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Abstract—For a Three-Level Three-phase T-type (3LTTC) rectifier
and inverter of a high efficiency Uninterruptible Power Supply (UPS)
with an output power of 20 kVA, most suitable semiconductor com-
ponents are selected. For this purpose, this paper details conduction
and switching loss models of T-type rectifiers and inverters, compares
the total semiconductor losses achieved for RB-IGBTs and for different
types of conventional IGBTSs, and evaluates the improvements achieved
if the Si rectifier diodes are replaced by SiC Schottky Barrier Diodes
(SiC SBDs). The switching loss model is parameterized with measured
switching losses. According to the results of this comparison, the rectifier
preferably employs RB-IGBTs to realize the bi-directional switch and
SiC SBDs for the rectifier diodes; switching frequencies up to 32.5 kHz
are feasible for total semiconductor losses of the rectifier of 250 W.
For the inverter, a realization of the bi-directional switch using an anti-
series connection of conventional IGBT/SiC SBD modules is found to
be most suitable and facilitates a switching frequency of 19.7 kHz for
maximum allowed losses of 250 W.

I. INTRODUCTION

Uninterruptible Power Supply (UPS) systems ensure uninter-
ruptible operation of highly available equipment, for example IT
equipment of a data center, from a mains failure. For critical
loads which need low input voltage distortion, a back-to-back
configuration, as shown in Fig.1, is often employed, since this
configuration effectively suppresses mains voltage distortions; such
UPS systems are called online or double conversion systems [1].

The investigated UPS system is an online UPS according
to Fig. 1 with a rated power of 20 kVA. The rms input and output
line-to-neutral voltages of the considered system are 230V, the
input and output frequencies are 50 Hz, and the dc bus voltage is
kept constant at Vg, = 720 V. Rectifier and inverter stages of this
UPS are designed for high efficiency, since, during normal mode of
operation, both stages may be continuously operated up to nominal
power.

Typical three-phase rectifier and inverter topologies include con-
ventional two-level topologies and three-level neutral point clamped
(NPC) topologies [2]. Three-phase two-level converters feature a
low number of diodes (rectifier) or IGBTSs (inverter) with maximum
blocking voltages of 1200 V in the considered system and generate
low conduction losses [3]. Two-level converters, however, require a
comparably large EMI filter due to the high generation of harmonic
content [4]. Three-level NPC inverters and rectifiers cause less
harmonic content and, thus, allow for a reduced EMI filtering effort.
These converters, however, require more diodes and/or switches
(maximum break-down voltages are 600V in the given system)
and generate higher conduction losses than two-level converters,
since each phase current is fed through two semiconductor devices,
e.g. two IGBTs, with the sum of the voltage drops across two 600 V
IGBTs being greater than the voltage drop across a single 1200 V
IGBT [3]. T-type NPC converters, in comparison, allow for three-
level operation at reduced conduction losses, since only a single
diode or IGBT (again rated for 1200 V) conducts the phase current
to the positive or negative bus bar of the dc link [3]. Therefore,
the T-type NPC inverter and rectifier topologies are very attractive
regarding the investigated UPS system in order to achieve low
conduction losses and reduced EMI filtering effort.
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Fig. 1.  (a) Proposed configuration of the three-phase three-level UPS
system showing EMI filter, mains side rectifier, load side inverter, and dc—dc
converters including backup batteries. (b) Schematic drawing of the power
circuits of the mains side rectifier and the load side inverter; both, rectifier
and inverter, employ 3LTTC topologies.

The T-type NPC converters require one bi-directional switch
per phase, cf. Fig. 1(b). Bi-directional switches are typically real-
ized with a common-emitter series connection of two IGBT/Free
Wheeling Diode (FWD) modules as shown in Fig.2(a) [3], [5]. As
a consequence, two series connected semiconductor components, a
diode and an IGBT, conduct the current through the bi-directional
switch. In this context, reverse blocking IGBTs (RB-IGBTs) can
be advantageously used to reduce the conduction losses of T-type
rectifiers and inverters [6]-[8].

