conditions [63, 69].
The capacitor voltage ripple in a power converter is mainly affected by two factors: (a)
output power o< modulation index (m), and (b) phase current angle or AC load angle (6y,).
In the case of a dual output converter, four variables (mi, ma, 011, 012) are required to
be considered to operate two loads. Since it consists of large multidimensional data, two
variables (mj1 and 6r1) are fixed while the other two are varied within their respective
ranges in this evaluation. Converter is operated in CF mode by taking m; = 1 and 071 =
7.16° and by varying mo and 0r5. The normalized magnitude of the voltage ripple is used,
which may be applied to various applications and operating situations, and the equations

are as follows:

AVeoin  AVei [Irms
2 2 fC;

i =1,2, 13,74 (4.14)
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FIGURE 4.5: Normalized capacitor voltage ripple of the FLSDO converter under CF
mode with m; = 1 and 07 = 7.16° (a) DC-link capacitor, (b) Flying capacitor.

where AV, is the peak-to-peak low-frequency capacitor voltage ripple, ‘f’ is the funda-
mental output frequency, Iryrs is the RMS output current, and ‘C’ is the value of the
capacitor. Figs. 4.5 (a) and (b) show the results obtained with a fixed load-1 angle 1, =
7.16° and m; = 1. The evaluation is done for CF mode (f = fi=fo= 50 Hz) varying a

mo and 01 with a fixed load current.
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FIGURE 4.6: Boundary region (a) TL-SDOFL (b) FLSDO.

4.3 Operation and Modulation Scheme of FLSDO Converter

A distinct drawback of multi-level dual output converters with reduced switch count is
their inability to operate in all possible switching combinations due to the limitation of
modulation indices. Most of the existing dual output converters including nine switch
inverter (NSI) should maintain vyef1 > vyef2 at all times [70]. However, FLSDO does not
suffer from this limitation. This section analyzes and investigates the region of operation
of FLSDO. Fig. 4.6 shows the difference in the boundary region between TL-SDOFL and
FLSDO. Table 4.1 lists the number of switches, voltage stress and boundary region of
FLSDO compared to other topologies. It provides advantages in terms of cost and volume
and the absence of clamping diodes. As it can be observed, the proposed FLSDO has the

same region of operation as that of a conventional DFC-ANPC or five-level NPC converter.

4.3.1 Region of Operation

Figs. 4.6(a) and (b) provide the boundary region of TL-SDOFL and FLSDO respectively.
TL-SDOFL converter cannot provide all possible output voltage combinations at its two
terminals, Fig. 4.6(a) illustrates a reduced boundary region. Fig. 4.6(b) graphically
represents the switching states of Table 4.2. It illustrates the total number of possible
voltage levels that can exist simultaneously at the converter output terminals V;; and V.
This representation helps to visualize the converter’s boundary region. Since the load
currents are generated using the available voltage states, the area enclosed by these states
accommodates all possible configurations of the voltage reference signals. Consequently,
the output voltage varies between -0.5 and 0.5 Vy. on both outputs, corresponding to

the reference signal. According to the boundary region in Fig. 4.6(b), there are no
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FIGURE 4.7: Projections of reference signals onto the FLSDO converter‘s boundary region
under (a) CF with m; = 1, mg = 0.9 and ¢ = 0°, (b) CF with m; = my = 0.9 and ¢ =
30°, (c) DF with my = mg = 1.

restrictions on one output reference related to the other, allowing both outputs to operate

independently.

4.3.2 Modulation Scheme

In many other reduced switch dual output count converters, the upper reference signal
cannot be less than the lower reference signal to prevent invalid switching states. This
can be achieved by providing the DC offsets for two sets of reference signals. Due to
this limitation, a few voltage levels are unavailable for both outputs. The authors have

designed the proposed FLSDO to eliminate this restriction.

The hybrid PWM scheme is used for switching. The upper and lower reference signals for

the three phases are given as follows:

Vrefai(t) = misin(wt + 0;) (4.15)
VreyBi(t) = mysin(wit — 27 /3 4 6;) (4.16)
Vrepci(t) = mysin(wt 4 2m/3 + 6;) (4.17)
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FIGURE 4.8: Hybrid PWM scheme for FLSDO (a) CF mode with m; =1, may = 0.9 and
¢ = 0°, (b) CF mode with m; = ms = 0.9 and ¢ = 30°, (¢) DF mode with m; = my =
1, fi = 100 Hz and f» = 50 Hz.

where ¢ = 1, 2, m; are the modulation indices, and the linear range is from 0 to 1, w;
= 27 f; is the fundamental angular frequencies, 6; is the initial phase angles. The output

voltages are unaffected by the absence of DC offsets in the reference signals.

