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Abstract—Multilevel converters are mainly used in medium-
voltage high-power applications. Active neutral-point-clamped
(ANPC) flying capacitor multicell (FCM) converter is a well-known
type of multilevel converters which is commercially available in
high-power medium-voltage motor drive market. Since power loss
investigation can be very advantageous in the design phase of mul-
tilevel converters, this paper presents an analytical approach to
calculate and investigate the conduction and switching power loss
in ANPC-FCM converter. First, the RMS and average currents of
insulated-gate bipolar transistors (IGBTs) and antiparallel diodes
are analytically calculated by considering the associated duty cy-
cle of each IGBT and diode, converter modulation index, load
current, and load power factor. Numerical results of the derived
closed-form equations to calculate the RMS and average currents
of IGBTs/diodes are compared with simulation results and experi-
mental measurements. Numerical results match the simulation re-
sults and experimental measurements which validates the derived
closed-form equations. Afterward, the obtained equations for RMS
and average current computations are utilized to calculate the con-
duction power losses in a 12.1-MVA 6.6-kV nine-level (line-to-line)
ANPC-FCM multilevel converter. For this purpose, a 4.5-kV 1.2-
kA IGBT module from ABB is considered as a power switch and its
parameters are employed in analytical computations and simula-
tion of the ANPC-FCM multilevel converter for conduction power
loss determination. Moreover, closed-form equations are derived
for analytical determination of switching power losses for ANPC-
FCM converter using Kapteyn (Fourier-Bessel) series. Based on
the derived closed-form equations for conduction loss and switch-
ing loss calculation, a method is presented to determine the junction
temperature in IGBTs and diodes for ANPC-FCM converter.

Index Terms—Active neutral point clamped converter, closed-
form equations, conduction power loss, flying capacitor multicell
converter, multilevel converter, switching power loss.

I. INTRODUCTION

ultilevel inverters/converters are the most cost-effective
solutions and the state-of-the-art topologies for medium-
voltage high-power applications of power electronic converters
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in the efficient energy conversion arena [ 1], [2]. These converters
are particularly designed to be employed in energy and power
conversion areas requiring high efficiency at higher switching
frequencies, high power demand, and augmented power quality
[3]. The neutral point clamped (NPC) [4], cascaded H-bridge
(CHB) [5], modular multilevel converter (MMC) [6], flying ca-
pacitor multicell (FCM) [7], and active neutral point clamped
(ANPC) [8] are the most common and commercialized topolo-
gies and breeds of multilevel converters powering a wide range
of applications in industry [9]-[11]. The most noteworthy ad-
vantages and features of multilevel converters are notable en-
hanced power quality, reduced size of output filters, high mod-
ularity, fault tolerant, and extended power range [12]-[15].

Power conversion through power electronic converters/
inverters employing semiconductor devices exhibiting internal
inherent characteristics such as on-state resistance, forward volt-
age drop, and turn-on and turn-off energy losses, account for
slightly dropped efficiency and some energy losses inside these
power converters. Generally, converter losses can be split into
switching and conduction losses. The turn-on and turn-off en-
ergy losses due to switching delays that are intrinsic to the
semiconductor device account for the switching loss of the con-
verters [16]—-[23]. In order to calculate the switching losses, it
is essential to estimate the operating point turn-on and turn-off
energy losses of the insulated-gate bipolar transistors (IGBTs)
and diodes by interpolation technique and using the turn-on and
turn-off energy loss data corresponding to the phase voltage and
current waveform test points provided in the device datasheet.
It is noteworthy that the turn-on and turn-off energy loss data
for IGBT and diode available through datasheet are generally
given for a switching period. Hence, these one-switching period
switching energy losses must be multiplied by the converter
switching frequency for the total switching losses. So, the total
switching losses are dependent on the converter switching fre-
quency and switching characteristics of the employed semicon-
ductors [8], [23]-[27]. The on-state resistance and voltage drop
across the IGBT and diode account for the conduction losses in
the power converters. The conduction power losses are calcu-
lated with obtaining the required characteristics of the on-state
resistance and forward voltage drop from datasheet of the IGBT
and diode through linearization method and the corresponding
average and RMS current of the phase current waveform [21],
[23], [24], [28].

The converter switching and conduction power loss calcula-
tion, comparative study, and efficiency evaluation of the com-
mercially available medium-voltage drives using three-phase
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two-level (e.g., Converteam) and multilevel converters such as
three-level NPC (e.g., ABB, Converteam, Siemens), three-level
and four-level FCM (e.g., Converteam), and nine-level CHB
(e.g., Siemens) are given in [29] whereas all confirming the en-
hanced efficiency and improved characteristics of the multilevel
power converters. The IGBT and diodes current requirements
and their switching and conduction power loss estimation under
new modulation technique for MMCs is investigated in [23].
It is shown that the lower IGBT module generates substan-
tially higher losses than the upper one for all investigated load
phase angles. Switching loss evaluation of a 4.5-kV-5.5-kA in-
tegrated gate-commutated thyristor within a three-level ANPC
converter phase leg for a current range from 1 to 4.5 kA and
junction temperatures between 25°C and 125 °C considering
different commutation states and associated energies involved
in the switching transients are investigated in [8] and [27] using
the proposed switching loss model. Calculation of the switch-
ing and conduction power losses with measured voltage and
current waveforms of the operating point and data collected
from datasheet using curve-fitting and interpolation techniques
(not closed-form equations) for advanced multilevel converters
such as T-type, hybrid NPC, and ANPC are investigated in [19],
[22], [24], [26], [30] whereas closed form equations and optimal
modulation techniques for minimizing conduction power losses
of the dual active bridge converters is discussed in [28]. Start-up
and switching loss reduction is discussed for FCM converters
in [31] where it exploits fewer switching states to reduce the
switching losses.

One of the recently commercialized breeds of the FCM-based
multilevel converters is ANPC-FCM which is introduced by
ABB [32]-[35]. The ANPC-FCM converter is a hybrid topol-
ogy based on combination of NPC and FCM converters which
combines, employs, and features advantages of the both convert-
ers [22], [36]-[39]. This converter is a well-established topology
in the MV drive market. For example, ANPC-FCM technology
has now been matured into ACS2000 MV drive constructed by
ABB [33], [34]. For appropriate design of multilevel converters,
itis a concern of utmost importance and practical interest to cal-
culate both conduction and switching losses of IGBTs/diodes
in order to select IGBTs/diodes properly for specific power
range without exceeding the maximum temperature rating of
semiconductors. It is noteworthy that analytical calculation of
both conduction and switching losses is advantageous in the
design procedure. All of the available research articles in this
topic have investigated the conduction and switching power
losses of multilevel converters through simulation/experimental
[8], [16]-[18], [20], [21], [23], [27], [40]-[42]. Using simula-
tion/experimental results for investigation of the power losses
is time consuming and arduous task since the circuit needs to
be run for numerous cases considering different values of mod-
ulation index and load power factor (PF). Taking into account
the advantages of ANPC-FCM converters and their escalating
utilization in MV drive market and renewable energy applica-
tions necessitates investigation of the ANPC-FCM converter’s
performance and efficiency with any number of switching-
power-cell and voltage levels as a function of the converter
output power, load PF, and modulation index. Hence, this pa-
per presents an analytical approach to calculate and investigate
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Fig. 1. Obtaining vcpo and Ro from the datasheet by polynomial
approximation.

the conduction power losses in ANPC-FCM converters. This
paper is organized as follows. Section II discusses about the
conduction power loss calculation of IGBT/diode. Moreover,
the approach to obtain the parameters of IGBTs/diodes from
datasheet for conduction power loss calculation is discussed.
Section III presents a detailed approach to analytically calculate
the RMS and average currents flowing through IGBTs/diodes
as a function of load peak current, load PF, and modulation
index in ANPC-FCM converter. In Section IV, the numerical
results of the derived analytical equations to calculate the RMS
and average current of IGBTs/diodes are compared with simu-
lation and experimental results to validate the derived analytical
equations. Finally, utilizing the derived closed-form equations,
Section V investigates the conduction power losses for 12.1-
MVA 6.6-kV nine-level (line-to-line) ANPC-FCM converter.
For the accomplished case study for ANPC-FCM converter,
the parameters of a SSNA 1200G450300 HiPak 4.5-kV 1.2-kA
IGBT module are considered and also comparative illustration
of conduction power losses are presented. Moreover, closed-
form equations are derived in Section VI for analytical deter-
mination of switching power losses for ANPC-FCM converter
using Kapteyn (Fourier-Bessel) series. Based on derived closed-
form equations for conduction and switching loss calculation, a
method is presented in Section VII to calculate junction temper-
ature of semiconductors for ANPC-FCM converter analytically.

II. ANALYTICAL CALCULATION OF THE CONDUCTION POWER
LOSSES IN IGBTS AND ANTIPARALLEL DIODES

Analytical equations expressing the conduction power losses
associated with the switching devices in the multilevel con-
verters are very advantageous in the design procedure of these
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Fig. 2.

TABLE I
FIRST-, SECOND-, AND THIRD-ORDER APPROXIMATION OF IGBT 5SNA
1200G450300 COLLECTOR-EMITTER VOLTAGE DROP

First Order vep = 1.28 4 17.63 x 107 x 1o
Second Order vep = 1.02+24.79 x 10~ x Ip —29.85 x 1078 x I2,
Third Order vep = 0.9035 4+ 32 x 1074 x I —10.86 x 1078 x 12 +

21.89 x 10711 x I3,

power converters. The power loss analytical equations can be
used to investigate converters’ performance and efficiency with
any number of switching-power-cell and voltage levels as a
function of the converter output power, load PF, and modula-
tion index. In this section, an analytical approach to calculate the
conduction power loss in both IGBT and diode is discussed. The
IGBT collector—emitter voltage drop (vcg) when it is conduct-
ing is shown in Fig. 1 which is related to SSNA 1200G450300.
In order to use these data, two options are available. The first
option is using the real data curve from datasheet. In order to
do this, data are read from datasheet for each interval of 200 A
and saved. For values between 200 A interval, it can be inter-
polated. This way, the real data curve can be utilized. Although
this method results in the minimum error, it needs lookup table
and more calculations. Another option is to approximate the
real data curve which can be the first order, second order, and so
on. Herein, conduction power loss for a single high-frequency
IGBT (S1) in ANPC-FCM converter, whose general structure
is shown in Fig. 2, is obtained using the real curve data from
datasheet shown in Fig. 1. Afterward, conduction power loss
for the same power switch (S1) is obtained using first-, second-,
and third-order approximations. The coefficients of the approx-
imations obtained through Matlab are listed in Table I. It should
be mentioned that the junction temperature is considered 125°C
in all coefficients listed with Table I.

The conduction power losses obtained from approximation
of collector—emitter voltage drop compared in difference case
studies with conduction power loss based on real curve data from

General topology of a single-phase n-cell 2n+I-level ANPC-FCM converter.