This paper details a comparison of the semiconductor losses of
rectifier and inverter of the three-phase three-level UPS converter
depicted in Fig. 1 for different realizations of the bi-directional
switches, which includes realizations with RB-IGBTSs and different
types of conventional IGBT/FWD modules. The paper further
investigates the improvements achieved with 1200 V SiC Schottky
Barrier Diodes (SBDs) (instead of 1200V Si rectifier diodes and
FWDs) and 600 V SiC SBDs (instead of 600 V Si FWDs used in the
bi-directional switches). Section II describes two realizations of the
bi-directional switches, which are considered for loss comparison.
Section III details the analytical semiconductor loss calculation
models, i.e. conduction and switching loss models, for T-type
rectifiers and inverters. Section IV presents measured switching
losses, which are used to parameterize the switching loss model
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Fig. 2. Possible realizations of a bi-directional switch: (a) realization with
conventional IGBTs and diodes, (b) realization with RB-IGBTs.
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Fig. 3. (a) Internal structure of the conventional IGBT; (b) internal structure
of the RB-IGBT for reverse voltage conditions. The reverse voltage forms
the depletion layers shown in (a) and (b).

of Section III. Section IV further compares the losses and the total
system efficiencies achieved with different realizations of the bi-
directional switches, with and without SiC SBD, and for different
switching frequencies.

II. BI-DIRECTIONAL POWER SWITCH
A. Switch realizations

Fig.2 shows two realizations of bi-directional switches with
conventional IGBTs and FWDs or with RB-IGBTs. Further real-
izations of bi-directional switches, e.g. the realizations given in [2],
[5], are expected to have higher or similar conduction losses than
the realization of Fig.2(a), and are, therefore, not considered in this
comparison.

B. Internal structure of the RB-IGBT

The internal structures of a conventional IGBT and a RB-
IGBT and the respective depletion layers under reverse voltage
conditions are shown in Fig.3. When a reverse voltage is applied
to a conventional IGBT, the depletion layer extends from the
backside anode (collector) towards the surface cathode (emitter).
The depletion layer also extends to the diced side walls and causes
high local electric fields, that are proportional to the reverse voltage.
The semiconductor dicing process, however, unavoidably generates
numerous crystal defects and mechanical imperfections at the diced
side walls. The high local electric fields generate free carriers at
these crystal defects causing the so-called leakage current fountain,
which may irreversibly damage the IGBT [8].

The first concept of a RB-IGBT and the realization of its internal
structure has been introduced in 2001 [6], [7]. Deep diffusion of a
pt-side wall protection at the diced side wall surface [cf. Fig. 3(b)]
prevents the depletion layer from extending to the diced surface
area of the IGBT under reverse voltage conditions. As a result, a
huge reduction of the reverse leakage current under reverse voltage
conditions is achieved.

Since the RB-IGBT and the conventional IGBT are only dif-
ferent with respect to the edge structures, same conduction and
switching losses can be expected for both types of IGBTs if operated
in forward direction. The RB-IGBT, however, shows a reverse
recovery behavior similar to a rectifier diode if operated with reverse
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Fig. 4. (a) Single phase-leg of the 3LTTC converter; (b) general waveforms
of input/output voltage and current for dedicated phase shift ®4, peak
voltage V', and peak current [.

voltage, which causes the switching losses to increase and needs to
be considered in the loss model detailed in the next section.