4.4 Mode of Operation

For the independent operation of a dual-output converter, two modes are defined based
on the modulating frequencies of the two outputs: common frequency (CF) and different
frequency (DF) modes. For both outputs to be controlled independently, the converter
must operate in both CF and DF modes. Figs. 4.7(a)-(c) illustrates the validation of the

boundary region for different modes of operation by projecting the reference signals onto

the boundary graph.

4.4.1 Common Frequency Mode

In this mode of operation, the converter’s two outputs operate at the same frequency but
with various modulation indices (m;2) and a phase angle shift (¢ ), where ¢ = |63 - 04|

between the two output signals can also be deduced from the switching state’s graphical
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depiction. While varying the phase angle to provide all the valid operating points in terms
of the modulation indices. There is no limitation in the boundary region regarding the

phase difference between the two outputs.

4.4.1.1 Same Phase

In this mode of operation, let f; = fo = f = 50 Hz and 6, = 03 = ¢ = 0, then the reference
signal v,cf41 and v,era2 of the A phase leg with four common carriers, two upper and two
lower as shown in Fig. 4.8(a). The projection of the reference signals onto the operating

boundary graph is shown in Fig. 4.7(a).

If the reference signal v,.r41 exceeds both upper carriers, the output voltage va; is Vae/2;
otherwise, it is either Vg./4 or 0. If v,c 41 is lesser than both lower carriers, vay is -V /2;
otherwise, it is -Vj./4 or 0. Following the same approach, the output voltage v4g is Vy./2
when vpepa2 is greater than both upper carriers; otherwise, it is Vy./4 or 0. If v.cpa2 is

lesser than the lower carrier, v49 is -Vy./2; otherwise, it is -Vg./4 or 0.

The output voltages of the B and C phase legs are generated by the same technique, but
the reference signals of the A phase leg are phase-shifted by -27/3 and 27/3. It can be
observed that the peaks of reference signal v,cf,1 and vy.pzo are occurring at the same
instance, and in this mode, there is no requirement of the dc offset as in the TL-SDOFL
converter provided to prevent the modulation indices (m; and ms) from interfering with

one another. Consequently, it is possible to express the ranges of m; and ms as

0<m1§1,0<m2§1 (4.18)

4.4.1.2 Different Phase

In this mode of operation, let fi = fo = f and 6; # 6. Then, the reference signal v,.ra1
and vpera2 of the A phase leg with four common carriers, two upper and two lower, as
shown in Fig. 4.8(b), having f; = fo = 50 Hz, ¢ = 30° with m; = mgy = 0.9. The projection
of the reference signals onto the operating boundary graph for this mode of operation is
shown in Fig. 4.7(b). The output voltage levels are generated by comparing the reference
signals with four common carriers. ¢ = |63 - 61| is the phase shift between the two sets of
output phase voltages. Since there is no constraint of v,.f1 > vpe 2, modulation indices m;

and my are independent of each other, and the maximum phase angle ¢ to generate the
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output voltage for FLSDO, unlike in TL-SDOFL in which there is an inequality relation

between the modulation index and phase angle.

4.4.2 Different Frequency Mode

The converter operates in DF mode at varying load frequencies between two outputs. In
TL-SDOFL, and many other reduced switch count dual output converters the modulation

constraint generates an inequality relation between m; (Mrop) and ma (Mpor):
0 < Mrop+ Mpor <1 (4.19)

From (4.19), one can infer that the maximum sum of two modulation indices is 1. There-
fore, to achieve the same output effect as the conventional SMLI, the DC-link voltage
V4. must be doubled. For maintaining this constraint in different frequency modes for
TL-SDOFL converter, adding the DC offset results in the modulation index mo (Mpor)
being lesser than 0.5, resulting in the reference signal v,.f.2 always compared with the
lower carrier. Therefore, the lower output voltage Vo has only three levels 0, -V;./4 and
-Viae/2. Low modulation indices result in a reduction in the number of levels in both phase
and line voltages. FLSDO topology has no such restriction, thus providing the same num-
ber of levels as that of a conventional SMLI with a reduced switch count. In DF mode
of operation, f; # fo. Let fi = 100 Hz and fo = 50 Hz, with m; = mso = 1 then the
reference signal v,cra1 and v,cfa2 of the A phase leg with four common carriers, with the
upper two and lower two as shown in Fig. 4.8(c). The projection of the reference signals

onto the operating boundary graph is shown in Fig. 4.7(c).

