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Highlights
+ Analysis and comparison of multicarrier PWM methods for a PUC-MLI were condugted.
* Conduction and switching losses were separately analyzed to evaluate semiconduetornlosses.
* A novel switching generation method for conventional PWM was proposed for’PUC-ML.| operation.
* Numerical studies were performed on a single-phase 324 kVA seven-level PUC-MLI.

Article Info Abstract

In this paper, a novel switching generation method is presented that adapts conventional pulse
Received: 19 June 2024 width modulation (PWM) methods to the packed U-cell multilevel inverter topology. The
Accepted: 01 Mar 2025 proposed solution involves designing a combinational logic circuit constructed using minterms.

By selecting and summing appropriate minterms, the resulting output signal is used to drive the
power semiconductors. Additionally, various multicarrier PWM methods are analyzed and

Keywords compared based on performance metrics such as output current harmonics, DC bus utilization,
Packed u-cell (PUC) and semiconductor losses. Numerical studies are conducted in MATLAB on a single-phase 324
Multilevel inverter kVA, seven-level PUC-MLI using an improved semiconductor loss estimation approach that
Multicarrier PWM employs higher-order loss curves for both IGBT and diode, derived from the manufacturer's data
Conduction loss sheet. When compared to level-shifted PWM, phase-shifted PWM (PS-PWM) consistently
Switching loss achieves lower current THD, even at low carrier frequencies, and always maintaints THD within

the limits of the IEEE-519 power quality standard. It is also shown that the PS-PWM method
results in approximately 3.3 times higher semiconductor losses on average than level-shifted
PWM methods. Across all PWM methods, the carrier frequency has a negligible effect on the
fundamental component of the output voltage, which remains below 1V. Furthermore, when
comparing the PS-PWM method as a whole to level-shifted PWM methods, DC voltage variations
of up to 0.5% are observed at the output for a given modulation index. The simulation results
indicate that while level-shifted PWM methods generate lower semiconductor losses, the phase-
shifted PWM option provides better power quality.

1. INTRODUCTION

A multilevel inverter (MLI) combines power electronic switches, circuit elements, and one or more DC
sources to generate a stepped voltage waveform at its output. An MLI can serve as an alternative to two- or
three-level inyerters when an increase in the operating voltage or current is required. Although, classical
two-level inverters are simple to implement and control, their output waveforms are distorted, reducing
power quality and increasing filter size and cost. Moreover, the high switching frequency in these inverters
further limits operational efficiency. MLlIs are well suited for applications in renewable energy integration
[1,2], AC drives [3,4], and power quality devices [5-7]. Over the past few decades, numerous MLI
topologies have been developed using various switching strategies at various power levels [8-10]. MLIs
have attraction significant attention due to their merits over two- or three-level inverters, such as reduced
harmonic content, lower switching frequency and voltage stress on switches, and improved electromagnetic
interference. MLIs are usually preferred because their output more closely resembles a sine waveform as
the number of levels increases, enabling high-quality output and smaller filter design. Among the
fundamental MLI configurations are the neutral point clamped (NPC), flying capacitor (FC), and cascaded
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H-bridge (CHB) topologies. However, the control scheme and the circuit design become more complex as
the voltage levels at the output increases in these topologies. In addition, voltage balancing is another issue
in NPC and FC topologies. Although the CHB topology is a better choice for generating a large number of
stepped voltage levels, it is less economically attractive because it relies on multiple isolated DC sources.
Various configurations composed of fundamental units have been posited in the literature to address the
deficiencies inherent in the aforementioned MLI topologies. Among MLI topologies, the packed U-cell
(PUC)-based MLI (PUC-MLI) is a competing inverter, which merges the benefits of both FC and CHB
topologies [11-13]. Operating with asymmetrical DC voltages, the PUC-MLI topology has received great
attention in recent years, and its performance has been validated in numerous applications, such as
photovoltaic integration [14-19], wind energy systems [20], active filter [21,22], static VAR compensator
[23], UPQC [24], and dynamic voltage restorer [25]. PUC-MLI can generate the same number of output
voltage levels with a reduced semiconductor count compared to conventional NPC, EC, and CHB
topologies. Several PUC-MLI papers have been published in the literature, with autput veltage levels
ranging between 5 and 31 [26]. Furthermore, it also offers bidirectional power flow'and isisuitable for both
stand-alone [20,26,27] and grid-connected applications [15-17,28]. Although<other DC sources can be
capacitors, only a single DC source is needed to generate the multilevel voltage waveform. This feature
enhances practical applicability and reduces design cost. However, regulating the capacitorvoltage in each
PUC to the desired value remains challenging because it requires modifications to,the main current control
loop, thereby increasing control complexity [29]. In [30], a set of logic-basediequations:have been proposed
to balance the floating capacitor voltage in a seven-level PUC-MLI(PUC7-ML.I). The approach is robust
under dynamic load and variable power factor conditions. lnt[31], a hysteresissbandwidth technique is
applied in conjunction with sliding mode control to regulate the capacitorvoltage and the grid current of a
grid-connected PUC7-MLI. The experiment designeddin [32] ‘demonstrates that the average energy
exchange between the capacitors and the rest of the PUC7-ML. is\zero to ‘balance the capacitor voltages
without closed-loop control. Furthermore, in [33], a voltage balan¢ing method based on the charging and
discharging of the capacitor at switching frequep€y of the phase shifted-pulse width modulation (PS-PWM)
technique is proposed to reduce the capacitor size in a PUC5 converter. Multicarrier PWM methods find
extensive applications in the control of MEls in medium and high voltage/power scenarios owing to their
straightforward implementation and operationalsimplicity [34]. Various multicarrier PWM methods exist,
including PS-PWM, phase disposition PWM (PD-PWM), phase opposition disposition PWM (POD-
PWM), and alternate phase oppesition disposition PWM (APOD-PWM). The power quality, DC bus
utilization, and the loss performancexanalysis of,these gating techniques have been extensively studied for
various MLI types in the current state=ef-the-art [35-37]. However, such comparisons for PUC-MLI are
scarce [38]. In this regard, this study addresses a detailed comparison of the aforementioned multicarrier
PWM methods on a“PUC7-MLI, employing important performance metrics such as total harmonic
distortion (THD), DC bus utilization;ieonductor and switching losses, and average switching count under
varying carrieryfrequencies and modulation index conditions. Secondly, an improved approach for
estimating conductiomand switching losses of the semiconductors is suggested. Finally, a novel switching
generation method\is suggested which translates the gating signals of a conventional multicarrier PWM
methodsinto the gating signals for PUC-MLIs. The highlights of this study are,