TABLE II
CONDUCTION POWER LOSS COMPARISON BETWEEN FIRST-, SECOND-, AND
THIRD-ORDER APPROXIMATION OF COLLECTOR-EMITTER VOLTAGE DROP AND
REAL CURVE DATA FROM DATASHEET OF IGBT 5SNA 1200G450300

Case Study Condition Real Curve  Error of Error of Error of
Data (W)  First-Order Second-Order Third-Order
Approxima-  Approxima- ~Approxima-

tion tion tion
(%) (%) (%)

Ipeak = 1500 A, PF = 0.87,M  1139.72 3.44 0.62 0.14

=09

Ipeak = 1500 A, PF = 0.87,M  904.76 3.81 0.55 0.12

=07

Ipeak = 1500 A, PF = 0.87, M  664.66 3.30 0.31 0.06

=05

Ipeak = 1500 A, PF = 0.7, M 963.16 3.46 0.40 0.24

=038

Ipeak = 1200 A, PF = 0.7, M 685.31 4.68 0.72 0.41

=0.38

Ipeak = 500 A, PF = 0.7, M 188.54 2.35 4.32 1.87

=038

Ipeak = 1000 A, PF = 0.7, M 519.59 491 1.54 0.49

=038

Ipeak = 1000 A, PF = 0.5, M 383.26 4.96 1.85 0.38

=05

Ipeak = 800 A, PF = 0.5, M 275.83 4.92 3.15 0.39

=05

Ipeak = 500 A, PF = 0.5, M 139.51 2.10 433 2.02

=05

datasheet. The comparison is listed in Table II where the first-
order approximation has the maximum error of 5% regarding
the real date curve from the datasheet. However, the first-order
approximation in some cases has almost the same or even less
amount of error in comparison with second or third approxi-
mation. This shows that first-order (linear) approximation is an
acceptable approximation.

Since the first-order approximation is close enough to the real
curve data, the IGBT collector—emitter voltage drop (vcg) when
it is conducting at a specific junction temperature can be written
as follows:

vcp = vero + Re - ic (1)
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where vcgo is representing the IGBT on-state zero-current
collector—emitter forward voltage drop and R¢ is collector—
emitter on-state resistance. The same approximation at a spe-
cific junction temperature can be used for the antiparallel diode,
giving

vp = vpo + Rp - ip ()

where v is representing the antiparallel diode on-state zero-
current forward voltage drop and Ry is antiparallel diode on-
state resistance. These important parameters can be obtained
directly from the IGBT datasheet.

The instantaneous values of the IGBT conduction losses
(pcr (1)) and the average losses (P ) are

per (1) = wveg (t) -ic (t) = vewo - ic (t) + Re - ie (1) (3)
1 27
Per = o [pcT ()] d (wt)
™ Jo
1 27
= 5 [vcro - ic (t) + Re -ig ()] d (wt) (4)
™ Jo
Por = vepo - Io.avg + Ro I3 s (5)

where I .y, and I¢ ., are the average and RMS currents of
the IGBT, respectively. Similar to the IGBT, the average value
of the diode conduction losses (Pcp ) is

Pop = vpo - ID.,avg + Ry - I12),rms (6)

where Ip .y, and Ip ;s are the average and RMS currents of
antiparallel diode, respectively.

In (1) and (2), voltage drops of both IGBT and diode which
are based on first-order approximation of real curve data are for a
specific junction temperature. However, these values are also de-
pendent of junction temperature which is different for each case
and semiconductor where amount of conduction and switching
losses determine the junction temperature of each individual
semiconductor device. For example, high-frequency semicon-
ductors in comparison with low-frequency semiconductors have
much higher switching losses. Thus, the junction temperature
of the high-frequency semiconductors is higher than the low-
frequency semiconductors. Consequently, the effect of junction
temperature on voltage drops of both IGBT and diode should
be considered resulting in following equations:

vegpar = (veroxo +verox1 - T)+ (Ro ko + Roxr - T) -ic
VCEOGT Roar
@)
VrarT = (UFUJ\’O + VroKk1 ‘T) + (RFJ\’O + Rp k1 ‘T) e (8)

YFoaT Rrar

where, vcpar and vpar are first-order approximation of volt-
age drop IGBT and diode, respectively, at junction temperature
of T°C. From datasheet of SSNA 1200G450300, thermal coef-
ficient of vcgpar and Roaer for IGBT and vpgar and Rrpar
are obtained and listed in Table III for two temperatures of 25°
and 125°C according to the datasheet. Afterward, the rest of
thermal coefficients are obtained using the following equations
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TABLE III
THERMAL COEFFICIENTS OF FIRST-ORDER APPROXIMATION OF VOLTAGE DROP
OF IGBT AND DIODE 5SNA 1200G450300

IGBT Diode
VCE@25 1.16 V VFo@25 1.94V
RCGZS ].14mQ RF@25 O.9mQ
VCE@125 128V VFo@12s 1.76 V
Rcai2s 1.76 m§2 Rrai2s 1.26 mQ2
VCE0K 0 LI3V VFOKO 1.99 v
VCEOK 1 1.2mV/°C VFO_K 1 -1.9mV/C
Re ko 0.98 mf2 Rr ko 0.8 m
R(,' K 6.25u2/ °C RFJ\" 1 3.61uQ2/°C
and are listed in Table III:
vcgoaT, * 11 — vcroar, - Tb
VCE0K0 = )
T -1
UCE0QT, — VCE0QT,
UCEOK1 = (10)
T — T
[ Rcar, - Ty — Rear, -1 1
C_ K0 = (11)
T -1
_ Rcar, — Recar,
Roegr= —7———i—7 (12)
T, —T:
1— 12
_wpoar, -1 —vroar, - Tb
VFOK0 = (13)
T — Ty
Vro@T, — VF0QT,
VROK1 = (14)
T — T
_ Rpar, -T1 — Rrar, - Tb
Rp o = (15)
T =T
R _ Rpar, — Rrar, 16
FKL= ——p (16)
1 — 42

where, T} and T5 are 25° and 125°C, respectively, according to
the datasheet. Finally, dependency of IGBT and diode conduc-
tion power loss on the junction temperature can be modeled as
follows:

Por (I, T) = (veroko +verox1 - T) - Ic ave
+(Reko+ Rexr-T) 12 s (17)

Pep (Ip,T) = (vroxo +vrokx1 - T) - Ip ave
+(Rpxo+Rpx1-T) I} s (18)

As it can be seen in (17) and (18), it is required to obtain the
average and RMS current flowing through IGBT and diode in
order to calculate their conduction power losses. First contribu-
tion of this paper is deriving the analytical equations expressing
average and RMS currents of semiconductors, i.e., IGBT and
diode, in terms of load PF, load peak current, and modulation
index which are explained in the following sections. As it will
be demonstrated later, in order to have a good estimation of
conduction losses, the junction temperature for each IGBT and
diode must be calculated. To evaluate the junction temperature
of the semiconductor devices and also to investigate the total ef-
ficiency of the power converters, switching power loss must be
considered and computed. Hence, this paper derives closed-form



SADIGH et al.: ANALYTICAL DETERMINATION OF CONDUCTION AND SWITCHING POWER LOSSES IN FLYING-CAPACITOR-BASED ACTIVE 5477

equations in order to analytically calculate the switching power A
losses exploiting the Kapteyn (Fourier-Bessel) series. Dyr(®)
III. AVERAGE AND RMS CURRENT CALCULATION OF IGBTS
AND ANTIPARALLEL DIODES IN ANPC-FCM CONVERTER
In this section, an analytical approach is presented to calculate >

the average and RMS current flowing through the IGBTs/diodes
in ANPC-FCM converter. Afterward, obtained analytical equa-
tions to calculate the average and RMS current of IGBTs/diodes
are utilized to investigate the conduction power loss in ANPC-
FCM converter whose general topology is shown in Fig. 2.

N

For the sake of simplicity in deriving analytical equations for : D ; ;

average and RMS currents, the phase current can be assumed to : L'T ®
be sinusoidal. The actual current waveform is slightly distorted :
by pulse-width modulation (PWM) high-frequency ripple cur- :
rent and motor nonlinearity in motor drive application. The :

phase current for an induction motor, as an example, normally ' >
lags the phase voltage by the phase angle . Because the cur- :
rent is a simple sine function, the math works out to be much :
easier if the voltage is assumed to lead the current by ¢, and :
integrate over the current waveform. The resulting relationships :

are the same using either method. Power semiconductors in the i >

ANPC-FCM converter can be categorized as follows [8], [27],
[32]-[34], [43]:

1) low-frequency IGBTs/diodes (S;; to Sy, and Dy to

Djy);

2) high-frequency IGBTs/diodes (S} to S,,, and D to D,,).

It is worth mentioning that low-frequency IGBTs/diode
are ON for first half- cycle of line frequency and OFF
for the other half-cycle of line frequency whereas the high-
frequency IGBTs/diodes turn on and turn off during full-cycle
of line frequency. Fig. 3 illustrates the duty cycle (Dyp (t))of
low-frequency IGBTs/diodes, duty cycle (Dyr (t))of high-
frequency IGBTs/diodes, and the relationship between the phase
voltage, phase current, and the duty cycle. Thus, the phase cur-

rent (i, (¢))and duty cycle of switches are defined according to
the following equations:
ig (t) = Ip -sin(wt) (19)
M sin (wt + @) —p<wt<T—
Dyr (t) = . (20)
1+ Msin(wt+¢) m™—p<wt<2m—¢
1 —p<wt<m—0p
Dir (t) = (21)
0 m—p<wt<2m—yp

where Ip is the peak current, M is the modulation index,
w = 27 f is the angular frequency, and f is the output volt-
age frequency. The modulation index represents the normal-
ized voltage and it is between zero and one. When low-
frequency IGBTs/diodes are ON, they are in series with high-
frequency IGBTs/diodes. Therefore, the effective duty cycle of
low-frequency IGBTs/diodes (Drg (t) , Dy (t)) should be ob- .
tained by multiplication of actual duty cycle of low-frequency Normalized Voltage
IGBTs/diodes with the duty cycle of related high-frequency _ I__]Yo_" ’_"_aliée_d_glﬂ’_" ent -
IGBTs/diodes. However, the duty cycle of high-frequency 1G-

BTs/diodes S,,, D,, in cell #n do not need to be modified since Fig. 3. Normalized value of phase voltage, phase current, and duty cycle of
the duty cycle of low-frequency IGBTs/diodes (whenever is  IGBTs and diodes in the ANPC-FCM converter.

ON) is 1. Thus, it will not impact the effective duty cycle of
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high-frequency IGBTs/diodes S,,, D,, in cell #n. Following are
the effective duty cycle of low-frequency IGBTs/diodes:

M sin (wt + —p<wt<m—
Drp (t) = e e )
0 T—p<wt<2mr—o
D (1) = 1-Msin(wt+¢) —p<wt<m—¢
M 10 T—p<wt<2m—p

(23)

It is worth mentioning that due to the symmetrical opera-
tion of top and bottom high-frequency IGBTs/diodes (S, , D,
and S,, D,) in each cell, they have the same average and RMS
current rating. Therefore, the calculations are done only for
top high-frequency IGBTs/diodes (.5, , D, ) and extended to the
bottom IGBTs/diodes (S, D, ). Likewise, the calculations are
done for top low-frequency IGBT/Diode (S;1, D 1) and middle
low-frequency IGBT/Diode (S 72, D j9) and extended to the bot-
tom low-frequency IGBT/Diode (S;4, D j4) and another middle
low-frequency IGBT/Diode (S;3, D s3), respectively.