III. ANALYTICAL LOSS CALCULATION MODEL OF T-TYPE
CONVERTERS

A. Voltage and current waveforms at ac input/output side

Fig.4(b) illustrates general input/output voltage and current
waveforms of a single phase-leg of the 3LTTC converter at ac
input/ output side (e.g. mains input side or load output side), shown
in Fig. 4(a). It is formed with two IGBTs (T and T5), two FWDs
(D1 and D2) and two bi-directional switches (Ts and T4). In this
paper, the multi-carrier pulse width modulation (PWM) scheme
detailed in [9], [10] is considered. In Fig.4(b), vac and iac are
instantaneous input/output voltage and current of single phase-leg
at ac side, respectively. v. is the temporal average voltage of vac
which is same with fundamental input voltage at mains side or
output voltage at load side. ¢ = wt denotes the phase of the
fundamental voltage, ®q is the phase displacement between the
fundamental components of current and voltage, V' is the peak
fundamental phase voltage, and I is the peak fundamental phase
current. Thus, ®4 = 0° denotes inverter mode of operation with
unity power factor and ®q = 180° denotes rectifier mode of
operation with unity power factor. Voltage and current amplitudes,
V and I, are defined from the modulation index M and the
input/output apparent power Sac as shown below.

vV o= M% )
T 2 Sac
I = 3T ?2)

B. Conduction loss model

Fig.5(a) shows a general on-state characteristicof an IGBT or
a diode. Linearization of the characteristic, obtained at a given
junction temperature 7j, yields the loss model parameters V;(Tj)
and Ron(T}). The corresponding losses are calculated with the rms
and the average currents through the device according to:

PC = ROH(E)IEmS(M7fa(I)d)+
+VA(T3) Lavs (M, 1, ®a). 3)
Ron(T;) and V;(T;) denote temperature dependent on-state resis-
tance and forward voltage drop values of the considered semi-

conductor, respectively. The temperature dependency is considered
according to [11]:

T kRon
Ron(Tj) = Ron(Tio) <Tfo> , )
7\ "
V(T = Vi(Tio) (TJ0> )
J
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Fig. 5. (a) General on-state characteristics of IGBTs and diodes

used to determine the parameters Vi and Ron of the conduction loss
model. (b), (c) General illustration, how the parameters Eon,const, Fon,Is
Eoft const» and Eqgg 1 of the switching loss model are extracted from the
(b) turn-on and (c) turn off loss characteristics.

[Tjo is the reference junction temperature in Kelvin; Ron(Tjo) and
Vi(Tj0) are on-state resistance and forward voltage drop at the
reference junction temperature]. The temperature coefficients kg,
and kv, of all considered devices, determined with data sheet values
and least mean square approximation, are listed in Tab.IV.

The analytical expressions of average and rms currents through
all devices are derived according to [9]. The currents through the
IGBTs with a suggested break-down voltage of 1200V, i.e. the two
IGBTs T and T2 in Fig.4, are:

IM (7 — ®4) cos (®a)
+
4m

Iavg,TlQ

sin ((I)d)
— ©)

o ®a\1* [2M
Irms,TlQ - I|:COS (7)} \/;7 (7)

the currents through D; and D2 (or the FWD of T and T) are:

IM [sin (®4) — @4 cos (Pq)]
4m ’ ®

s (%)) /22, ®

and the currents in each IGBT of the bi-directional switch (and in
the IGBTs” FWD, if applicable), i.e. T3 and T4, are:

Iavg,Dl2

Irms,Dl2

2f +IM (q,d - g) cos (®q) N

Iavg,T34 = ) o
(=1)IM sin (<I>d)7 (10)
2w
Lrss = f\/37r — 2M [3+ cos (20a)] (1
127

These equations are valid for both inverter and rectifier mode of
operations (0° < ®4 < 180°).

C. Switching loss model

The switching states of a single leg of the 3LTTC, except
for transient states during dead time intervals, are listed in Tab.I.
The current commutation paths related to the switching states and
the input/output current conditions are shown in Fig.6. Tab.II
summarizes the expressions for the switching loss energies that
result for different state transitions.