e A To theybest knowledge of the author, a comprehensive comparison including DC bus utilization,
semiconductor losses (with separate analysis of conduction and switching losses), and THD content
forvarious multicarrier PWM methods on PUC-MLIs has been conducted for the first time.

o Third-degree loss curves for the IGBT and a fourth-degree loss curve for the diode have been derived
from the manufacturer data sheet, surpassing the conventional second-degree representation found in
the literature [39], potentially contributing to the field and are made available for researchers' use.

e A novel method based on designing a combination logic circuit that utilizes the concept of the sum
of minterms has been put forward to map the gating signals of the conventional multicarrier PWM
technique for PUC-MLIs.

The rest of the paper is organized as follows: Section 2 briefly portrays the topological configuration of the
PUC7-MLI and its operating states; Section 3 explains the details of the switching generation method
proposed in this study; Section 4 demonstrates the semiconductor loss calculation method; Section 5
explains how the ratings of the PUC-MLI are determined; Section 6 illustrates the numerical results for the
evaluation of the different performance metrics of the various PWM methods; and Section 7 concludes the
study.
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2. THE PUC TOPOLOGY

The basic circuit diagram of a single-phase PUC-MLI consists of a single U-cell, four power semiconductor
switches, and two DC sources, as depicted in Figure 1. Note that an auxiliary capacitor can be replaced
instead of one of the DC sources. A U-cell refers to a module that includes two power semiconductor
switches (along with their antiparallel diodes) and either a flying or clamping capacitor. Because
commercial IGBTSs often lack reverse blocking capability, they are typical paired with an antiparallel diode.
Figure 1 also illustrates the possible operating modes of the PUC-MLI by depicting the various switching
states of the IGBTSs. The design offers high flexibility in multilevel voltage synthesis, enabling the number
of U-cells to be increased to achieve a greater number of voltage levels at the output terminals.
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Figure 1. The fundamental power circuit of PUC-MLI and its operating modes

In the circuit, five or seven voltage levels can be generated without altering the power stage by setting the
ratio of the two DC voltages V,;.1/Vac2- FOr instance, setting Vy.1/Vyc2 = 2 Yields five voltage levels,
whereas V., /V4c2 = 3 produces seven voltage levels at the inverter’s output. In this regard, the individual
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output voltage of PUC-MLI for each state in both five- and seven-level operations is given in Table 1. For
the purpose of this study, an additional DC source V.., is employed instead of the auxiliary capacitor in the
PUC topology. By this way, the capacitor voltage control and balance are not needed. Table 2 compares
the component counts employed in different MLI topologies for single-phase operation. An examination of
these metrics reveals that the PUC topology generally requires fewer components, and this advantage
becomes more significant as the number of output voltage levels increases.

Table 1. The individual output voltage of PUC-MLI at each state for five- and seven-level operations

Five-level operation Seven-level operation
(Vac1 = 2E,Vgcz = E) (Vac1 = 3E, Vg = E)
State Vout State
1 Vout = Vac1 = 2E 1 Vout = Vac1 =8E
2 Vout = Vac1 = Vacz = E 2 Vout = Vac1 zVac2 =2E
3 Vour = Vacz = E 3 Vout = Vacz = E
4 Vout = 0 4 Vout =0
5 Vout =0 5 Vo, =0
6 Vour = —Vacz = —E 6 Vour = Vaco. = —E
7 Vout = Vacz = Vac1 = —E 7 Vout = Vaca —~Vac1 = —2E
8 Vout = —Vae1 = —2E 8 Vour= —Vac1 = —3E

Table 2. A comparison of the component counts used in different single-phase MLIs voltage of PUC-MLI
at each state for five- and seven-level operations