The top high-frequency IGBT carries the current whenever it
is ON (Dyr (t))as well as the phase current is positive which is
for wt from O to 7. Moreover, the top high-frequency antiparal-
lel diode carries the current whenever its associated IGBT gate
signal is ON (Dyr (t))as well as the phase current is negative
which is for wt from 7 to 27. The average IGBT and diode
currents over the full sin wave can then be found by integrating
the duty cycle times, the phase current, and opposite of phase
current, respectively. Therefore, by assuming that the phase cur-
rent is almost constant over one PWM cycle, the average current
of top high-frequency IGBT can be calculated as follows:

1 ks
Tenr.avs = = [ lis (6 Due (0] (w1)
1 e
=50 [(Ip sin (wt)) - (M sin (wt + ¢))] d (wt)
0
+% [(Ip sin (wt)) - (1 + M sin (wt + ¢)) ] d (wt). (24)
Equation (24) can be simplified furthermore as (25)
Ip M Ip M
Tonr s =~ (1= ) cos () + =2 sin ()
+[i (1 —cos(p)) + Ip My cos (p) — pM sin ()
21 4 4
M Ir .
= —cos (o) + 5 (1 —cos(p)). (25)

By following the same procedure, the top high-frequency
diode average current can be obtained as follows:

o [ e (@) Dar (0] de)

= L T U 1 sin (wh)- (14 M sin (wt + )] d ()

IDHFAavg =

% ™
+% , i [(—Ip sin (wt)) - (M sin (wt + ¢))] d (wt).

(20)
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Equation (26) can be rewritten as (27)

I Ip M
Towr s = 2 (14 cos (9)) — 22— ) cos (¢)
Ip M Ip M Ip M
— 27 in (o) — PP os () + 2™ sin (¢)
4 4 4
-~ Ip Ip M
= 5 (1+cos(p)) L cos (p) . 27)

Similarly, the average current of top/bottom low-frequency
IGBT and diode can be obtained as follows:

Ternas = 5= [ o (0 Dru (O] d (o)
= o [ WU sinGen) - O sin ot + o)) d o)
= IZﬁl (7 — ) cos () + sin () (28)
ot = = [ [is () Prs (] 1)
- = [(~ I sin b)) - (Msin (wt + ¢))]d (1)
= 2 (sin () — peos (¢)). 29

The same way, the average current of middle low-frequency
IGBT and diode can be obtained as follows:

Testons = 5= | lis (0 Dar () de)
= % OH [(Ip sin (wt)) - (1 — M sin (wt + ¢))] d (wt)
= % (14 cos () — 22 (sin () + (7 — o) cos ()
(30)
s = g [ (i () D () a(e)
= % :W [(—Ip sin (wt)) - (1 — M sin (wt + ¢))] d (wt)
= % (=1 + cos () — ]erw (sin () — pcos (). B1)

As the final step, the RMS current of the top high-frequency
IGBT can be calculated as (32) as shown at the bottom of next
page.

Before continuing to calculate the integral of (32), it is worth
mentioning the reason that term Dy (¢) is not squared in (32)
while only i, (t) is squared. The RMS value of high-frequency
IGBT current shown in Fig. 4, is calculated as follows:

Thine
\/Tlilne /0 [iEqr ()] d(2)

1
- \/T (I?}D1Ts + I3DsTs + -+ + 12D, T)
line

Irms =

1
= \/n (ItDy + 3Dy +---+12D,,) (33)
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Fig. 4. Illustration of RMS current calculation for high-frequency IGBT.

where, Ix = i, [K] which means that I equals to time-domain
load current (i, (t)) at K'" switching cycle. Similarly, Dx =
Dy [K] which means that Dy equals to time-domain duty
cycle (Dyr (t)) at K'" switching cycle. Therefore, (33) can be
written as follows:

n

1
Irms - E Z Z?) [n] DHF [n]

k=1

(34)

Equation (34) which is in discrete domain can be converted
to time domain as follows:

_ \/ % l ’ [i2(0) Dur ()] dwr). 39)

This is the reason why term Dy (¢) is not squared in (32)
whereas only 74 (t) is squared.

Hence, (32) is simplified furthermore as (36), shown at the
bottom of the page
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By following the same procedure, the RMS current of the top
high-frequency diode can be obtained as follows:

27T/[ o (
1

7/ﬂ27r V[(*Ip sin (wt))” - (1 4 M sin (wt + @))}d(wt)

—0—% /eryn [(—Ip sin (wt))z - (M sin (wt + 99))} d (wt)
(37

In the same manner, (37) is simplified furthermore as (38)
and (39), shown at the bottom of the next page

Ipur s =
% : {12 (1 —cos (2wt))} d (wt)
-I-% {]WI (1 —cos (2wt)) - (sin (wt + 90)):| d(wt).
% h’:w {MQIP (1 — cos (2wt)) - (sin (wt + @))} d (wt)

(38)

Similarly, RMS current of top/bottom low-frequency IGBT
and diode can be obtained as follows:

Iorp ims = \/2177 /0" [Zi (t) - Drg (t)} d (wt)

\/21 . Ip sin (wt))® - (M sin (wt + 90))] d (wt)

ST

\/ [ [cos (2¢) + 4 cos () + 3]

]VH2

P (1 — cos (2wt)) - (sin (wt + 90))} d (wt)

(40)

Icur rms = \/217r /0” [24215 (t) - Dur (t)} d (wt)

\/2171-/(;ga{(lpsin(wt))z.(Msin(wt+<,0))}d(‘*’t)+217.‘./:

[(IP sin (wt))” - (1 + M sin (wt + <p))] d(wt)

@

(32)
I VAL cos (2) 4 dcos () +31-+ L 2 — sin (200 + 222 (3 — cos (2¢) + dcos ()
, = = — sin -3 -
CHF,rms o Lcos (20 cos (¢ 5. 29— ® e cos (2¢p cos (¢
2M T2 I?
I )+ 22— s 2 36)
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2w
IDTB rms \/271_/ ZO /
1 2
27 27 ©
1 2
2T

L1kew1se, the RMS current of middle low-frequency IGBT
and diode can be obtained as follows:

ILM rms \/277‘ / 1¢

- \/ /Ow (10 sin (wt))? - (1~ M sin (wt + 9))] d (1)

Dy (t )] d(wt)

—1Ip sin (wt))? - (M sin (wt + 99))} d (wt)

]\[I2

P (1 — cos (2wt)) - (sin (wt + go))} d (wt)

[cos (2¢) — 4 cos (¢) + 3. 41)

DM ( ) d(o.)t)

1
27

1 / {]\112
0

2
Ly g - M

IDI\[ rms \/27T / Zo

- \/;ﬂ /:_», {(JP sin (wt))? - (1 — M sin (wt + w))] d(wt)

B
27 Jor—p | 2
i/?ﬂ ]\4'1'2
27 Jor—y 2

= \/I2 [2¢p —sin (2¢)] — A[IP

1 —cos (2wt)) - (sin (wt + go))} d (wt)

[cos (2¢) + 4 cos (¢) + 3]

(42)

Dy (t )} d (wt)

(1 — cos (2wt)) } d (wt)

2 (1 = cos (2wt)) - (sin (wt + ga))} d (wt)

[cos (2¢) — 4 cos () + 3].

(43)

Finally, the obtained analytical expression for the average
and RMS current flowing through IGBTs and diodes can be
substituted in (5) and (6) to calculate the conduction power
loss in ANPC-FCM converters. It is worth mentioning that one
of the promising and interesting industrial applications of the
ANPC-FCM voltage source converter drives is active front-
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end (AFE) rectifier with regenerative capability [44], [45]. As
elaborated in [44], the conduction loss calculation of the NPC
converter breed (also including ANPC-FCM topology) in AFE
operation requires computation of average and RMS currents.
Hence, the method presented in this paper can be extended to
calculate average and RMS currents of the IGBTs and diodes for
drive application of ANPC-FCM converters with regenerative
capability. It requires modification of integral bounds in the
elaborated equations.

IV. VALIDATION OF THE DERIVED CLOSED-FORM EQUATIONS
FOR THE CALCULATION OF THE IGBTS AND DIODES AVERAGE
AND RMS CURRENTS

In order to verify the derived equations for calculation of the
average and RMS current flowing through IGBTs and diodes
in the ANPC-FCM converter, numerical computation results of
the derived equations are compared against the simulation and
experimental results in two following sections.

A. Validation Through Simulation Results

The numerical computation and simulation studies are
done for 12.1-MVA 6.6-kV three-phase nine-level (line-to-
line) ANPC-FCM converter (comprising two high-frequency
switching-power-cells per phase). In this study, a dc link of
10.8 kV which is common in all three phases is used for ANPC-
FCM converter. The flying capacitor voltage in the considered
case study for ANPC-FCM converter is assumed to be stabilized
at 2.7 kV under proper operation. Therefore, high-frequency IG-
BTs in ANPC-FCM converter should withstand 2.7 kV while
the low-frequency IGBTs should withstand 5.4 kV. Since the uti-
lization factor regarding the voltage of the high-power medium-
voltage switches is practically around 50% to 60%, the 4.5-kV
switches are required to withstand 2.7 kV. For this purpose,
ABB 5SNA 1200G450300 HiPak 4.5-kV 1.2-kA IGBT mod-
ule is considered for high-frequency IGBTs. Since the voltage
rating of the low-frequency IGBTs is 5.4 kV, two of the afore-
mentioned IGBT modules which are connected in series are
utilized for the low-frequency IGBTs [46]-[50]. The maximum
of line peak current (/p) is 1.5 kA in all studies to avoid the
overcurrent situation in all IGBTs and diodes in the considered
case for the ANPC-FCM converter.

In order to verify the derived analytical equations for the
average and RMS current of IGBTs/diodes in ANPC-FCM con-
verter, the numerical computation results are compared with
the simulation results. This comparison is shown in Figs. 5-7
whereas the associated error is listed in Table IV. Figs. 5-7 and
Table IV illustrate a good match between the numerical and
simulation results which validates the derived analytical equa-
tions. It is worth mentioning that in this case study, load peak

2 I3 MI2 MI?
IpuF rms = \/ = — =L [2¢ — sin (2¢)] — Lid [cos (2¢) +4cos (p) + 3] — 2 [ cos (2p) + 4 cos () — 3]
4 8 127
[2 12 2MI?
= \/ 5 [2e—sin(29)] - ——Fcos () (39)
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TABLE IV
ERROR (%) BETWEEN THE NUMERICAL COMPUTATION AND SIMULATION RESULTS OF THE AVERAGE AND RMS CURRENTS OF IGBTS AND
DIODES IN A 12.1-MVA 6.6-KV NINE-LEVEL (LINE-TO-LINE) ANPC-FCM CONVERTER
Modulation Index I_CHFEavg I_DHE avg I_CHF, RMS I_DHF,rms
Power Factor (PF) Power Factor (PF) Power Factor (PF) Power Factor (PF)
0.5 0.707 0.9 0.5 0.707 0.9 0.5 0.707 0.9 0.5 0.707 0.9
0.4 0.51 0.82 0.65 0.84 1.05 0.98 0.58 0.87 0.75 0.74 0.85 1.02
0.6 0.71 0.58 0.66 1.1 0.79 0.83 0.68 1.03 0.88 0.65 0.79 0.94
0.8 0.66 0.74 1.01 0.95 0.58 0.87 0.76 1.10 0.59 0.98 0.63 0.82
0.95 1.03 0.63 0.85 0.96 1.04 0.68 0.58 1.08 0.92 0.86 0.68 0.95
1_CM, avg I_DM, avg 1_CM, RMS 1_DM,rms
Modulation Index Power Factor (PF) Power Factor (PF) Power Factor (PF) Power Factor (PF)
0.5 0.707 0.9 0.5 0.707 0.9 0.5 0.707 0.9 0.5 0.707 0.9
0.4 0.45 0.63 0.85 0.68 0.7 1.02 091 0.78 0.88 0.65 0.94 0.74
0.6 1.06 0.95 0.84 0.72 0.95 0.66 1.01 0.88 0.81 069 0.72 0.93
0.8 1.06 0.82 0.79 0.58 0.68 0.84 0.96 1.05 0.78 0.9 0.84 0.68
0.95 0.87 1.1 0.96 0.89 0.55 0.78 0.68 0.95 1.08 0.73 0.59 0.79
Modulation Index I_CTB, avg I_DTB, avg I_CTB, rms I_DTB,rms
Power Factor (PF) Power Factor (PF) Power Factor (PF) Power Factor (PF)
0.5 0.707 0.9 0.5 0.707 0.9 0.5 0.707 0.9 0.5 0.707 0.9
0.4 1.02 0.87 0.95 0.56 0.87 0.55 0.98 0.92 0.76 0.84 0.94 0.55
0.6 0.86 1.09 0.99 0.82 0.68 0.96 0.76 0.83 0.57 1.06 0.96 0.58
0.8 1.02 0.66 0.98 0.92 0.76 0.81 0.98 0.75 0.62 0.81 1.1 0.87
0.95 0.69 0.78 0.59 0.71 0.92 0.86 0.74 1.06 0.98 0.75 0.69 0.85
current is assumed 1.5 kA for all modulation indices and various TABLE V

PFs. So, the load impedance is not considered constant.