Fig.7 serves as a basis for explaining the switching operations
present in the given 3LTTC converter. It depicts the considered
waveform of vac(t) and two switching operations for inverter mode
of operation in Fig.7(a), at ¢ = ta (Si001 — Soo11) and t = tp
(Soo11 — S1001); positive and approximately constant input/ output
current is assumed. The states involved in both depicted switching
operations are, thus, Sigo1 and Spoi1 and, according to Tab.I,

Vae >0 (0<9p<m)
Si001 (Vac = +Vae/2) i Soo11 (Vac = 0)
ie>0 3
(Inverter mode) !
<0 3
(Rectifier mode) |
Vae <0 (M < 9 <2m)
Soo11 (Vac = 0) Y Sono (Ve =-Val2)
Y
e <0 5 0
(Inverter mode) 5
. N
ipe>0 :
(Rectifier mode) H

Fig. 6. Current commutation mode, the encircled device conducts current.

the gate signals of the switches Ty and T3 need to be changed.
The switch T3, however, is operated with reverse voltage and, for
Vac(t) = 0 and iac(t) > 0, T4 takes over the input/output current,
cf. Fig. 6(b).

Fig.7(b) and Fig.7(c) depict the emitter to collector voltage
(blue) and collector current (red) waveforms measured at ¢t = ¢, for
Ty and T4, which are used to determine the switching losses. T1
effectively turns off at ¢ = t.1 [Fig. 7(b)]; the clearly visible tail
current largely contributes to the total turn-off losses Fog 12,

ta2
Eogg 112 = / te,T12(t) - Vee,T12(t) dt. (12)
t

al
The turn-on losses of T4, Fig.7(c), are negligible.

Fig.7(d) and (e) show emitter to collector voltages (blue) and
collector currents (red) of Ty and T4 at ¢ = t,. The switch Ty
turns on at ¢ = tp1, which causes the collector current of T3 to
fall. T'3’s collector current is zero at t = tp2, and, subsequently, gets
negative due to reverse recovery effects. At ¢ = t,3 the collector
current reaches the maximum reverse recovery current Im. Fig. 7(e),
thus, shows the reverse recovery behavior of T4y, i.e. the RB-IGBT
FGW85NO60RB. The reverse recovery charge obtained from this
figure, Qs + Qrr ~ 6.5 nC, causes reverse recovery losses of T4
during tp2 < t < tn5. Moreover, the reverse recovery behavior of
T4 causes a high temporary collector current in Ty, which increases
the turn-on losses of Ty, as can be seen in Fig.7(d). The turn-on
losses Eon,T12 and the reverse recovery losses T34 are evaluated
with:

tb
Eonti2 = / ic,T12(t) - Vee,T12(t) dt, (13)
tb1
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Fig. 7. Transient collector to emitter voltages and collector currents during
switching, obtained for vac(t) > 0 and iac(¢) > O (inverter mode of
operation): (a) simplified illustration of the considered input/output voltage
and current waveforms showing the considered switching instants ¢, and
ty; (b) and (c) waveforms measured for (b) T and (c) T4 during turn-
off of T at ¢t = t,; (d) (e) waveforms measured for (d) T and (e) T4
during turn-on of T'; at ¢ = ¢,; blue curves: collector to emitter voltages,
red curves: collector currents. Selected operating point: Vg, = 720V,
iac = 60 A & constant. Employed semiconductor switches: T; and Ts:
FGW40N120HD, T3 and T4: FGW85N60ORB.

b5
Eir 34 = / ic,134(t) * Voe,r34(t) dt. (14)
th2

Turn-off and turn-on losses of each IGBT and the reverse
recovery losses of the corresponding RB-IGBT (or FWD in case
of conventional IGBT/FWD modules being used) are calculated
according to [3] and as shown below.