Single-phase Power Diode count Capacitor count | DC source
MLI type semiconductor count
L=level count switch count
NPC 2(L=1) (L—1)(L-2) L-1 1
FC 2(L—1) 0 0.5(L* - L) 1
CHB 2(k=1) 0 0 05(L—1)
PUC-MLI (L = 3,5) L+1 0 1 1
PUC-MLI (L = 7) r—1 0 0.5(L —5) 1

On the ether hand, \Eigure 2 provides a rough comparison of the cost of a 250kW single-phase inverter
constructed using various MLI topologies, evaluated as a function of the number of voltage levels. It is
evident,that.the.PUC-MLI has the lowest device cost among all other MLIs, particularly at higher voltage
levels. This is primarily due to that the PUC topology has the advantage of reduced component when
generatingthe same multilevel voltage waveform when compared to NPC, FC, and CHB topologies. There
might be different DC sources to be utilized in an MLI, including rectifier, renewable energy, and battery
systems. Thereby, the cost of the DC source is excluded from this comparison due to its inherent versatility.
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Figure 2. Estimated device cost of a single-phase 250 kW inverter constructed by different MLI
topologies with respect to the voltage level count

3. NOVEL SWITCHING GENERATION FOR PUC-MLIs

There are numerous modulation methods available for controlling’power semicenductor switches in MLIs,
including space vector PWM, selective harmonic elimination (SHE), andmulticarrier PWM. Although SHE
can eliminate specific harmonics from the output waveform, determining the optimal switching angles to
cancel out targeted harmonics is not easy for real applications, especially when a high number of output
levels is involved, since many nonlinear equations should beiselvediiteratively. Similarly, designing space
vector PWM is complicated by its computational complexity, particularly for high-level voltage operations.
Hence, in this study, commonly used multicarrier PWM methods, namely, PS-PWM, PD-PWM, POD-
PWM, and APOD-PWM are adapted for PUC-MLI operation because of their well-acceptance in the
literature for their effectiveness in removing harmonics and simpler control compared to other switching
methods. The multicarrier PWM method employsimultiple high-frequency sawtooth or triangular carriers
to modulate the output waveform. These carriers aretypically compared to a modulating signal, such as a
sinusoidal reference at the fundamental frequency. To generate m-voltage levels at the inverter output, m —
1 carriers are required. Figure 3 shews the reference and carrier arrangements for the aforementioned
multicarrier PWM methods.with a sinuseidal modulating signal for seven-level inverter operation.

PWM method Carrier arrangements (7-level inverter operation)
fundamental frequency, frynq = 50 Hz

modulation index, m;,4 = 0.95

carrier frequency, f, = 1 kHz

InPD-PWM, all carriers exhibit identical — '
phase relationships above and below the

zero-referencesline.
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In POD-PWM, the carriers above the
sinusoidal reference point are 180° out of
phase with those below the zero-reference

line.

Each triangular carrier is phased shifted
by 180° form its adjacent carrier in

APOD-PWM.

PS-PWM involves shifting the phase of 0 AR THORR R ettt AR LR AR AR A A KL UK AL R AR L
each carrier signal by il ' HH ‘j(\‘?\‘\““ ‘:‘ i it Vit
360°/(m — 1) degrees, where m is the ) il e | I “\‘2 f »‘3 Il Iy \: I | il
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Figure 3. The reference and carrier arrangements for various multicarrier PWM methods

The aforementioned multicarrier PWM methods have originally been designed for conventional inverters,
such as, NPC, FC, and CHB/MLI."Due to differences in switching states, operating modes, and switch
count, multicarrier PWM methods cannot be directly applied to the PUC-MLI. Accordingly, in this study,
a novel method ispropesed through a combinational logic circuit with six Boolean inputs and three Boolean
outputs. To implement the'preposed method, a truth table is first constructed to identify the switching states
of a CHB inverter that produces an equivalent number of voltage levels. This truth table shows the values
of thé CHB inverter’s,output voltage according to the ON/OFF states of the semiconductors. For a 7-level
CHB inverter, we need 3 H-bridge modules and 6 switches in total, with 2 switches for each module. As
shown intFigure 4, for these 6 switch states (s1, s2, s5, s6, 9, s10), the output voltage of the CHB inverter
will take three different values (0, -E, E). Since there are 26 = 64 possible switch combinations, the
operation of the 7-level CHB inverter can be expressed using 64 minterms, each representing a unique
combination of these six switch states (s1, s2, s5, s6, s9, s10). A minterm is a term used in digital logic
circuits and plays an important role in their design and optimization. Logic circuits are generally composed
of components that process a set of inputs to obtain a specific output. A minterm represents the situation
where the output of the circuit is "1" for every possible combination of inputs, expressed as an AND
(conjunction) statement. A minterm includes either the truth or false (1 or 0) of each input. In other words,
a minterm is only true for a specific input combination once. In the second stage of the method, the possible
output voltage of the PUC-MLI (0, -E, E) are listed according to the ON/OFF states of the semiconductors
in PUC-MLL.
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Figure 4. The switching signal generation of the PUC7-MLI