4.5 Simulation and Experimental Verification

A laboratory prototype of the proposed FLSDO converter is developed, and the parameters
considered are listed in Table 4.3. The semiconductor switches used in the prototype are
IGBTs (IKW50N60H3). The experiment is performed in both CF and DF operating modes
with linear loads, demonstrating the performance of the FLSDO converter. The DC-link
capacitor voltage balancing of the converter is also accomplished. The hardware setup
is illustrated in Fig. 4.9. The gate pulse signals for the FLSDO converter are generated
using a TMS320F28335 processor.
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TABLE 4.3: Parameters for Experimentation

Parameter Value
DC-link voltage, Vg, 200 V
DC-link capacitor, C; = Cy | 4700 uF
Flying Capacitor, Cs = Cy | 2200 puF
Load Resistance, R1 = Ry 50 Q
Load Inductance, L1 = Lo 20 mH
Switching frequency, fs 4 kHz

RasaE] §

+5V DC SUPPLY &

RL-LOAD

FIGURE 4.9: Developed hardware setup.

The hybrid PWM is implemented with a carrier frequency of 4 kHz. Identical RL loads
are employed to represent the AC loads.

4.5.1 Common frequency (CF) mode

The experimental result for both the output voltages and its load current under CF mode
of operation with the same modulation indices, m; = mo = 0.8 is shown in Fig. 4.10(a).
Fig. 4.10(b) shows the voltage balance of DC-link and flying capacitors in CF mode with
m1; = mo = 0.8. As can be observed, Vo1, Voo, Vios, and Vs are balanced at 98.8 V,
101.2 V, 48 V and 52 V respectively. The experimental result for both output voltages
(vA1,v42) and its corresponding load currents (i41,i42) under CF mode of operation with

the different modulation indices m; = 0.8, ma = 0.7 is shown in Fig. 4.10(c). As observed,
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FIGURE 4.10: Experimental results in CF mode (a) output voltages (va1,v42) and cur-
rents (i41,842) with m; = mg = 0.8, (b) DC-link and flying capacitor voltage balancing
with m; = mgy = 0.8, (¢) output voltages (va1,v42) and currents (iay,ia2) with m; = 0.8,
me = 0.7, (d) output voltages (va1,v42) and currents (ia1,i42) with m; = mg = 0.8 and

¢ = 30°.

the converter generates five voltage levels at its output ports:

_Vdc/27 _Vdc/47 07 +Vdc/4

and +Vy./2. Fig. 4.10(d) shows the experimental results for the output voltages (vai,

v42) and corresponding load currents (ia1, i42) in CF mode, with modulation indices m;

= mg = 0.8 and a phase shift (¢) = 30°.

4.5.2 Different frequency (DF) mode

Two outputs of the FLSDO converter are operated at different frequencies, and perfor-

mance is evaluated. Fig. 4.11(a) presents the experimental result for both output voltages

(vA1,v42), and its corresponding load currents (i41,i42). The converter is operated with

frequencies f; = 100 Hz, f» = 50 Hz with modulation indices m; = mg = 0.8.



Chapter 4. Design of a Novel Five-Level Stacked Dual-Output Converter 85

35 ms/div

[2]5 Araiv 100 V/div [4]5Ardiv . [2]5 Avaiv . [3]100 v/div i [4] 5 Avdiv

- VOV N

i AZ
. sAdiv [3]100 viaiv [4]5A/aiv . 5 A/div . 100 V/div [4]5 Ardiv

() (d)

FIGURE 4.11: Experimental results of output voltages (va1,v42) and currents (ia1,ia2)

(a) in DF mode with m; = mg = 0.8 and f1 = 100 Hz, fo = 50 Hz, (b) in CF mode with

m1 = me = 0.8 for a sudden change in input voltage, (c) in CF mode with m; = mg =

0.7, for a sudden change in load, (d) for a sudden change in msy from 0.8 to 1, keeping my
= 0.8, under CF mode.