Pavort = fow [Bort (Vac, T}) Iow ave (ac, ®a) +

Eot const (Vac, T3) Da,sw (Pa)] (15)
Pavon = fow [Bont (Vae,T}) Lswave (Tac, ®a) +

Eon,const (Vac, T;) Da sw (Pa)] (16)
Povur = fow [Bert (Vae, Ty) Iow,avs (Tac, ®a) +

Err const (Vac, Tj) Da,sw (Pa)] a7

TABLE L. SWITCHING STATES

Switching states
Sl()[)l S[)()ll S(]ll()

Tq: on off off
Tso: off off on
Tj: off on on
Ty: on off

. on
Vac:  +Vac/2 0 —Vac/2

The turn-on losses of the FWDs are neglected in this paper.
Isw,ave denotes the averaged switching current over single funda-
mental period, Ds, is the normalized period the device acts as a
switch, and few is the switching frequency. Analytical expressions
for the average switching current are given in [12] and summarized
below.

-~ |1+ cos (P
Isw,avg,TlQ = Iac [A] 5 (18)
27
- o
Dawriz = 52, (19
27
i (2a)12
~ s\ -
Isw,avg,Dl2 = ac M 5 (20)
™
P
Dewpiz = o, @1
2m
Isw,avg,D34 = Isw,avg,Tl2’ (22)
Dsw,p3a = Dgw, 134, (23)
Isw,avg,T34 - [sw,avg,Dl2, (24’)
Dsw,T34 = Dsw,D12- (25)

Tsw,avg, T34 is the average switching current of T3 and T4 when the
devices are operated as IGBTs (e.g. switching in rectifier mode of
operation) and Isw, avg,nD34 is the average switching current of T'3
and T4 when the devices are operated as FWDs (e.g. switching
in inverter mode of operation). The same notation is used for
Dgw 134 and Dsy p34. These equations are valid for both inverter
and rectifier mode of operations (0° < ®4 < 180°). The
six coefficients needed to calculate the switching losses, Fog 1,
Eoﬂ,consts Eon,Is Eon,const» EI‘!‘,Is and Err,const» are extracted as
shown in Fig. 5(b) and (c) from device’s data sheet or measurement
results. The impact of the dc bus voltage, Vi, and the junction
temperature, 7j, is considered according to [11]:

Eog1 = FEom1,v,,Tjo (‘Zd;) (%1) o ) (26)
Eotconst = Eoff,const, Vo, Tjg (“/(/:O) (7:”}0) e , (27
Eont = FEon1,v,Tjo (%) <£J) e , (28)
Eonconst = Bomgonstvorty (1) (;}) )
Eiwg = EuiveTy (‘ZTO) (%{)) o , (30)
Errconst = Errconst,Vo,Tjg (“/?:O) (;})’CE" . @3GD

Here, Vaco = 720V is the voltage and Tjo = (273.15 + 150) K
is the junction temperature at which the measurements have been
conducted.

D. Estimating the increase of the turn-on loss energy due to the
reverse recovery charge of FWDs

Most of the results presented in Section IV are solely based
on experimental results, only the losses of the two converter
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TABLE II. SWITCHING LOSS ENERGIES

Input/output current condition Switching transitions

Soo11 —* S1001 S1001 —* Soo11

tac > 0
fac < 0

Eotr,T12
Eon,m34 + Err,D12

Eon, 12 + Err T34
Eot, 134

Input/output current condition Switching transitions

So110 — Soo11 Soo11 — So110

tac > 0
fac < 0

FEotr, T34
Eon, 112 + Err, T34

Eon, 134 + Err D12
Eotf, 112

configurations which use conventional IGBTs with anti-parallel SiC
SBD C3D20060D for the bi-directional switch (configurations B3
and C3 in Section IV) are estimated.

According to Section III-C the amount of reverse recovery
charge, Qrr = Qrs + Quf, of the FWD (or RB-IGBT) has a
strong impact on the resulting turn-on losses. Thus, the turn-on
switching losses available in data sheets are not readily applicable
for the presented comparison, since the T-type inverter employs
different types of power semiconductor switches, i.e. Ty and T»
are conventional IGBT/FWD modules with Vigryces = 1200V
and T3 and T4 are RB-IGBTs with V(gr)ces = 600 V.