Since the 7-level PUC topology requires 6 switchesy,and since each pair of switches operates
complementarily, the output voltage values of the 7-level PUC inverter can be determined by three distinct
switching states. These states and their corresponding switch combinations are highlighted in orange in
Figure 4. In the next stage of the method, the Switch combinations that produce the same voltage as the
CHB inverter and the PUC-MLI are matched. For example, to produce an output of -100 V on the CHB
inverter, the required switch configuratien‘isy(0;.0, 0, 0, 0, 1). To achieve the same output voltage in the
PUC-MLI output, the required switch combinationwill be (0, 0, 1). In this context, the input signals for the
designed logic circuit are taken from the switching states of the CHB inverter, while its outputs represent
the switching states of the PUE-MLI. Since the (0,0, 0, 0, 0, 1) switch combination is referred to as
minterml, it will be used to makeygs3=1. Fo generate minterm-1, the inverted switching signals
(91'-92"-95'-96'- 9o'- g10)*Should be multiplied or (AND-gated). This situation is shown in red with 1 in
Figure 4. In this way, alll64 rows are checked, and it is determined which minterms make the PUC inverter’s
switching value 1. Since the tablesfor 64-tows would be very large, only some of the rows are shown in
Figure 4. In the final stage of'the method, the columns created for gs1, gs2, and gs3 are examined separately,
and for each switching state, the required minterms are identified. Here, gs1, gs2, gs3 can be considered as
a separate combinationahlogic function, and the minterms needed for each of them are connected using OR
gates or addition (+) operations. This is shown in the equations below with the SUM operation. Since the
equations would be very “long, only some of the minterms are provided. As demonstrated, the
implementation of theyproposed method is straightforward and simple, making programming and practical
application’both easy."Moreover, its implementation is well-suited for simulation and experimental studies.
This methad,can theoretically be applied to any voltage level in a PUC-MLI. For reference, the required
number of mintérms according to the number of voltage levels are listed in Table 3.

gsl(gl,g2,..,96) = Y minterm(2,8,10,11, ...59,60,62,63) Q)
gs2(g1, g2, ...,96) = Y minterm(2,8,11,14, ...21,23,29,53) 2
9s3(g1,g2, ...,g6) = Y, minterm(33,36,39,45, ...49,52,55,61) (3)
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Table 3. Total required minterm counts for different voltage levels

PUC-MLI PUC-MLI Input Output Total

voltage-level | semiconductor | count for | count  for | minterm

count count logic logic circuit | count
circuit

5 4 4 2 16

7 6 6 3 64

9 8 8 4 256

11 10 10 5 1024

4. SEMICONDUCTOR LOSS CALCULATION

The power dissipation cause by internal gate resistance due to the superimposed aneasurement voltage
remains the lower milliwatt range. In contrast, during regular chip operation, cenductionyand, switching
losses occur in the several-watt range. Consequently, the impact of self-heating effect resulting,from the
superimposed measurement voltage can be disregarded [40]. Additionally, asithe diode'turns on extremely
quickly at zero voltage, the energy required to turn it on can be neglectéd. Thus, only the'diode reverse
recovery energy loss during turning off is taken into account. In this studyjthe snubber elements have been
chosen too large (1 MQ) compared to the on-state resistance values ofboeth the IGBT and the diode.
Consequently, the losses associated with snubber circuit for each semiconductor arealso neglected. As a
result, only the conduction and switching losses of the IGBTand the reverse parallel-connected diode are
analyzed. In this study, 1700V-600A dual IGBT module (FF600R17ME4) from ‘Infineon is used [41]. The
rated collector-emitter voltage of this IGBT is Vzs = 1200.V, it has a nominal continuous collector current
rating of I = 600 A and a repetitive peak collector current 0flgg,, = 1200 A.

4.1. Conduction Loss Calculation of IGBT and Diode

To calculate the conduction losses of the.semiconductors, the on-state resistance and forward voltage drop
of the IGBT and the diode should be determined. T@estimate the on-state resistance of the IGBT, the I, —
V¢ curves given at different temperatures can be usedyf41]. For IGBT, the linearized function of I with
respect to V5 at temperature of 425 °C under the condition, I > 2004, is expressed as,

I, = 465.9V, — 482.5. 4

From (4), the forward voltage drep.of the IGBT is calculated by finding the value of V5 when I = 0, i.e.,
Vero = 482.5/465.9 = 1.0376 V. On'the other hand, the reciprocal of the line slope shown in Figure 5 (a)
gives the on-stateiresistance of the IGBT, R,y = 0.0021462986 Q. Similarly, for the diode, the linearized
function of I with respeet to forward voltage drop Vi at temperature of 125 °C under the condition, I >
2004, is,ebtained by linearizing the I — Vi curve in [41],

I, Z825.9Vp— 9671, (%)
From (5), the forward voltage drop of the diode is calculated by finding the value of V,, when I = 0, i.e.,

Vpo = 967.1/825.9 = 1.1710 V. The reciprocal of the line slope shown in Figure 5 (b) gives the on-state
resistance of the diode, such as Ry = 0.0012107554.



Ahmet Mete VURAL / GU J Sci, 38(3): x-x (2025)

1200 1200
1000 1000
800 800
Y <
o 600 w 600
400 400
200 200
0 0
1 1.5 2 25 3 3.5 4 1 1.5 2 2.5
VCE [V] VF [V]
Figure 5. (a) Typical output characteristics of the IGBT, (V;z = 15V), (b) typical forward ¢haracteristics
of the diode

The approximated semiconductor switch models and their corresponding parameters at'a temperature of
125 °C are illustrated in Table 4. These models include macro representationsiaf the actual IGBT and diode
devices, focusing on their functional characteristics while excluding considerations of device.geometry and
intricate physical processes.