4.5.3 Sudden Change
4.5.3.1 Input change

In this scenario, the converter’s performance is evaluated under a sudden change in input
voltage from 200 V to 150 V. Fig. 4.11(b) shows the experimental results for the upper
and lower output voltages (va1, va2) and the corresponding load currents (i41, t42) in CF
mode, with modulation indices m; = my = 0.8. As observed, the voltage levels stabilize at
the new value within a few milliseconds, and the voltage of DC-link and flying capacitors

is maintained shortly thereafter.
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4.5.3.2 Load Change

In this scenario, the converter’s performance is assessed under sudden load changes at
the lower terminal while operating in CF mode. Previously, the load parameters were
Ry = Re = 5002 and L; = Ly = 20 mH. Following a sudden load change at the lower
terminal, Ry is reduced to 25 © and Lo to 10 mH. Fig. 4.11(c) presents the experimental
result for upper and lower output voltages (v41,v42), and its corresponding load currents
(i41,i42) under CF mode. In this case, the converter operates at modulation indices m;
= mg = 0.7. As observed, the voltage levels remain unchanged despite the sudden load

change, and both the DC-link and flying capacitor voltage values are consistent.

4.5.3.3 Modulation change

In this scenario, the converter’s performance is assessed under a sudden change in the
modulation index of the second load terminal. Fig. 4.11(d) presents the experimental
results for the upper and lower output voltages (v41, va2) and the corresponding load
currents (i41, 42) in CF mode. Initially, the converter operates with modulation indices
m1 = mo = 0.8, and then the modulation index ms is increased to 1. As observed, the first
output terminal remains unaffected, and both the DC-link and flying capacitor voltages

stay consistent.

4.5.4 Total Harmonic Distortion (THD)

The output voltage THD of both outputs is shown in Fig. 4.12. The THD is calculated
under CF mode with modulation indices m; = mo = 1. As observed, the percentage THD

of voltage for both output terminals is 26.97%.

4.6 Power Loss and Efficiency Comparison

Conduction and switching losses are two significant forms of power losses arising from

power electronics device operation [72].

Conduction Losses (P.oy): A standard power transistor (IGBT) and diode are used for the

loss analysis of the FLSDO converter. Instantaneous conduction losses for a diode [Pop,
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FIGURE 4.12: Total Harmonic Distortion of output voltages (a) va1, and (b) vas

D(t)] and IGBT [Peon, T(t)] are as follows:

Peon, T(t) = [VT + RTZB(t)]Z(t) (420)
Poon, D(t) = [V + Roi(1)]i(?) (4.21)

where Vp and Vp stand for the IGBT’s and the diode’s on-state voltages, respectively.
The equivalent resistance of the transistor (IGBT) and diode is represented by Ry and
Rp, respectively, whereas (8 is a constant associated with the transistor’s specification.
The conduction losses of each device are calculated using (4.20) and (4.21), and total

conduction loss is the sum of these two for FLSDO.

Switching Losses (Psy): Turn-on and turn-off energy loss (Eon, Eorr ) is calculated for

the switch and the antiparallel diode are as follows:
fors . tors Vsw,m
Eorgm = [ wtoitar= [
0 0 of f
1 1
(— (t — toff))dt = —Vgw mftoff (4.22)
toff 6 ’

ton ton v
Eonm = / v(t)i(t)dt = / [(—=1)
0 0 on
I/

1
(——(t —ton))dt = gvsw,mlltoff (4.23)

tOTL
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where Eyf ¢, is the turn-off loss of the ‘m’ switch, ¢, is the turn-off time of the switch,
‘I’ is the current through the switch before turning off and ‘I”’ is the current through the
switch after turning on, and v, is the off-state voltage on the ‘m’ switch. Ej,, ., is the

turn-on loss of the ‘m’ switch, and t,, is the turn-on time of the switch.

Nswitch No’ﬂvm Noff,m
Psw = f[ Z ( Z Eon,mj + Z Eoff,mj)] (4-24)
m=1 j=1 j=1

Where f is the fundamental frequency, Ny m and Nyrf., are the number of turning ON
and OFF of the ‘m’ switch during a period. Also, Fy, ., is the energy loss of the ‘m’
switch during the jth turning ON, and E,fy,p,; is the energy loss of the ‘m’ switch during
the jth turning off. The total losses of FLSDO will be

PLoss - Pcon + Psw (425)

The parameters used for the calculation of power losses are listed in Table 4.3. The
switching and conduction losses of FLSDO are calculated using the IGBT IKW50N60H3
for the loss model in PLECS software. The contribution of switching and conduction loss
under the CF mode of operation with m;=1, mo varying from 0.2 to 1, and f; = fo = 50
Hz is shown in Fig. 4.13(a). Figs.4.13(b) and (c) show the distribution of the switching
and conduction losses among the different switches of phase a under CF mode of operation
having mi= mo = 1 and f; = fo = 50 Hz, where the conduction losses are the highest
in Sa; and S’y,, and the lowest in S5, Sais, Sa2s, S9e. On the other hand, S4; and
S’y4 have the highest switching losses while S413, S5, Sa23 and S’j55 have the lowest

switching losses.