According to the derived analytical equations as well as sim-
ulation results in Figs. 5-7, it is worth mentioning that by in-
creasing the modulation index, the average, and RMS currents
of the high-frequency IGBTs, top/bottom low-frequency IG-
BTs/diodes increase whereas the average and RMS currents of
high-frequency antiparallel diodes, middle low-frequency IG-
BTs/diodes decrease. In addition, average and RMS currents of
all low-frequency antiparallel diodes are negligible as compared
to high-frequency antiparallel diodes, and this fact is significant
for high PFs. It is noteworthy of mentioning that middle low-
frequency antiparallel diodes have higher values of average and
RMS currents in comparison with top/bottom low-frequency
antiparallel diodes. Additionally, the average and RMS current
of all IGBTs are higher than average and RMS current of an-
tiparallel diodes.

B. Validation Through Experimental Measurements

In this section, a laboratory-scale converter of a 1.5-kW five-
level single-phase ANPC-FCM converter is built in order to
make a comparative analysis between numerical computation
results and measured experimental results. The dc link voltage
for the ANPC-FCM converter is 600 V and utilized IGBTs and
ultrafast diodes are IXGH48N60B3 and RURP3060, respec-
tively. The TMS320F28335 DSP manufactured by Texas In-
struments has been used to modulate the ANPC-FCM converter.
The gate driver ICs for IGBTs are IR2184 with gate resistance
of R = 10 Q2. The DCP021515 IC is used to provide required
isolated dc voltages for gate drive circuitry of IGBT modules.
To validate the derived closed-form solutions for the analytic
computation of RMS and average currents flowing through IG-
BTs and antiparallel diodes, experimental tests are conducted

ERROR (%) BETWEEN THE NUMERICAL COMPUTATIONS RESULTS AND
EXPERIMENTAL MEASUREMENTS OF THE AVERAGE AND RMS CURRENTS OF
IGBTSs AND DIODES IN THE 1.5-KW FIVE-LEVEL SINGLE-PHASE ANPC-FCM
CONVERTER

PF 0.26 0.48 0.63 0.73 0.82 0.9

2.52(1.67)
2.02 (1.24)
1.48 (1.27)
0.63 (2.39)
1.39 (1.34)
1.03 (1.17)
5.22(1.29)
4.86 (1.96)
3.94 (1.67)
229 (2.27)
4.29 (2.14)
342 (2.91)

2.47 (1.69)
1.65 (1.28)
1.74 (1.14)
0.33 (2.23)
1.31 (1.56)
0.73 (1.38)
4.91 (1.23)
424 (1.57)
420 (2.18)
1.47 (2.48)
3.97 (1.55)
2.55 (2.64)

2.29(1.72)
1.34 (1.24)
1.80 (1.76)
0.17 (2.68)
1.16 (1.34)
0.49 (2.16)
4.46 (1.88)
3.57(1.53)
4.08 (1.95)
0.91 (2.34)
3.45(1.41)
1.80 (2.22)

2.07 1.75)
1.10 (1.85)
1.75 (1.49)
0.09 (2.69)
1.01 (1.18)
0.32 (1.95)
3.99 (1.45)
2.98 (1.86)
379 (2.14)
0.56 (2.25)
2.93 (1.15)
1.25 (2.25)

1.79 (1.81)
0.88 (1.75)
1.60 (2.07)
0.04 (2.35)
0.84 (1.85)
0.19 (1.25)
3.45(1.38)
2.41(1.52)
3.35(2.35)
0.32 (2.83)
2.39 (1.41)
0.82 (2.54)

1.40 (1.91)
0.63 (1.71)
1.31 (1.24)
0.01 (2.75)
0.62 (1.61)
0.08 (1.56)
2.69 (1.92)
1.73 (1.94)
2.66 (2.53)
0.13 (2.77)
1.72 (1.26)
0.41 (2.12)

IcuF avg
IDHF avg
IcTB ave
IDTB,avg
ICM.avg
IpM ,avg
IC‘HF,rnn
Ipnr, rms
IcTB rms
IDTBA,rmb
Icn rms
IpM rms

for different load PFs. The analytic results and the associated er-
rors expressed in percentage (numbers in parenthesis) between
numerical computation results and experimental measurements
for each case are listed in Table V while demonstrating a good
accuracy for derived closed-form equations. For experimental
measurements, the converter modulation index (M) is set at
0.9 whereas load PF varies from 0.26 to 0.90 (six different
cases). At PF of 0.9, the resistive—inductive load is R = 38 ()
and L = 58 mH. For the rest of the experiments, the load induc-
tance is kept constant while the resistance is changed to attain
the required PFs mentioned in the test. In Table V, all notations
of the switches and diodes are based on Fig. 2. As it is obvious,
the maximum error is roughly 3% which sounds reasonable and
acceptable for experimental verification. The obtained errors can
be due to the miscalculation in the oscilloscope computation,
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Comparison between numerical computation and simulation results of ~ Fig. 6. Comparison between numerical computation and simulation results

Fig. 5.

of the average and RMS currents [A] of the middle low-frequency IGBTs and
diodes in a 12.1-MVA 6.6-kV nine-level (line-to-line) ANPC-FCM converter

for PFs of: (a) 0.5. (b) 0.707. (c) 0.9.

the average and RMS currents [A] of the high-frequency IGBTs and diodes in
a 12.1-MVA 6.6-kV nine-level (line-to-line) ANPC-FCM converter for PFs of:

(a) 0.5. (b) 0.707. (c) 0.9.
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EM=0.95 sM=0.80 EsM=0.60 = M=0.40

PF =0.707

EM=0.95 sM=0.80 m:M=0.60 =M=0.40

Fig.7. Comparison between numerical computation and simulation results of
the average and RMS currents [A] of the top/bottom low-frequency IGBTSs and
diodes in a 12.1-MVA 6.6-kV nine-level (line-to-line) ANPC-FCM converter
for PFs of: (a) 0.5. (b) 0.707. (c) 0.9.
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variation of the load impedance under test, and/or interference
of the noise with current probe measured values.

V. CONDUCTION POWER LOSS INVESTIGATION IN THE
ANPC-FCM CONVERTER

After verifying the derived equations to calculate the average
and RMS current of IGBTs and diodes in ANPC-FCM converter
through simulation and experimental results, these closed-from
equations are utilized to calculate the conduction power losses of
IGBTs, diodes, and switching-power-cells as well as the whole
three-phase ANPC-FCM converter. The obtained results as a
function of converter modulation index and load PF for a 12.1-
MVA 6.6-kV nine-level (line-to-line) ANPC-FCM converter are
shown in various cases in Figs. 8—12.

In Figs. 8 and 9, the load impedance (|Z|=
V(R? + (Lw)?) = 3.6 Q) is considered constant; hence, its
current varies linearly with converter modulation index while
load peak current in Figs. 10—12 is considered constant. It can
be pointed out from Fig. 9 that by increasing the converter mod-
ulation index the conduction power loss of all IGBTs and an-
tiparallel diodes increase. Moreover, it can be concluded that by
increasing load PF, conduction power loss of high-frequency and
top/bottom low-frequency IGBTs increase whereas increasing
load PF decreases conduction power losses in high-frequency
and top/bottom low-frequency antiparallel diodes. The same
phenomenon occurs in the middle low-frequency IGBTs and
antiparallel diodes. According to Fig. 9, it is worth mentioning
that increasing load PF does not have a significant impact on the
conduction power loss in both of the high and low-frequency
switching-power-cells. Herein, one high-frequency switching-
power-cell contains two complementary high-frequency IGBTSs
and their antiparallel diodes, and the low-frequency switching-
power-cell (which is only one) contains all low-frequency IG-
BTs and their antiparallel diodes. As mentioned previously, each
low-frequency IGBT is series connection of two IGBTSs since
IGBTs in low-frequency power cell need to withstand the volt-
age two times of blocking voltage of IGBTs in high-frequency
power cell. Therefore, each low-frequency power cell contains
eight IGBTs and their anti-parallel diodes while high-frequency
power cell contains two IGBTs and their anti-parallel diodes.
Hence, it is expected that each low-frequency power cell has
conduction power loss four times higher than power loss of
high-frequency power cell. However, Fig. 9 shows interestingly
that each low-frequency power cell has conduction power loss
almost two times of power loss of high-frequency power cell.
The reason is that low-frequency anti-parallel diodes have negli-
gible power loss while high-frequency anti-parallel diodes have
significant power loss as shown in Fig. 8.

Cell components’ conduction power loss versus modulation
index and PFina 12.1-MVA 6.6-kV ANPC-FCM converter con-
sidering constant load current are depicted in Figs. 10-12. Based
on Figs. 1012, the low-frequency IGBTs and switching-power-
cells possess more conduction losses as compared to the high-
frequency IGBTs and power-cells. According to Fig. 12(c), the
maximum conduction power loss of 12.1-MVA 6.6-kV three-
phase nine-level ANPC-FCM occurs for almost purely resistive
load and its value is around 38.55 kW. Even though this amount
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Fig. 8. High-frequency and low-frequency IGBTs/diodes power loss ver-
sus modulation index in a 12.1-MVA 6.6-kV 9-level (line-to-line) ANPC-
FCM converter considering constant load impedance for load PFs of: (a) 0.5.
(b) 0.707. (¢) 0.9.

of power loss produces a lot of heat and its dissipation needs
significant heat sink with advanced cooling system (i.e., water
cooling system), this is low as compared to the converter out-
put power which is 12.1 MVA. In other words, total conduction
power loss of the converter is 0.318% of the output power.
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Fig. 9. Conduction power loss versus modulation index in a 12.1-MVA
6.6-kV nine-level (line-to-line) ANPC-FCM converter considering constant load
impedance: (a) conduction power loss of high-frequency and low-frequency
power cells; (b) total conduction power loss of three-phase ANPC-FCM
converter.