Table 4. Approximated semiconductor switch models and their estimated parameters/at 125°C

IGBT (FF600R17ME4) Reverse-parallel diode (FF600R17ME4)
o—y]C_ -
+ +
0 0
c g SW | A Ve, Ig S |
) Ic | 3 |
| | |
Rs | Rs |
|I ;/\; P Ron :VCE o Ron : Ve
9 j Lon =T CS : 77777 I—on T CS :
IGBT b EI | c |
symbo Vceo ! Diode s \ —F I
_F v ymbol DO v
E *C o
Equivalent gircuit Equivalent circuit
On-state resistance Ryy= 0.0021462986 € On-state resistance Rony= 0.001210755 Q
Internal inductance Ljy=.20 nH [41] Internal inductance Loy=0
Forward voltage drop V gq=¢1.0376°V/ Forward voltage drop Vp,=1.1710 V
Snubber resistance Rg= 1M Q Snubber resistance Rg= 1M Q
Snubber capacitanceié,= 250 nkE Snubber capacitance C,= 250 nF

The caonduction lossiof the IGBT (P._;¢5r) and the conduction loss of the reverse-parallel diode (Pe—gi0de)
are galculatediusing (8) and (7), respectively. These equations perform rectangle-type numerical integration
with a'sample time\T 10 determine the average instantaneous conduction loss over one period Tperioq. The
rectangle‘method is easy to apply compared to trapezoidal integration, as the simulation models have no
continuous States which are numerically solved in discrete form. This means any signal remains constant
during T, sothe area under the curve can be perfectly filled with n small rectangles, as shown in Figure 6.
Within one period, n can reach a maximum value of T},¢;o4 /7,= 10000. The average conduction loss of
each semiconductor device is calculated by summing the areas of these rectangles and dividing by Teri0q

1
T i Z?:l[VCEOIC+RONIC2]TS (6)
period

1
_Z?=1[VDOIF+RONIF2]TS . (7)

Tperiod

Pe_igpr =

Pe_diode =
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4.2. Switching Loss Calculation of IGBT and Diode

The turn-on and turn-off losses of the IGBT as well as the turn=eff (recovery) loss of the diode can be
estimated using curve fitting techniques applied to the semiconductor characteristics provided in the
semiconductor datasheet [41]. By this way, the energy losses of the IGBT and the diode can be accurately
approximated using high order polynomials. In this regard, the turn-on and turn-off energy losses of the
IGBT (FF600R17ME4) can be expressed as third order polynomials, given below. The resulting energy
loss curves of the IGBT at a temperature of 125°C areishown in Figure 7 for the range 504 < I < 12004

Eicron(MJ) = 8.235 % 1077 X Io3— 0.0008527 x Io* 4+ 0.5802 X I — 11.24 (8)
Eigprofr(mJ) = 6.771 x 1028 X [,%%,0.0001601 X I.* + 0.3668 X I + 2.581 . 9)
1000 400
800 300
Z 600 )
E- E-znn
£ 400 a
200 100
0 0
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
IC [A] IC [A]

Figure 7. The approximated energy loss curves of the IGBT (FF600R17ME4)
(VGE = ilSV, RGon = RGOF = 1.0., VCE = 900V)

Similarly, the turn-off energy loss of the reverse-parallel diode at a temperature of 125°C can be expressed
as a fourth order polynomial expressed in (10). The approximated loss curve of the diode is plotted in Figure
8 for Vg = 900V and 504 < I < 12004

Erec(m)) = 4875 x 1071 x [;* —9.105 x 1078 x [ — 7.148 x 1075 x Iz% +
0.2268 X I + 45.83 . (10)
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Figure 8. The approximated recovery energy loss of the reverse-parallel diode (FF600R17ME4)

The turn-on and turn-off energy loss of each IGBT as well as the turn-off (recovery) losses ofieach reverse
parallel diode are numerically calculated in MATLAB simulation environment assshown in“kigure 9.
Initially, a rising and a falling edge detector detects the turn-on and turn-off instants‘of\the IGBT by
monitoring the logical gate signal. Upon detecting a change in its input,ghe edgeidetectors generate a pulse
with a magnitude of 1 for the duration of T;. The collector current of the IGBF(I.) is\sent to two function
blocks that compute the turn-on and turn-off switching losses using (8) and(9), respectively. At the same
time, the forward diode current (1) is sent to another funetion bloek that“applies (10). During loss
calculations, (8), (9), and (10) are multiplied by either (2V/900) or (V-5 /900) t0 normalize the operating
voltage of the semiconductor. This adjustment accounts for variations in the actual semiconductor voltage
during the simulation, which may differ from the base voltage(V.r = 900V provided in the datasheet [41].
The output of the rising edge detector is connected to a delay black which delays the input signal for one
sample time T. This delay is necessary because Mihen the turn-on gate signal is applied to the IGBT, it goes
to conduction after a time T. By incorporating this delay, the IGBT current can be measured precisely at
the moment the rising edge detector generates its pulse, ensuring accurate calculation of the turn-on loss.
The function of the multiplication blocks is to'ensure that the losses are calculated only at the exact turning
on/off instants of the semiconductor. Since PUC-MLL has a total of six IGBTs and six diodes, the
calculation stages depicted in Figure 9 are simultaneously executed for each IGBT and diode, with all losses
aggregated during the simulation. Tmthis regard, the total average conductor losses P.,,4 and the average
switching losses P, of the PUC-MLI"are calculated separately using (11) and (12), respectively