The expected turn-on losses can be estimated based on [13]
using the transient voltage and current waveforms during turn-on
depicted in Fig.7(d) and (e). According to [13] the turn-on losses
of the IGBT, E,n,1, can be separated into two parts. The first part
denotes the turn-on losses without reverse recovery,

Eon,TA,O = Eon,T - AEon,T, (32)

and the second part denotes additional losses due to reverse recov-
ery,

. Ve
AEon,T ~ (tslac + Qrs) Tds (33)
ts is the delay time due to reverse recovery,
ts = ths — tha. 34)

Eon 1,0 is calculated based on measurement results, then the
turn-on losses with SiC SBDs instead of Si FWDs (configurations
B3 and C3 in Section IV) are estimated with (32) as below.

Eon,T = Eon,T,O + AEOH,T» (35)
and the second part denotes estimated additional losses due to the
total capacitive charge ). from SiC SBDs,

Vdc
5

AE/‘onyT = (i[szdc + QC) (36)

ts is the estimated delay time due to Q,

- 2Q.
ts = /71/6,T(tb2), (37)

i r(tp2) is a derivative value of collector current at ¢ = ¢z and
measurement results are used for this value. Q. = 16 nC at reverse
voltage V; = 360V is obtained from the data sheet of C3D20060D.

E. Thermal model

The temperature of each semiconductor’s junction is calculated
based on the conduction and switching losses, P and Psy, of the
considered switch and with a simplified linear thermal model, which
considers the thermal resistance from junction to case, Rin j—c:

T} = Rth,j—c . (Pc + Psw) + Ttase (38)

Conduction losses and switching losses show a non-linear temper-
ature dependency. Hence, an iterative procedure is implemented to
solve for junction temperature, conduction losses, and switching
losses.

TABLE IV. EXTRACTED CONDUCTION LOSS MODEL PARAMETERS
Name Tio°Cl Viry[VI Ron.1;[€] kv ERon
IGBTI(T) 175 1.04 0.016 0.0565 1.22
IGBTI1(D) 175 0.86 0.016 -1.1163 0.288
SBD1 150 0.75 0.037 -0.6346 1.824
IGBT2 150 1.06 0.018 -0.3373 0.55
IGBT3(T) 150 1.02 0.021 0.0838 1.108
IGBT4(T) 150 0.76 0.02 -0.3044 1.155
IGBT3(D) 150 1.01 0.018 -1.5906 -0.819
IGBT4(D) Same as IGBT3(D)
SBD2 175 0.72 0.065 -0.6061 1.989
—— IGBT2
—— IGBTI(T) IGBT3(T) + IGBT3(D)
— — — IGBTI(D) — — - IGBT4(T) + IGBT4(D)
_______ SBDI IGBT3(T) + SBD2
e IGBT4(T) + SBD2
I, I/ A I, It/ A
sobletr s 50 Pt ——r—
/ s / 2
40 // % 40 / TR
30 e 30 1777
1) u
20 i 20 11
10 2 10 /i
0 A ol

2 Vee, ViI'V 0 0 2 4 6 Vf,mt;7 v

(2) (b)

0 1

Fig. 8. On-state forward voltage drop versus collector or forward current
at Tj = 150°C, (a) for switches with V(gr)ces = 1200V and (b) for
bi-directional switches, cf. Fig.2, with V(gr)cgs = 600 V.

IV. COMPARISON OF T-TYPE CONVERTERS WITH AND
WITHOUT RB-IGBTSs

A. IGBT/FWD modules suitable for comparison

Different types of IGBTs are considered for the bi-directional
switch, including devices optimized with respect to low conduction
losses or low switching losses, in order to allow for a meaningful
comparison of the losses obtained with conventional IGBTs and
RB-IGBTs. Tab. III lists the considered devices:

e IGBTI: 1200V IGBT + FWD for T4, T, D; and D2 ,
e IGBT2: 600V RB-IGBT for T3 and T4 ,

. IGBT3/1GBT4: two 600 V IGBT + FWD for T3 and T4 ,
e SBDI: 1200V SiC SBD for D; and D, ,

e SBD2: 600V SiC SBD for T3 and Ty .