VI. ANALYTICAL DETERMINATION OF SWITCHING POWER
LOSSES IN ANPC-FCM CONVERTERS USING KAPTEYN
(FOURIER-BESSEL) SERIES

Power loss in an IGBT or diode originates from two sources.
The first source which is discussed in detail in previous sec-
tions is the conduction power loss as current flows through the
semiconductor devices. The other source of the power loss is
through switching losses which are generated due to switching
delays that are intrinsic to the semiconductor device. During
the turn-on and turn-off switching processes, voltage and cur-
rent do not instantaneously change. Subsequently, both of them
can simultaneously have significant values, and their product
(power) can reach very high values. Moreover, the intrinsic par-
asitic capacitance of the semiconductor device stores, and then,
dissipates energy during each switching transition. Therefore,
as a semiconductor device turns on and off;, it dissipates energy
during each switching transition. These processes last only for
short periods of time, although they occur repetitively several
times within a second. For this reason, switching losses are di-
rectly proportional to the switching frequency. In addition, the
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Fig. 10. Cell components’ conduction power loss versus modulation index
and PF in a 12.1-MVA 6.6-kV nine-level (line-to-line) ANPC-FCM converter
considering constant load current (Ip = 1500 A): (a) high-frequency IGBT
conduction power loss (b) middle low-frequency IGBT conduction power loss
(c) top/bottom low-frequency IGBT conduction power loss.
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Fig. 11.  Cell components’ conduction power loss versus modulation index
and PF in a 12.1-MVA 6.6-kV 9-level (line-to-line) ANPC-FCM converter con-
sidering constant load current (Ip = 1500 A): (a) high-frequency anti-parallel
diode conduction power loss, (b) middle low-frequency antiparallel diode con-
duction power loss, (c) top/bottom low-frequency antiparallel diode conduction
power loss.
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Fig.12.  Cell components’ conduction power loss versus modulation index and
PF in a 12.1-MVA 6.6-kV nine-level (line-to-line) ANPC-FCM converter con-
sidering constant load current (Ip = 1500 A): (a) one high-frequency switching-
power-cell conduction loss, (b) one low-frequency switching-power-cell con-
duction loss, (c) total conduction power loss of a three-phase ANPC-FCM
converter.
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Fig. 13.  Energy loss of IGBT turn on/off and diode reverse recovery in ABB

5SNA 1200G450300 HiPak 4.5-kV 1.2-kA IGBT module.

switching power loss is also proportional to the value of the
blocked voltage across the semiconductor device, i.e., off-state
voltage, [51]-[57]. Both turn-on loss (Fon) and turn-off loss
(Eorr) of the IGBT should be considered. However, only re-
verse recovery loss (Er ) during turn off should be considered
for diode since its turn-on loss is negligible and even datasheets
do not provide this data [51]-[58]. The formula for calculation
of the switching losses in the IGBT and diode can be expressed
as follows:

fsw

j=

1 V 4
Pswr = —— (Eox, (Ic) + Eorr, (Ic))
TVCE_rcf =1
(44)
j=1Lzx
1 Vg
P b S o)

where Pswr and Pswp are the switching power loss of the
IGBT and diode, respectively, I and I are the current flowing
through the IGBT and diode at switching instant, respectively,
fsw is the switching frequency, 7" and f are fundamental period
and frequency, respectively, Vor ver and Vi o are the blocking
voltage from datasheet which equal to 2.8 kV, and Vo and Vg
are the blocking voltage in the performed analytical analysis
and equal to 2.7 kV. Fig. 13 depicts the switching energy of
IGBT and diode (EFon, Forr, and Eggc) versus their current
at ON/OFF switching moments. These data are obtained from
the datasheet of ABB 5SNA 1200G450300 HiPak 4.5-kV 1.2-
kA IGBT module at the junction temperature of 125 °C while
VeE ref €quals 2.8 kV.
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TABLE VI
SECOND-ORDER APPROXIMATION OF IGBT 5SNA 1200G450300 SWITCHING
ENERGY LOSSES

IGBT Turn-on Energy Loss Eon(Ic) =
0.515 4 0.0017 x I + 1.2375 x 1079 x IQC
IGBT Turn-off Energy Loss Eq¢(Ic) =0.6752 + 0.0044 x Ic +
4.1583 x 1078 x I
Diode Reverse Recovery Eprp(Ip) =

Energy Loss 0.375 4 0.00261 x Ip —5.25 x 1077 x I3,

Herein, the data depicted in Fig. 13 are used to investigate the
switching power loss in 12.1-MVA 6.6-kV three-phase nine-
level (line-to-line) ANPC-FCM converter. At each switching
transition of IGBT and diode, the current before the moment
of turn-off transition and after turn-on transition is calculated
based on the data of Fig. 13 to compute the switching power
loss of IGBT and diode. Energy loss related to IGBT turn on and
turn off and reverse recovery of diode can be approximated well
with second-order polynomials. It is worth mentioning that these
approximations and polynomial equations might be provided
by the power switch manufacturer in datasheet. For instance,
the second-order approximation of ABB 5SNA 1200G450300
HiPak 4.5-kV 1.2-kA IGBT module switching energy losses
depicted in Fig. 13, is illustrated in Table VI.

In order to derive closed-form equations for switching power
losses, it is requisite to derive closed-form analytic equations
for unknown switching instants of the PWM modulator. After
deriving closed-from equations for PWM instants (turn-on and
turn-off moments of IGBT and antiparallel diode), it is possible
to exploit these PWM instants in switching energy loss equations
of the power switch to calculate the switching losses. Hence, the
basis of obtaining of the closed-from equations for calculation of
the switching power losses is the computation of the switching
instants of the PWM modulator.

One of the powerful and standard approaches with a revealed
wealth of applications in mathematics, physics, and engineer-
ing is to expand an arbitrary analytic function into a series of
the specific type, such as the theory of Taylor, Fourier, Neu-
mann, and Kapteyn series. In particular, Kapteyn series have
been the object of intense investigations owing to the fact that
they are an enabling method in obtaining explicit solutions for
implicit equations requiring numeric computations such as Ke-
pler’s transcendental equation. Series of the form [59] and [60]

+00

f(z)= Z (ago (f) Jy (px))

=0

(46)

are the Kapteyn series of the first kind which involve a sum-
mation over terms containing one Bessel function of the form
Jo, (px) where a, (f) are coefficients depending on f (x).
Kapteyn series made, indeed, their first appearance in solution
of Kepler’s problem. The solution of the Kepler’s transcendental
equation

E—csin(E)=M 47)
in terms of Kapteyn series yields [59]
+o00 2
E=M+ Z <p sin (pM) J,, (pz—:)) (48)

p=1
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The relevance of Kapteyn series to the spectral analysis of
PWM modulated systems is well examined in [59], on the basis
of isomorphism between the implicit equation of the unknown
PWM instants and Kepler’s problem concerning elliptic motion
under inverse square law.

According to switching pattern of ANPC-FCM converters,
the triangular carrier waveform can be defined as follows:

Q) = {E <%t_2q)

B (#t-20-2) qL+%<t<@+)T

T
ch StquL_FT

g€ 7" (49)

where, f. = 1/T., and E, are the triangular carrier waveform
frequency (fsw ) and amplitude, respectively. By intersection of
triangular carrier waveform with sinusoidal reference waveform
with amplitude of F,,, and frequency of f, = f./k = 1/kT,,the
switching instants of the modulator can be obtained. To deter-
mine the switching instants resulted from intersection of the
rising side of the triangular carrier waveform with sinusoidal
reference waveform during first half-cycle (0 < wt < ), fol-
lowing equation should be solved:

2
E,, sin (w,aqq) = E, (Toqq — Qq) . (50)
Equation (50) can be rearranged as follows:
Elq—ESil’l(Elq):Mlq (51)
where the following notations are used:
27
Elq = Ealq
2mq
M=
2m
Wy =
KT
T,
= . 52
€ VE. (52)

The aforesaid isomorphism between Kepler’s transcendental
equation and (50) is so obvious in the form of (51). Hence, the
analytic solution of (50) in terms of Kapteyn series yields as
follows:

+o0
2
Q1q = qTe + pz::l <@wr S (pqerc) Jg) (@5)> (53)

For the falling side of the triangular carrier waveform in the
similar procedure, we can write

E,, sin (wyagq) = —E, (215 —2q — 2) . (54)

1.

The solution of (54) in terms of Kapteyn series yields as
follows:

221

(12q:(q+1)Tg+Z<

=1

i (i 0+ 1) 0. 72) , (95)).

(55)

Wy
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PWM  switching instants for second

(m < wt < 27), can be derived as follows:

half-cycle

1
ﬂlq = (Q+ 2EL) T.
+ o0 2 £
+; ( oo (99)sin (go (qerc 5 ))) (56)
1
BQq - q+1—2EC Ta

;f (% sin (p <(q+1)w,.Tc - ﬁ)) T, (92) ) ~

p=1

(57)

After deriving analytic solutions for PWM switching instants,
it is necessary to derive natural commutation instant of current
between IGBT and antiparallel diode and the corresponding ¢
according to load PF as follows wherein [] is a floor function:

cos~! (PF) 0

N Tt T o, (58)
R
e - ®
. V;A} B [karco;Tl (PF)} _ [’fgﬂ 6

According to natural commutation instants, following three
scenarios can be considered for PWM switching instants:

qlT(: < anN < A1q’
Scenario I = (62)
q”Tc < ﬂN < ﬂlq”
a1y S ay < aay
Scenario II = (63)
Bigr < By < Pagr
. CV2q’ é an S (q/ + 1) Tc
Scenario IIT = , . (64)
62(1” S ﬂ'\f S (q + 1) Tc

A. Analytical Determination of Switching Power Losses
for High-frequency IGBTs and Diodes for Scenario I

Switching energy loss for one high-frequency antiparallel
diode (reverse recovery energy loss) according to PWM instants
can be obtained as follows:

q'—1
Egrr.uF.iode = »_ Err (=1, sin (wya1, — 0))
q=0

k-1
+ Y Eggr (=L, sin(w. By — 0)). (65)

q=q"
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Turn-on and turn-off energy losses of one high-frequency
IGBT for even values of k can be calculated as follows:

k
Ly

Eon,HF.IGBT = Z Eon (Ip sin (w7‘a2q - 9))
q=q'

q//_l
+ )" Eou (I sin (w, B2y — 0))  (66)
=%
L

> Eog (I, sin (wyany — 0))

q=q’

Lo nr 1GBT =

q"—1
+ Y Eogt (I sin (w, 1, — 0)). (67)

=5

Turn-on and turn-off energy losses of one high-frequency
IGBT for odd values of k can be calculated as follows:

Eon,HF,IGBT = Eon (Ip sin (wra2q - 9))

q=q
{]”—1
+ Y Eou (I sin (w, By — 0))  (68)
a=[%]
[5]
Eog Hr 1GBT = Z Eor (I sin (wycq4 — 6))
q9=q’
l]”*l
+ Y Eop (Iysin (w, By — 0)).
q:[§]+1
(69)

B. Analytical Determination of Switching Power Losses

for High-Frequency IGBTs and Diodes for Scenario 11

Switching energy loss for one high-frequency antiparallel
diode (reverse recovery energy loss) according to PWM instants
can be obtained as follows:

q/
ERR up Diode = ZER.R (—1p sin (wranq — 0))
q=0

k—1
+ > Egg (=1, sin (w1 — 0)).

q=q"+1

(70)
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Turn-on and turn-off energy losses of one high-frequency
IGBT for even values of k can be calculated as follows:
£

Z Eon (I, sin (wya0q — 6))

q=q'

Eon wr 16BT =

q"—1
- Z Eou (Iysin (w;2q — 0))  (71)
L
Eof ur 16BT = Z Eog (I, sin (w014 — 0))
q=q'+1
ql/
+ Eofs (I sin (w, Big — 0)).
=%
(72)

Turn-on and turn-off energy losses of one high-frequency
IGBT for odd values of k can be calculated as follows:

[5]-1
Eo’n,,HF,IGBT - Z Eon (Ip sin (er@q - 0))
q=q

q"—1
+ > Eop (I sin (w, B34 — 0))
a=[5]

(4]
Eopruricsr = Y, Eorp (Ipsin (wpar, — )
g=q'+1

(73)

"

q
+ Z Eof¢ (Ipsin (wyBrg — 0)).
=57

(74)

C. Analytical Determination of Switching Power Losses for
High-Frequency IGBTs and Diodes
for Scenario II1

Switching energy loss for one high-frequency antiparallel
diode (reverse recovery energy loss) according to PWM instants
can be obtained as follows:

Z Egr (= 0))

ERR,7F,Diode = L sin (wyap, —

k—1
+ Z Err (-

g=q"+1

I, sin (w, B1y — 0)).