Peona = Zf:l(PC—IGBT—i + PC—diode—i) (11)
10~
Py = @Z?:l(EIGBTon—i + EIGBToff—i + Erec—i)- (12)

Since the switching lossesirepresent the energy dissipation of the semiconductor during its turn-on and turn-
off instances, the total energy loss is divided by the simulation time T;,;,; t0 calculate P,,. Finally, (13)
determines the total Semiconductor losses of the PUC-MLI

Pross = Pegna + Fsw- (13)
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Figure 9. The implementation of turn-on/off switching loss calculations in simulatien environment

Figures 10 and 11 illustrate various signal measurements taken during 10ss calculations for‘ene IGBT and
one diode of the PUC-MLLI, respectively. For clarity, a low value of/f, = 100°Hz is applied to the PD-
PWM method with m;,,;=0.95 when the inverter feeds its load.
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Figure 10. The measurements of turn-on/off switching loss calculation for IGBT-6
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Figure 11. The measurements of turn-offiless calculation for diode-6
5. RATING DETERMINATION OF PUC-ML.I

When designing an inverter, normally the voltage and current ratings of the semiconductor devices are
typically determined based on the required powerand voltage ratings of the inverter. However, in this study,
the power and voltage ratings of the inverter are ‘determined from the chosen semiconductor ratings.
According to the datasheet of the/lGBT (FF600R17ME4), the rated voltage and current of the IGBT are
1700V and 6004, respectively. Therrequired DC voltage sources for seven-level PUC operationare V., =
3E and V., = E. During simulations, the maximum blocking voltage is observed as 3E for all six-IGBTSs,
so the value of E is determined by the weltage rating of the IGBT. For a 50% safety margin, E =
0.5%1700/3 = 285V, s0,V,;4..and V.5 are specified as 855V and 285V, respectively. With these
adjustments, the open-circuitioutput-voltage of the inverter is approximately 573V for all PWM methods
at f, = 10 kHz\Since the continuous DC collector current rating of the IGBT is 600 A, this value should
not be exceeded foreach IGBT. The rated load impedance at a given power factor is determined based on
this constraint, since the open=Circuit output voltage of the inverter has been previously specified. Under
these conditions, thefrated load is calculated as Z; = 1.0Q at 0.8 pf lagging. When this load is connected
to the.inverter’s output terminal, the maximum DC collector current is observed as 2424 < 6004, and the
maximum_peak collector current is 8104 < 12004 [41]. So, with this load, all the current conditions are
met for thesl GBTs/in the PUC-MLI. Finally, the apparent power rating of the inverter at the fundamental
frequency cangbe determined as S = Vioaaerms)Xlioadrms) = 569.3x569.3 = 324.1 kVA when the
harmonics are neglected. Table 5 summarizes the specifications of the single-phase PUC-MLI used in the
case studies.

Table 5. Rated inverter parameters used in simulation studies

PUC-MLI parameters Value

Voltage level count 7

Output power 324.1kVA

Output rms voltage (fundamental) 569.3V at
Mind = 0.95

Load power factor 0.8 lagging




Ahmet Mete VURAL / GU J Sci, 38(3): x-x(2025)

DC link voltage, V.1, Vaca 855V, 285V
Maximum switching frequency, 10kHz [41]
fsw(max)

6. COMPARATIVE NUMERICAL STUDIES

The parameters provided in Tables 4 and 5 are used in the simulation environment to conduct the numerical
studies on the seven-level PUC-MLI. These studies aim to gather data necessary for evaluating the output
voltage waveform, output current quality, and semiconductor losses obtained for various case studies by
altering the modulation index, carrier frequency and PWM method. The simulation model offers flexibility,
allowing users to select the PWM method, modulation index, phase shift of the output voltage waveform,
carrier frequency, fundamental frequency, and load parameters of the PUC-MLI. The sample time is set as
Ts = 2ys and the period is specified as Tperioq = 20ms for 50-Hz inverter output. Fhe simulation time is
always chosen as Trotq; = kTperioa, Where k = 4 is an integer.

6.1. Case-1: DC Bus Utilization Evaluation

Firstly, the output voltage and current waveforms of the PUC-MLI“are ‘analyzed ta verify whether the
correct voltage levels are achieved at the inverter output. Since the waveforms of the level-shifted PWM
methods are found to be similar, only PD-PWM is compared to PS-PWM.»Assshown in Figure 12,
symmetrical AC voltage waveforms are obtained in all PWM 'methods fenall m;,,4 values under rated load
conditions. Notably, the voltage levels increase as m;,, 4 rises. For very low mq, such as 0.15, three voltage
levels are present at the output, while this number increasesito seven for m;{; = 0.95. Since the rated load
is inductive, the current waveform approaches a sinusoid as mgarises. Secondly, the impact of changing
f- on the output voltage of the PUC-MLI is investigated for low, medium, and high m;,,; values under rated
load conditions. Table 6 summarizes the fundamental rms output voltage under various f, and m;, 4 values.
Across all PWM methods, altering £, for afixed my,,; has negligible effect on the fundamental component
of the output voltage, with variations remamingsbelow 1V. Furthermore, all level-shifted PWM methods
yield identical output voltages for varying f. values,at the same m;,;. When comparing the PS-PWM
method to level-shifted PWM meth0ds as a whole, voltage variations of up to 0.5% are observed for a given
miq. The maximum DC-bus dtilization factor for the inverter across all PWM methods occurs at the
maximum value of m;,,4 = 1, reaching\66.6% of the maximum DC bus voltage of 3E = 855V.