Two parallel connected components IGBT1 are considered in order
to achieve reduced conduction losses and, thus, the total maximum
forward currents of Dy and Dy are 60 A. In order to save costs,
the rated currents of the selected SiC SBDs (SBD1 and SBD2) are
approximately two thirds of the rated currents of the Si FWDs. With
this, the diode currents are still well below the rated diode currents,
however, considerably increased conduction losses result.

B. Parameterization of the conduction loss models

The conduction loss model is parameterized with data sheet
values based on least mean square approximation, the obtained
coefficients are listed in Tab.IV. There, IGBT(T) denotes the IGBT
and IGBT(D) the FWD if a single package contains both, IGBT and
FWD. Fig.8 depicts the forward characteristics of the considered
devices.

C. Switching losses measurement results

During switching, a device with a breakdown voltage of 1200 V
and a second device with V(gr)ces = 600V are operated together,
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TABLE III.

CONSIDERED SEMICONDUCTOR DEVICES FOR LOSS COMPARISON; ‘/(BR)CES: MAXIMUM COLLECTOR-EMITTER VOLTAGE OF IGBTS;

VRRM: REPETITIVE PEAK REVERSE VOLTAGE OF FWDS; I: MAXIMUM DC COLLECTOR CURRENT OF IGBTS; If: AVERAGE FORWARD CURRENT OF
FWDSs; Np: THE NUMBER OF PARALLELED MODULES.

Name Device type V(BR)CES, VRRM Ic, Ir Rin,j—c, 7/ Rtn,j—c,D N, Model number Manufacture

IGBT1 Si IGBT and FWD 1200 40/30 0.43970.781 2 FGW40N120HD Fuji Electric
SBD1 SiC SBD 1200 18 0.63 2 FDCW18S120 Fuji Electric
IGBT2 Si RB-IGBT 600 85 0.208 1 FGW85N60RB Fuji Electric
IGBT3  Si IGBT and FWD 600 75130 0.21/0.9 1 IXXH75N60C3D1 IXYS
IGBT4  Si IGBT and FWD 600 751730 0.21/0.9 1 IXXH75N60B3D1 IXYS
SBD2 SiC SBD 600 20 0.55 1 C3D20060D CREE

TABLE V. COMBINATION OF SWITCHING DEVICES FOR COMPARISON.

Label 1200 V IGBT for T7 and To 1200 V FWD for D; and Do 600 V IGBT for T3 and T4 600V FWD for D3 and Dy
Al STIGBT (IGBTI(T)) STFWD (IGBTI(D)) ST RB-IGBT (IGBT2) Si RB-IGBT (IGBT2)
Bl Si IGBT (IGBT1(T)) Si FWD (IGBT1(D)) Si IGBT (IGBT3(T)) Si FWD (IGBT3(D))
Cl Si IGBT (IGBTI1(T)) Si FWD (IGBT1(D)) Si IGBT (IGBT4(T)) Si FWD (IGBT4(D))
A2 ST IGBT (IGBTI(T)) SiC SBD (SBDI) Si RB-IGBT (IGBT2) Si RB-IGBT (IGBT2)
B2 Si IGBT (IGBTI1(T)) SiC SBD (SBD1) Si IGBT (IGBT3(T)) Si FWD (IGBT3(D))
C2 Si IGBT (IGBTI1(T)) SiC SBD (SBD1) Si IGBT (IGBT4(T)) Si FWD (IGBT4(D))
B3 Si IGBT (IGBTI(T)) SiC SBD (SBDI) Si IGBT (IGBT3(T)) SiC SBD (SBD2)