(75)
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Turn-on and turn-off energy losses of one high-frequency
IGBT for even values of k can be calculated as follows:

kg
Eon nr 1aBT = Z Eon (I sin (wyazq — 0))

)

q=q'+1
[1
Z on (I sin (wy Baq — 6)) (76)
=%
L
Eoppuraapr = Y Eops (Ipsin (wrai, —0))
q=q'+1
qI/
+ > Eog (I sin (w1 — 0)). (77

=5

Turn-on and turn-off energy losses of one high-frequency
IGBT for odd values of k can be calculated as follows:

Z Eon (I, sin (wyanq — 0))

q=q'+1

Eon wr,16BT =

q//

+ > Eon (I sin (w, 854 — 0))  (78)
a=[5]
%]
Eoff,HF,IGBT = Z Eoff (Ip Sin(wralq _0))
q=q'+1
+ Z Eog (I, sin (w, 14 — 0)).
=[4]+1
(79)

After calculation of the switching energy losses, the switching
power losses can be obtained as follows:

1 Ve
Pswr onur = TVCEE onn.HF,IGBT (80)
re
1 Ve
Pswr of iF = TVCTEonﬁ".HF,IGBT (81)
re
1 V
Pswp RRHF = = a ERR,HF Diode- (82)

T VFJef

D. Analytical Determination of Switching Power Losses
for Low-Frequency IGBTs and Diodes

Due to low-frequency operation principal of some power
switches and diodes in ANPC-FCM multilevel converter, fol-
lowing closed-form equations can be derived for switching
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TABLE VII
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SWITCHING POWER LOSS [KW] INVESTIGATION USING DERIVED CLOSED-FORM EQUATIONS AND SIMULATION RESULTS FOR 12.1-MVA 6.6-KV NINE-LEVEL
(LINE-TO-LINE) ANPC-FCM CONVERTER PER APPLIED SWITCHING SEMICONDUCTOR DEVICES AND THE WHOLE THREE-PHASE CONVERTERS CONSIDERING
CONSTANT LOAD CURRENT

Modulation Index & Load Peak Current M=0.6& I, =500 A M=08& I, = 1000 A M=095& I, = 1500 A
Power Factor (Lagging) 0.5 0.707 0.9 0.5 0.707 0.9 0.5 0.707 0.9
Derived Closed Form Equations High-frequency IGBT 1.1825 1.1901 1.1877 2.0625 2.0776 2.0665 3.0533 3.0819 3.0617
High-frequency Anti-Parallel Diode 0.4247 0.4068 0.4059 0.6395 0.6297 0.6327 0.7981 0.8013 0.8109
Low-frequency IGBT 0.1244 0.1075 0.0787 0.2169 0.1829 0.1250 0.3102 0.2588 0.1715
Three-Phase Converter 20.7787  20.4528  20.0664  35.0266  34.6815 33.8905 < 49.9404 49.7045  48.5281
Simulation Results High-frequency IGBT 1.1943 1.2009 1.1972 2.0790 2.0900 2.0810 3.0686 3.1004 3.0770
High-frequency Anti-Parallel Diode 0.4290 0.4104 0.4091 0.6446 0.6334 0.6372 0.8021 0.8061 0.8149
Low-frequency IGBT 0.1256 0.1084 0.0793 0.2187 0.1840 0.1259 0.3118 0.2604 0.1723
Three-Phase Converter 20.9864  20.6369  20.2269 353069  34.8895  34.1278  50.1901 50.0027  48.7708
energy and power losses of Sjo and S3:
Start
Eog 1ricer.si2 = Eopy (I, sin(0)) (83)
EogLr1e8T,533 = Eofy (I, sin (0 (34) a )
off ,LF, ST of f ( p (9)) Initialize All Parameters
1 Vog \& J
Pswr o, LFI1GBT,SJ2 = =———Fos,Lr1aBT,572 (85)
T VCElef /c )
Calculate Average and RMS
Pew _ l Ver E (86) Current Flowing Through
SWT,off, LF,IGBT,SJ3 TiVCEJCf off, LF,IGBT,SJ3-  Each Semiconductor Device

Note that since the current natural commutation occurs be-
tween the antiparallel diodes and IGBTs in low-frequency power
switches of S5 and S35, the antiparallel diodes and IGBTS
will not have a reverse recovery energy loss and turn-on energy
losses, respectively. In order to verify the derived closed-form
equations for calculation of the switching power losses of IGBTs
and diodes in the ANPC-FCM converter, numerical computa-
tion results of the derived closed-form equations are compared
with simulation results. The results are illustrated in Table VII
demonstrating an excellent accuracy for derived closed-form
equations for calculation of the switching power losses. It is
worth mentioning that the switching frequency is 750 Hz, k is
15, and the load is considered as constant load current. The max-
imum error between analytic calculation of switching losses and
simulation results is roughly 2%.

VII. DETERMINATION OF JUNCTION TEMPERATURE FOR
IGBTS AND DIODES IN ANPC-FCM CONVERTERS

After calculation of switching power losses utilizing derived
closed-form equations, junction temperature and conduction
power loss at this junction temperature can be calculated for
each semiconductor device as illustrated in Fig. 14. The junc-
tion temperature and associated conduction power loss calcu-
lation flowchart for each IGBT and diode can be elaborated as
following:

1) ANPC-FCM converter parameters such as dc link voltage,
converter switching frequency and modulation index, load
peak current and PF as well as initial junction temperature
for each IGBT and diode must be initialized. In addition,
characteristic curves of the embedded IGBTs and diodes
are initialized to derive the necessary parameters for cal-
culation of the conduction and switching power losses
for each IGBT and diode. These parameters are acquired
by polynomial approximation method for each of the

( Calculate Switching Power
Losses for Each IGBT and
" Diode )

(" Calculate Voltage Drop at "\

Junction Temperature for
Each IGBT and Diode

\__Utilizing Egs. (7)-(8) /

Galculate Conduction LossQ

for Each IGBT and Diode
Utilizing Eqs. (17)-(18) U,

.

( 2\
Calculate Junction Temperature
for Each IGBT and Diode Using

xZ +T
For) 'y

®@ ©@ ® ® ©® ©

/+1 ( com{ thermal

(Calculate Junction Temperatura

Changes for all semlconductors
AT T,-T,

Jj+1

@

No

Fry
5
-5

Fig. 14. Junction temperature calculation flowchart for ANPC-FCM

converter.

utilized semiconductor devices. For instance, turn-on and
turn-off energy losses (as depicted in Fig. 13 and ap-
proximated in Table VI), thermal coefficients ((9)-(16)),
ambient temperature (77, ), thermal impedance of junction
to case (Zinermal,j2c ), and thermal impedance of case to
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2)

3)

4)

5)

0)

7

8)

TABLE VIII
JUNCTION TEMPERATURE ( C°C', SWITCHING POWER LOSS (KW) , AND CONDUCTION POWER (KW) L0OSS CALCULATION USING JUNCTION TEMPERATURE
COMPUTATION FLOWCHART FOR IGBTS AND DIODES IN A 12.1-MVA 6.6-KV NINE-LEVEL (LINE-TO-LINE) ANPC-FCM CONVERTER CONSIDERING A CONSTANT
IMPEDANCE LOAD

Modulation High-frequency IGBT Middle Low-frequency IGBT Top/BottonIch;];);v SISy
Index
Pcond Psw T] Pcond Psw T] Pcand Psw T]
0.1233 | 1.3453 53.6526 0.2076 | 0.1225 31.4407 0.0786 | 0.1225 28.9245
(2.93%) | (1.23%) | (0.7331%) | (3.65%) | (1.62%) | (0.5934%) | (2.46%) | (1.96%) | (0.2925%)
0.5866 | 2.4612 84.4631 0.3500 | 0.2132 35.9877 0.4299 | 0.2132 37.5459
(2.47%) | (1.18%) | (1.0055%) | (2.83%) | (0.86%) | (0.6364%) | (3.58%) | (0.74%) | (0.8816%)
0.9214 | 2.9255 | 100.0533 | 0.3520 | 0.2474 36.6940 0.6747 | 0.2474 42.9894
(2.64%) | (1.23%) | (1.1760%) | (3.01%) | (1.01%) | (0.6962%) | (3.19%) | (1.63%) | (1.1597%)
. High-frequency Anti-Parallel Middle Low-frequency Anti- Top/Bottom Low-frequency
Modulation Diode Parallel Diode Anti-Parallel Diode
Index
eond Psw TI R':and Bsw T.’I onnd va T]
0.2885 | 0.4630 46.8152 0.0555 | 0.0181 26.6121 0.0062 | 0.0177 25.1809
(2.86%) | (1.97%) | (1.0772%) | (3.23%) | (0.92%) | (0.1957%) | (3.34%) | (1.84%) | (0.0240%)
0.4514 | 0.7079 58.6549 0.1110 | 0.0184 28.2225 0.0273 | 0.0179 25.7918
(3.13%) | (1.64%) | (1.2739%) | (2.97%) | (1.43%) | (0.3391%) | (3.98%) | (1.27%) | (0.1222%)
0.4542 | 0.7774 60.7509 0.1311 | 0.0189 28.8063 0.0397 | 0.0187 26.1528
(2.97%) | (1.53%) | (1.2129%) | (2.53%) | (1.81%) | (0.3343%) | (3.26%) | (1.77%) | (0.1437%)
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ambient (Zipermal,c2q) for each semiconductor is initial-
ized in this stage. It is noteworthy of mentioning that
thermal impedance of junction to ambient of each semi-
conductor is calculated as follows:

Zthermal,j?a = Zt,hermal,ch + Ztllerlllal,c?a- (87)

Average and RMS currents flowing through all the IG-
BTs and diodes are calculated using derived closed-form
equations in Section III.

Switching power loss is calculated for each IGBT and
diode utilizing derived closed-form equations in Section
VL

Voltage drops through each IGBT and diode is calculated
according to thermal coefficients and junction temperature
through (7)—(8).

Conduction power loss based on the junction temperature
is calculated for each IGBT and diode through (17)—(18).
Junction temperature is calculated according to the ther-
mal impedance, conduction loss, switching loss, and the
ambient temperature for each IGBT and diode through
ij-&—l = (Pcond + PSW) X Z‘rhermal + T;p

Junction temperature changes for each semiconductor
(AT; = |Tj11 — Tj|) are calculated.

Junction temperature changes are compared with a speci-
fied accuracy to determine the termination or continuation

of the iterative process for calculation of junction temper-
ature.