Table 6. Fundamental output rms.voltage 0f PUC-MLI under rated load

Mina. = 0.35 Mina = 0.65 Mina = 0.95
PWM method
F=lkHz | fi=10kHz | f.=1kHz | £=10kHz | f,=1kHz | f,.=10 kHz
PD-PWM 208.3 V 2079V 388.9V 389.2V 569.4V 569.0 V
POD-PWM 208:3V 2079V 388.9V 389.2V 569.4 V 569.0 V

APOD-PWM 208.3V 2079V 3889V 389.2V 569.4 V 569.0 V
PS-PWM 208.0V 208.6 V 388.3V 389.8V 569.7V 569.5V
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Figure 12. Output voltage and current waveforms of PUC-MLI under rated load
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6.2. Case-2: Output Current THD Evaluation

In this case study, the THD of the output current waveform of the PUC-MLI is analyzed for each
multicarrier PIWM method under rated load conditions. The DC sources of the inverter are set to their rated
values, with V., = 285V and V., = 855V, respectively. Figure 13 depicts the current THD measurement
results for the PUC-MLI at various f. and m;, 4 values. The carrier frequency f_ is incrementally increased
from 1 kHz to the permissible limit of 10 kHz for the selected IGBT model (FF600R17ME4). The
modulation index m,,4 is varied from 0.1 and 1.0 in steps. Upon initial examination, the results reveal that
the THD of the output current waveform decreases as the carrier frequency, regardless of the PWM method
used. Furthermore, an increase in the modulation index m;,, leads to a reduction in THD due to the
corresponding rise in the number of voltage levels at the output, resulting in an output voltage that more
closely resembles a sinusoidal waveform. When compared to level-shifted PWM approaches; the PS-PWM
method consistently results in significantly lower current THD. Even at a low carrief frequency of f. =1
kHz, for m;,q = 0.3, PS-PWM method always keeps THD within the bound of less than 1%, which is
below the 5% threshold set by the IEEE-519 power quality standard. Generally, level-shifted PWM
methods yield similar quality current waveforms, with minor deviations in THE performance of the'inverter
as the carrier frequency increases. Therefore, the power quality of the PUC-ML does not'strongly depend
on the choice among level-shifted PWM methods. In more detail, Mg > 0.2, APOD-PWM method
provides generally lower THD results among all level-shifted PWMdmethods;with the POD-PWM coming
in second. This case study highlights the importance of consideringpewer quality when selecting a PWM
method for PUC-MLI applications, suggesting that the PS-PWM method may he"a suitable choice if the
other factors are disregarded.
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Figure 13. The current THD measurement results for PUC-MLI under rated load at different f. and
Mmipq Values
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6.3. Case-3: Semiconductor Loss Evaluation

The semiconductor losses of the PUC-MLI have been thoroughly analyzed in this case study. Initially, the
total semiconductor losses, denoted as P, s in (13), are numerically compared across various multicarrier
PWM methods at varying carrier frequencies, as illustrated in Figure 14. It is observed that level-shifted
PWM techniques, such as PD, POD, and APOD, exhibit nearly identical losses under rated load conditions
for all modulation indices and carrier frequencies. However, the PS-PWM method results in semiconductor
losses approximately 3.3 times higher on average compared to the level-shifted PWM methods.
Additionally, it is noted that increasing the modulation index generally leads to higher semiconductor losses
for all PWM methods, primarily due to the increased load current. However, in case of PS-PWM method
operating at carrier frequencies of 5 and 10 kHz, increasing the modulation index differently effects the
overall losses of the PUC-MLLI. Specifically, for modulation indices greater than 0.6, the-Overall losses do
not exhibit the nearly linear increase typically observed when the PS-PWM method isapplied to the PUC-
MLI under rated load conditions.
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Figure 14. Total semiconductor losses of PUC-MLI under rated load at different f. and m;,, 4 values

Figure 15 shows the calculated percentage loss of the PUC-MLI under rated load conditions with m;,,; =
1.0 at various carrier frequencies. The percentage loss of the inverter (P,sso,) Can be calculated as,

Prossy, = 22955 x100% (14)

PrLoap
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where, P;o4p IS the active power dissipated by the rated load at fundamental frequency. The results reveal
that they are consistent with the results presented in Figure 14. The losses observed for level-shifted PWM
methods, such as PD, POD, and APOD, are nearly identical, averaging 2.48% across all carrier frequencies.
In contrast, when the PS-PWM method is employed as the switching technique for the IGBTS, the average
loss increases significantly, reaching approximately 17% across all carrier frequencies. This represents
nearly a sixfold increase in losses compared to those obtained with level-shifted PWM methods.
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Figure 15. Percentage dosses of PUC-MLI under rated load at m;,4 = 1.0 at different £, values