The efficiencies are compared in CF and DF mode as shown in Fig. 4.14. The efficiency
comparison is made using the parameters listed in Table 4.3 between the DFC-ANPC,
TL-SDOFL, Dual 5L-ANPC, Dual 5L-NPC, and the proposed FLSDO converter. In the
first scenario, 4.14(a) depicts the efficiency comparison under CF mode when modulation
indices m1=1 and mq vary from 0.2 to 1. It can be observed that the Dual 5L-ANPC has
more efficiency compared to other dual-output five-level converters, but DFC-ANPC and
FLSDO also have an efficiency greater than 96.5 % for all values of ms. In the second
scenario, Fig. 4.14 (b) compares the efficiency under CF mode with m;=0.8 and phase
shift, = 30° and varying ms. As it can be seen, for a modulation index mso greater
than 0.8, the reduced switch count converter TL-SDOFL cannot operate because of its

constricted region of operation, so the graph shows zero efficiency. For ms less than 0.8,
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FIGURE 4.13: Switching, conduction, and total losses of the proposed FLSDO for phase
leg under CF mode with m; = 1 and ms varying.

TL-SDOFL has more efficiency than other dual output five-level converters, but DFC-
ANPC and FLSDO have efficiency greater than 96.5 % and when mq lies between 0.8
and 1, then the efficiency of DFC-ANPC and FLSDO is greater than 97 %. In the third
scenario, Fig. 4.14(c) shows the comparison of efficiency under DF mode (f; = 50 Hz, f,
= 100 Hz) with m; = 0.5 and varying mg. Because of limitations in the operating region,
the TL-SDOFL cannot operate at mg greater than 0.5, and efficiency is zero for this
region. For mo less than 0.5, TL-SDOFL has more efficiency, but FLSDO has efficiency
greater than 95.5 % up to ms = 0.6, and for my greater than 0.6, FLSDO has the efficiency
greater than 96 %. In the first scenario, the FLSDO has approximately the same efficiency
as that of DFC-ANPC up to my = 0.6, but for my > 0.8, DFC-ANPC is more efficient than
FLSDO. But for the second and third scenarios, FLSDO is more efficient than CTL-ANPC



Chapter 4. Design of a Novel Five-Level Stacked Dual-Output Converter 90

® DFC-ANPC ®TL-SDOFL = Dual SL-ANPC © Dual-NPC ® FLSDO uDFC-ANPC ® TL-SDOFL # Dual SL-ANPC © Dual-NPC ® FLSDO
98 98

92 | 92 ‘ | I | I |
0.2 0.4 0.6 08 1 02 0.4 0.6 08 1

(a) (b)

<) e e ©
F DN
<) e e
£ DN

e
<«
)
<

#u DFC-ANPC = TL-SDOFL = Dual SL-ANPC " Dual-NPC = FLSDO
98

02 04 03 0.6 038 1

()

9
X

©
7

©
£

o
<

FIGURE 4.14: Efficiency comparison for (a) CF mode with m; = 1 (b) CF mode, m; =
0.8 and ¢ = 30°, (¢) DF mode with m; = 0.5 and f; = 50 Hz, fo = 100 Hz.

for all modulation indexes of mso. In all three scenarios, some FLSDO devices share two
loads, and the phase of the load currents will impact conversion efficiency. This difference
in efficiency is not considerably high. Note that the two loads and modulation index my

are fixed.

4.7 Five-Level Stacked Multi-Output (FLSMO) Converter

The five-level stacked dual output (FLSDO) converter can be expanded to accommodate
multiple output ports. Fig. 4.15 illustrates the generalized structures of the multi-output
FLSMO converter. The total number of switches required in each converter (Xj,) is

calculated using the specified equation.
Xow =4x[N/2]+6 x N (4.26)

where N = n; + ng is the no. of outputs and [N] is the ceiling function. As the num-
ber of output ports increases, the power switch count in the FLSMO converter decreases,

resulting in a significant reduction in the required switches. Notably, when N = 1, the
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FIGURE 4.15: Five-level stacked multi-output (FLSMO) converter.

FLSMO converter simplifies to a single-output configuration, functioning as a conven-
tional five-level stacked converter. When N = 2, it corresponds to the standard FLSDO

configuration. Table 4.4 shows the comparison of scalability of the five-level converters.
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