The process is continued until changes in junction temper-
ature of each IGBT and diode between successive iterations
are within a specified accuracy. Using power loss flowchart de-
picted in Fig. 14, junction temperature is analytically calculated
for each IGBT and diodes and compared with simulation results.
The results and associated errors are listed in Table VIII. The
load peak current is 1.5 kA, load PF is 0.707 (lagging), and load
is considered as a constant impedance load, hence the current
varies linearly with modulation index. Ambient temperature is
25°C, thermal impedance of case to ambient is 0.01 &, ther-
mal impedance of junction to case for IGBT is 0.0095% and

W
for diode is 0.019< in SSNA 1200G450300 HiPak 4.5-kV
1.2-kA IGBT module. The simulation results and the associated
error between analytically calculated results and simulation re-
sults for each case (numbers in parenthesis) are provided in Ta-
ble VIII demonstrating a good accuracy for derived closed-form

equations.

VIII. CONCLUSION

For appropriate design of multilevel converters, it is of ut-
most importance and practical interest to evaluate the converter
conduction and switching power losses. Investigation of con-
duction and switching power loss in an ANPC-FCM converter
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with any number of switching-power-cells and voltage levels
as a function of converter output power, load PF, and modu-
lation index can be very advantageous in the design process.
To attain this goal, this paper presented analytical equations for
computing RMS and average currents of IGBTs and antiparal-
lel diodes by considering associated duty cycle of each IGBT
and antiparallel diode, converter modulation index, load current,
and load PF for ANPC-FCM converter. Numerical results of the
obtained analytical equations for calculation of RMS and aver-
age currents of IGBTs/diodes were compared with simulation
and experimental results. The excellent match between analytic,
simulation, and experimental results validates derived closed-
form equations. Afterward, the obtained equations for RMS
and average currents computations were utilized to calculate
conduction power loss in a 12.1-MVA 6.6-kV nine-level (line-
to-line) ANPC-FCM power converter. A 4.5-kV 1.2-kA IGBT
module from ABB was considered as a power switch in the
conducted case studies. It was observed that by increasing
load PF in constant-impedance load, conduction power loss of
high-frequency and top/bottom low-frequency IGBTs increase,
whereas increasing the load PF decreases conduction power loss
in high-frequency and top/bottom low-frequency antiparallel
diodes as well as in middle low-frequency IGBTs and antiparal-
lel diodes. In addition, increasing load PF in constant-impedance
load does not increase conduction power loss considerably in
both high-frequency and low-frequency switching-power-cells.
Moreover, closed-form equations are derived for analytical de-
termination of the switching power losses for ANPC-FCM con-
verter using Kapteyn (Fourier-Bessel) series. According to ob-
tained results, the maximum conduction power loss (occurring
for PF =~ 1) and switching power loss of 12.1-MVA 6.6-kV
three-phase nine-level (line-to-line) ANPC-FCM are roughly
38.55 and 49.9404 kW, respectively, while they are low as com-
pared to the converter output power. In other words, total con-
duction power loss and switching power loss of the converter
are 0.318% and 0.41%, respectively, that is 0.7313% of the con-
verter output power. Based on the derived closed-form equations
for conduction loss and switching loss calculation, a method is
presented to analytically calculate the junction temperature of
IGBTs and diodes and its effect on the conduction power loss
for ANPC-FCM converter.

REFERENCES

[1] S. Rivera, S. Kouro, B. Wu, S. Alepuz, M. Malinowski, P. Cortes, and
J. Rodriguez, “Multilevel direct power control—A generalized approach
for grid-tied multilevel converter applications,” IEEE Trans. Power Elec-
tron., vol. 29, no. 10, pp. 5592-5604, Oct. 2014.

[2] J. Rodriguez, L. G. Franquelo, S. Kouro, J. I. Leon, R. C. Portillo,
M. A. M. Prats, and M. A. Perez, “Multilevel converters: An enabling
technology for high-power applications,” Proc. IEEE, vol. 97, no. 11,
pp. 1786-1817, Nov. 2009.

[3] L. Franquelo, J. Rodriguez, J. Leon, S. Kouro, R. Portillo, and M. Prats,
“The age of multilevel converters arrives,” IEEE Ind. Electron. Mag.,
vol. 2, no. 2, pp. 28-39, Jun. 2008.

[4] J. Rodriguez, S. Bernet, P. K. Steimer, and I. E. Lizama, “A survey
on neutral-point-clamped inverters,” IEEE Trans. Ind. Electron., vol. 57,
no. 7, pp. 2219-2230, Jul. 2010.

[5] M. Malinowski, K. Gopakumar, J. Rodriguez, and M. A. Pérez, “A survey
on cascaded multilevel inverters,” IEEE Trans. Ind. Electron., vol. 57,
no. 7, pp. 2197-2206, Jul. 2010.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 8, AUGUST 2016

[6] H. Akagi, “Classification, terminology, and application of the modular
multilevel cascade converter (MMCC),” IEEE Trans. Power Electron.,
vol. 26, no. 11, pp. 3119-3130, Nov. 2011.

[7] V. Dargahi, A. K. Sadigh, G. K. Venayagamoorthy, and K. Corzine,

“Hybrid double flying capacitor multicell converter and its application

in grid-tied renewable energy resources,” IET Gener. Transm. Distrib.,

vol. 9, no. 10, pp. 947-956, Jul. 2015.

D. Andler, R. Alvarez, S. Bernet, and J. Rodriguez, “Experimental inves-

tigation of the commutations of a 3L-ANPC phase leg using 4.5-kV-5.5-

kA IGCTs,” IEEE Trans. Ind. Electron., vol. 60, no. 11, pp. 4820—4830,

Nov. 2013.

V. Dargahi, A. Khoshkbar Sadigh, M. Abarzadeh, M. R. A. Pahlavani,

and A. Shoulaie, “Flying capacitors reduction in an improved double

flying capacitor multicell converter controlled by a modified modulation

method,” IEEE Trans. Power Electron., vol. 27, no. 9, pp. 3875-3887,

Sep. 2012.

V. Dargahi, A. Khoshkbar Sadigh, M. Abarzadeh, S. Eskandari, and

K. Corzine, “A new family of modular multilevel converter based on

modified flying-capacitor multicell converters,” IEEE Trans. Power Elec-

tron., vol. 30, no. 1, pp. 138-147, Jan. 2015.

V. Dargahi and S. Dargahi, “Analytical modelling of single-phase

stacked multicell multilevel converters exploiting Kapteyn (Fourier—

Bessel) series,” IET Power Electron., vol. 6, no. 6, pp. 1220-1238, Jul.

2013.

M. Aleenejad, H. Iman-Eini, and S. Farhangi, “Modified space vec-

tor modulation for fault-tolerant operation of multilevel cascaded H-

bridge inverters,” IET Power Electron., vol. 6, no. 4, pp. 742-751, Apr.

2013.

A. K. Sadigh, V. Dargahi, and K. A. Corzine, “New multilevel converter

based on cascade connection of double flying capacitor multicell convert-

ers and its improved modulation technique,” IEEE Trans. Power Electron.,

vol. 30, no. 12, pp. 6568-6580, Dec. 2015.

M. Aleenejad, P. Moamaei, H. Mahmoudi, and R. Ahmadi, “Unbalanced

selective harmonic elimination for fault-tolerant operation of three phase

multilevel cascaded H-bridge inverters,” in Proc. IEEE Appl. Power Elec-

tron. Conf. Expo., 2015, pp. 1589-1594.

A. Khoshkbar Sadigh, M. Abarzadeh, K. A. Corzine, and V. Dargahi, “A

new breed of optimized symmetrical and asymmetrical cascaded multi-

level power converters,” IEEE J. Emerg. Sel. Top. Power Electron., vol. 3,

no. 4, pp. 1160-1170, Dec. 2015.

P. Alemi and D.-C. Lee, “Power loss comparison in two- and three-level

PWM converters,” in Proc. IEEE 8th Int. Conf. Power Electron. ECCE

Asia, 2011, pp. 1452-1457.

S. Mohan and R. Naik, “Design approach for high power, medium voltage

power conversion systems for wind turbines,” in Proc. 16th Eur. Conf.

Power Electron. Appl., 2014, pp. 1-9.

F. Blaabjerg, U. Jaeger, and S. Munk-Nielsen, “Power losses in PWM-VSI

inverter using NPT or PT IGBT devices,” IEEE Trans. Power Electron.,

vol. 10, no. 3, pp. 358-367, May 1995.

M. Schweizer, T. Friedli, and J. W. Kolar, “Comparative evaluation of ad-

vanced three-phase three-level inverter/converter topologies against two-

level systems,” IEEE Trans. Ind. Electron., vol. 60, no. 12, pp. 5515-5527,

Dec. 2013.

C. Liu, B. Wu, N. R. Zargari, D. Xu, and J. Wang, “A Novel three-

phase three-leg AC/AC converter using nine IGBTSs,” IEEE Trans. Power

Electron., vol. 24, no. 5, pp. 1151-1160, May 2009.

Q. TuandZ. Xu, “Power losses evaluation for modular multilevel converter

with junction temperature feedback,” in Proc. IEEE Power Energy Society

General Meeting, 2011, pp. 1-7.

O. S. Senturk, L. Helle, S. Munk-Nielsen, P. Rodriguez, and R. Teodor-

escu, “Power capability investigation based on electrothermal models of

press-pack IGBT three-level NPC and ANPC VSCs for multimegawatt

wind turbines,” IEEE Trans. Power Electron., vol. 27, no. 7, pp. 3195—

3206, Jul. 2012.

S. Rohner, S. Bernet, M. Hiller, and R. Sommer, “Modulation, losses,

and semiconductor requirements of modular multilevel converters,” IEEE

Trans. Ind. Electron., vol. 57, no. 8, pp. 2633-2642, Aug. 2010.

L. Schwager, A. Tuysuz, C. Zwyssig, and J. W. Kolar, “Modeling and com-

parison of machine and converter losses for PWM and PAM in high-speed

drives,” IEEE Trans. Ind. Appl., vol. 50, no. 2, pp. 995-1006, Mar./Apr.

2014.

M. Hartmann, H. Ertl, and J. W. Kolar, “Current control of three-phase

rectifier systems using three independent current controllers,” IEEE Trans.

Power Electron., vol. 28, no. 8, pp. 3988—4000, Aug. 2013.

[8

[t}

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23

—_

[24]

[25]



SADIGH et al.: ANALYTICAL DETERMINATION OF CONDUCTION AND SWITCHING POWER LOSSES IN FLYING-CAPACITOR-BASED ACTIVE

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

M. Schweizer and J. W. Kolar, “Design and implementation of a highly
efficient three-level T-type converter for low-voltage applications,” IEEE
Trans. Power Electron., vol. 28, no. 2, pp. 899-907, Feb. 2013.

D. Andler, R. Alvarez, S. Bernet, and J. Rodriguez, “Switching loss anal-
ysis of 4.5-kV-5.5-kA IGCTs Within a 3L-ANPC phase leg prototype,”
IEEE Trans. Ind. Appl., vol. 50, no. 1, pp. 584-592, Jan./Feb. 2014.

F. Krismer and J. W. Kolar, “Closed form solution for minimum conduc-
tion loss modulation of DAB converters,” IEEE Trans. Power Electron.,
vol. 27, no. 1, pp. 174-188, Jan. 2012.

S. S. Fazel, S. Bernet, D. Krug, and K. Jalili, “Design and comparison
of 4-kV neutral-point-clamped, flying-capacitor, and series-connected H-
bridge multilevel converters,” IEEE Trans. Ind. Appl., vol. 43, no. 4,
pp. 1032-1040, Jul./Aug. 2007.