Figure 16depicts the conduction and switching losses of the PUC-MLI at m;,,; = 0.8 under various carrier
frequencies when’different PWM methods are applied under rated load conditions. At first glance, it is
evident that, PS-PWM produces significantly higher switching losses compared to level-shifted PWM
methods under identical operating conditions. Moreover, it has been observed that PD-PWM, POD-PWM,
and APOD-PWM methods yield nearly identical conduction losses, whereas the PS-PWM method results
in higher conduction losses under the same conditions. Another key finding is that conduction losses are
less sensitive to variations in carrier frequency compared to switching losses. A detailed analysis reveals
that switching losses increase from approximately 6 kW to 10 kW as the carrier frequency rises from 1 kHz
to 2 kHz. For higher carrier frequencies, switching losses for the PS-PWM method escalate rapidly, ranging
from around 20 kW to nearly 40 kW, leading to an inverter efficiency of less than 90%. At lower carrier
frequencies, the majority of semiconductor losses for level-shifted PWM methods are attributed to the
internal resistances of the semiconductors. However, as the carrier frequency increases, this proportion
approaches approximately 50%. For the PS-PWM method, however, more than 50% of the total losses are
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attributable to the switching phenomenon, which becomes increasingly significant as the carrier frequency
rises. Figure 17 illustrates the average switching counts obtained for one IGBT among the six. The
measurements are averaged over one operating period of the PUC-MLI (Tperioa = 20ms), accounting for
both turn-on and turn-off conditions. It is clearly seen that the switching counts are not uniformly distributed
among the switching methods with noticeable variations. There is a significant difference in switching
counts between level-shifted and phase-shifted PWM methods under rated load conditions across various
carrier frequencies and modulation indices. The PS-PWM method consistently produces much higher
switching counts than level-shifted PWM methods. At carrier frequencies of 1 kHz and 2 kHz, this ratio is
approximately 5, while for carrier frequencies of 5 kHz and 10 kHz, the ratio exceeds 5.
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Figure 17. The average switehing count,per IGBT per period for PUC-MLI under rated load at different
f#and m;,, 4 values

6.4. Discussion

The numerical results from the ease studies demonstrate that the harmonic and loss performance of the
PUC-MLLI are significantly influenced by carrier specifications and the choice of carrier frequency. The
findings reveal how varying degrees of modulation freedom affect the inverter's output harmonic content
and switching losses, Based on these results, it can be concluded that the PS-PWM method is generally not
a practical cheice as'a switching method for the PUC-MLI due to its high semiconductor losses, unless
other considerations ‘outweigh this limitation. However, if achieving a high-quality output voltage
waveformis,a priority, the PS-PWM method may be a viable option despite its higher semiconductor losses
compared to'level-shifted PWM methods, as it consistently produces lower harmonic content. On the other
hand, there is’little to no significant difference when choosing among level-shifted PWM methods (PD-
PWM, POD-PWM, and APOD-PWM), as all of them generate comparable semiconductor losses and output
harmonics under identical operating conditions. The decision between these methods can instead be guided
by features such as the self-capacitor voltage balancing capability of the inverter.

7. CONCLUSIONS
The conventional MLIs (NPC, FC, and CHB) are the fundamental MLI options which suffer from

significant disadvantages, such as high control complexity and increased cost as the output voltage level
rises. To address these challenges, the PUC-MLI topology has been introduced in the literature, offering a
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reduced device count and lower costs compared to conventional MLI topologies. However, the switching
generation method for the PUC-MLLI is not straightforward, in which additional steps should be taken to
apply the classical multicarrier PWM methods to control this inverter. On the other hand, existing literature
on PUC-MLI switching signal generation is often unclear and lacks detailed explanations on its design. In
this study, a combinational logic circuit was designed by considering the 'sum of minterms' method, based
on the traditional switching signal generation technique used for conventional CHB MLIs. This circuit
functions by summing of the minterms allowing to map the input set to the output with minimal terms. The
output signals of this circuit serve as the semiconductor switching signals for PUC-MLIs. The proposed
method is explained step by step in a clear and detailed manner, with a generalizable structure that
accommodates an increasing number of minterms as the converter's level count increases. This approach is
both practical and flexible, making it suitable for adaptation to simulation and experimental studies, and
contributes significantly to the existing literature. This study also presents in-depth comparative analysis of
PUC-MLIs under various multicarrier PWM techniques. The proposed loss calculationy models are
generalizable, enabling the separation of conduction and switching losses for each semieonductor in the
simulation environment. The comparative studies provide guidance for selecting the ‘mostiappropriate
multicarrier PWM method for PUC-MLIs. When choosing a switching methed, a trade-off,exists between
harmonic performance and semiconductor losses. While the PS-PWM method reduces harmaenics, it results
in higher losses. Conversely, level-shifted PWM methods reduce lesses buthintroduce greater output
distortion. This study offers a comprehensive numerical comparisonsto assist.in selecting the most suitable
multicarrier PWM method for PUC-MLIs.
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