T. B. Soeiro and J. W. Kolar, “The new high-efficiency hybrid neutral-
point-clamped converter,” IEEE Trans. Ind. Electron., vol. 60, no. 5,
pp. 1919-1935, May 2013.

H. Sepahvand, M. Khazraei, K. Corzine, and M. Ferdowsi, “Start-up
procedure and switching loss reduction for a single-phase flying capacitor
active rectifier,” IEEE Trans. Ind. Electron., vol. 60, no. 9, pp. 3699-3710,
May 2013.

P. Barbosa, P. Steimer, J. Steinke, M. Winkelnkemper, and N. Celanovic,
“Active-neutral-point-clamped (ANPC) multilevel converter technology,”
in Proc. Eur. Conf. Power Electron. Appl., 2005, pp. 1-10.

F. Kieferndorf, M. Basler, L. A. Serpa, J.-H. Fabian, A. Coccia, and
G. A. Scheuer, “ANPC-5L technology applied to medium voltage variable
speed drives applications,” in Proc. Int. Symp. Power Electron. Electr.
Drives Autom. Motion, 2010, pp. 1718-1725.

F. Kieferndorf, M. Basler, L. A. Serpa, J.-H. Fabian, A. Coccia, and
G. A. Scheuer, “A new medium voltage drive system based on ANPC-5L
technology,” in Proc. IEEE Int. Conf. Ind. Technol., 2010, pp. 643-649.
S. Kouro, M. Malinowski, K. Gopakumar, J. Pou, L. G. Franquelo,
J. Rodriguez, M. A. Pérez, and J. I. Leon, “Recent advances and in-
dustrial applications of multilevel converters,” IEEE Trans. Ind. Electron.,
vol. 57, no. 8, pp. 2553-2580, Aug. 2010.

K. Wang, Z. Zheng, Y. Li, K. Liu, and J. Shang, “Neutral-point poten-
tial balancing of a five-level active neutral-point-clamped inverter,” IEEE
Trans. Ind. Electron., vol. 60, no. 5, pp. 1907-1918, May 2013.

Y. Jiao, S. Lu, and F. C. Lee, “Switching performance optimization of a
high power high frequency three-level active neutral point clamped phase
leg,” IEEE Trans. Power Electron., vol. 29, no. 7, pp. 3255-3266, Jul.
2014.

J. Li, S. Bhattacharya, and A. Q. Huang, “A new nine-level active NPC
(ANPC) converter for grid connection of large wind turbines for distributed
generation,” IEEE Trans. Power Electron., vol. 26, no. 3, pp. 961-972,
Mar. 2011.

G. Tan, Q. Deng, and Z. Liu, “An optimized SVPWM strategy for five-
level active NPC (5L-ANPC) Converter,” IEEE Trans. Power Electron.,
vol. 29, no. 1, pp. 386-395, Jan. 2014.

A. M. Bazzi, P. T. Krein, J. W. Kimball, and K. Kepley, “IGBT and diode
loss estimation under hysteresis switching,” IEEE Trans. Power Electron.,
vol. 27, no. 3, pp. 1044-1048, Mar. 2012.

C. S. Edrington, O. Vodyakho, M. Steurer, S. Azongha, F. Fleming, and M.
Krishnamurthy, “Power semiconductor loss evaluation in voltage source
IGBT converters for three-phase Induction Motor drives,” in Proc. [EEE
Veh. Power Propulsion Conf., 2009, pp. 1434—1439.

S. Srinivas and V. T. Somasekhar, “Space-vector-based PWM switching
strategies for a three-level dual-inverter-fed open-end winding induction
motor drive and their comparative evaluation,” IET Electr. Power Appl.,
vol. 2, no. 1, pp. 19-31, Jan. 2008.

A. M. Y Ghias, J. Pou, M. Ciobotaru, and V. G. Agelidis, “Voltage bal-
ancing strategy for a five-level flying capacitor converter using phase
disposition PWM with sawtooth-shaped carriers,” in Proc. 38th Annu.
Conf. IEEE Ind. Electron. Soc., 2012, pp. 5013-5019.

J. Pontt, J. Rodriguez, R. Huerta, P. Newman, W. Michel, and
C. L. Argandona, “High-power regenerative converter for ore transporta-
tion under failure conditions,” IEEE Trans. Ind. Appl., vol. 41, no. 6, pp.
1411-1419, Nov. 2005.

T. Bruckner and S. Bernet, “Loss balancing in three-level voltage source
inverters applying active NPC switches,” in Proc. IEEE 32nd Annu. Power
Electron. Specialists Conf. , 2001, vol. 2, pp. 1135-1140.

R. Withanage and N. Shammas, “Series connection of insulated gate bipo-
lar transistors (IGBTs),” IEEE Trans. Power Electron., vol. 27, no. 4,
pp. 2204-2212, Apr. 2012.

Y. Abe and K. Maruyama, “Multi-series connection of high-voltage IG-
BTSs,” Fuji Electr. J., vol. 8, pp. 1-4, 2002.

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

5493

S. Hong, V. Chitta, and D. A. Torrey, “Series connection of IGBT’s with
active voltage balancing,” IEEE Trans. Ind. Appl., vol. 35, no. 4, pp.
917-923, Jul./Aug. 1999.

D. Ning, X. Tong, M. Shen, and W. Xia, “The experiments of voltage
balancing methods in IGBTs series connection,” in Proc. Asia-Pacific
Power Energy Eng. Conf., 2010, pp. 1-4.

S. Zheng, Y. Wang, X. Wu, Z. Qian, and F. Z. Peng, “The voltage sharing
of commercial IGBTS in series with passive components,” in Proc. IEEE
Energy Convers. Congr. Expo.: Energy Convers. Innovation Clean Energy
Future, 2011, pp. 3008-3012.

Z.Zhang, Z. Xu, and Y. Xue, “Valve losses evaluation based on piecewise
analytical method for MMC-HVDC links,” IEEE Trans. Power Del., vol.
29, no. 3, pp. 1354-1362, Jun. 2014.

S. Ceballos, J. Pou, J. Zaragoza, J. L. Martin, E. Robles, I. Gabiola, and
P. Ibanez, “Efficient modulation technique for a four-leg fault-tolerant
neutral-point-clamped inverter,” IEEE Trans. Ind. Electron., vol. 55,
no. 3, pp. 1067-1074, Mar. 2008.

J. Pou, J. Zaragoza, S. Ceballos, M. Saeedifard, and D. Boroyevich, “A
carrier-based PWM strategy with zero-sequence voltage injection for a
three-level neutral-point-clamped converter,” IEEE Trans. Power Elec-
tron., vol. 27, no. 2, pp. 642-651, Feb. 2012.

A. M. Y. Mohammad Ghias, J. Pou, and V. Agelidis, “On reducing
power losses in stack multicell converters with optimal voltage balancing
method,” IEEE Trans. Power Electron. , vol. 30, no. 9, pp. 4682-4695,
Sep. 2015.

A. M. Y. Mohammad Ghias, J. Pou, and V. G. Agelidis, “Voltage bal-
ancing method for stacked multicell converters using phase-disposition
PWM,” IEEE Trans. Ind. Electron. , vol. 62, no. 7, pp. 4001-4010, Jul.
2015.

A. M. Y. Mohammad Ghias, J. Pou, V. Agelidis, and M. Ciobotaru, “Op-
timal switching transitions based voltage balancing method for flying
capacitor multilevel converters,” IEEE Trans. Power Electron., vol. 30,
no. 4, pp. 1804-1817, Apr. 2015.

U. Drofenik and J. Kolar, “A general scheme for calculating switching-
and conduction-losses of power semiconductors in numerical circuit sim-
ulations of power electronic systems,” in Proc. Int. Power Electron. Conf.,
2005, pp 1-7.

A.D.Rajapakse, A. M. Gole, and P. L. Wilson, “Electromagnetic transients
simulation models for accurate representation of switching losses and
thermal performance in power electronic systems,” IEEE Trans. Power
Deliv., vol. 20, no. 1, pp. 319-327, Jan. 2005.

G. Fedele and D. Frascino, “Spectral analysis of a class of DC-AC PWM
inverters by Kapteyn series,” IEEE Trans. Power Electron., vol. 25, no. 4,
pp. 839-849, Apr. 2010.

V. Dargahi, “Detailed and comprehensive mathematical modeling of
flying-capacitor stacked multicell multilevel converters,” COMPEL Int.
J. Comput. Math. Electr. Electron. Eng., vol. 33, no. 1, pp. 483-526, 2014.

Arash Khoshkbar Sadigh (S’09-M’15) received
the B.S. and M.S. degrees (both with first Hons.) in
electrical engineering from the University of Tabriz,
Tabriz, Iran, in 2007 and 2009, respectively, and
the Ph.D. degree in electrical engineering from the
University of California-Irvine, Irvine, CA, USA, in
2014.

He was with AranNagshAra Consultant Engineer-
ing Company, Tabriz, from 2007 to 2010, where he
was involved in the design of power transmission and
distribution lines. During summer 2012 to 2013, he

was an Intern with the RTDS Advanced Technology Laboratory, Southern Cal-
ifornia Edison. In 2015, he joined Extron Electronics as the Power Electronics
Design Engineer. He is the author or coauthor of more than 60 journal and
conference papers and one book chapter, and he holds one patent. His research
interests include power electronics circuits, multilevel converters and their ap-
plications in power grid and system, power quality, and flexible ac transmission
system devices.

Dr. Sadigh was selected by the University of Tabriz as the Distinguished
Student in 2006. In 2007, he joined the Iran’s National Elites Foundation as he
ranked second in the National Entrance Exam for graduate study in electrical
engineering with a major in power engineering. He received the Outstanding
Presentation Award from the Annual IEEE Applied Power Electronics Confer-
ence and Exposition in 2013.



5494

Vahid Dargahi (S’08) received the B.Sc. degree
in electrical engineering majoring power, and the
M.Sc. degree in electrical engineering majoring elec-
tric power systems and power electronics from the
Iran University of Science and Technology, Tehran,
Iran, in 2011. He is currently working toward the
Ph.D. degree in electrical engineering with the Mi-
crogrid and Power Electronics Laboratory, Holcombe
Department of Electrical and Computer Engineering,
Clemson University, SC, USA.

He is a Member of Iran’s National Elites Foun-

dation. His current research and practical interests include mainly the areas of
analysis, modeling, modulation, control, and design of power electronic con-
verters (PECs), innovating novel topologies of PECs with a particular emphasis
on high-power voltage/current-source multilevel converters, renewable energy
harnessing, and real-time simulation of microgrid power systems utilizing real-
time digital simulator machines.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 8, AUGUST 2016

Keith A. Corzine (S’92-M’97-SM’06) received the
B.S.E.E., M.S.E.E., and Ph.D. degrees from the Uni-
versity of Missouri, Rolla, MO, USA, in 1997.

He taught at the University of Wisconsin, Milwau-
kee, WI, USA, the University of Missouri, Rolla, MO,
USA, Missouri University of Science and Technol-
ogy, MO, USA. He is currently a Professor at Clem-
son University, Clemson, SC, USA. His research in-
terests include power electronics, motor drives, naval
ship propulsion systems, and electric machinery. He
has published more than 50 refereed journal papers,

more than 100 refereed international conference papers, and holds three U.S.
patents related to power conversion.
Dr. Corzine was the past Chair of the IEEE St. Louis Section.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