C3 Si IGBT (IGBTI1(T)) SiC SBD (SBD1) Si IGBT (IGBT4(T)) SiC SBD (SBD2)

Coaxial shunt
resistors

-4 DSP

Fig. 9. The switching loss measurement setup.

cf. Section III, and, according to Tab.II, the resulting switching
losses depend on the used combination of switches. With the
considered IGBTs and SiC SBDs the eight different combinations of
devices listed in Tab. V are feasible. The switching losses resulting
from the first six combinations, Al, B1, Cl, A2, B2 and C2
are measured with the switching loss measurement setup depicted
in Fig. 9 and for the conditions listed below.

e  Employed dc link voltage: Vg. = 720 V.
e  Junction temperatures: T} = 30 °C, T; = 150 °C.
° Gate resistance: Rg = 5.1 €.

e  On- and off-state gate voltages: Vag,on = 16 V, Vg on =
—6V.

The switching losses obtained for the remaining combinations B3,
and C3 are estimated with (35).

The resulting switching losses are shown in Fig.10 for all
considered device combinations. The extracted parameters of the
switching loss model are listed in Tab. VI.

1) Rectifier mode of operation: The turn-on losses of T3 and
T4, Eon, T34, and the reverse recovery losses of the FWDs of Dy
and D2, E:r pi2, largely depend on the reverse recovery behavior
of the FWDs of D; and D». Therefore, as shown in Fig. 10(b)
and (¢), Eon, T34 and E;; p12 are similar for the device combinations
Al, B1, and CI and can be considerably reduced with SiC SBDs
(combinations A2, B2, C2, A3, and B3), i.e. the type of IGBT
used for T3 and T4 has only little influence on the achieved turn-
on losses. The IGBT selected for T3 and T4 mainly determines
the obtained turn-off losses, cf. Fig. 10(a): it is seen that the IBGT
optimized for speed yields minimum switching losses (e.g. Bl),
maximum switching losses result with the IGBT optimized for
low conduction losses (e.g. C1), and the losses obtained with the
considered RB-IGBT are in between (e.g. Al).

[C1] [AT] Cl
; ?Eoﬂ','l su/ml oo Eon3a / mJ BI| , Eqpi2/mJ
25 G355 €1 s
2 > A [AT] 5 A\ A2 2 1 1l [A2
s LT LA B2l 51 B2
; LB A fo2| T =) [e2
LA Ne2 r 1.7 B3 B3
0.5+ 0.5 e c3| 0.5 C3
B3] 057 lc3] c3]

0 0 ~ Q===

g
15253545 Iv/A 15253545 In/A 152535 45 Iw/A
(a) (b) (c)

[B1] [AT] [AT]

3 Eqgrri2 / m] B2| 3 Eqnri2/ m] 42| Ex3q/ m] 42|
25 "} |B3 25 ‘ ‘ Bl 25 B1

Cl ~-36% | |B2 B2

1§ I 1? Tl Ac1 12 ~50% | |1

: lc3) - B 1] A<

1 All 1P 2 B3| 1+ B B3

=~ _81°

0.5 A2| 0.5 4= _f,'_f‘l’-l lc3] 0.5 3]
0 — 0 == | — 0 -

15253545 Iw/A 15253545 In/A 15053545 Iw/A

(] O] ®

Fig. 10. Switching losses measured (A1, A2, A3) or estimated (B1, B2, B3,
C2, C3) for the different considered device combinations, different switch
currents Igw, Vge = 720V, and T; = 150°C: (a), (b) and (c) denote
the switching losses for rectifier mode of operation and (d), (e) and (f) the
switching losses for inverter mode of operation.

2) Inverter mode of operation: The turn-on losses of T and
T2, Eon,T12, and the reverse recovery losses of T3 and T4 (or the
FWDs of T3 and T4 in case of conventional IGBTs being used),
E:r 734, mainly depend on the devices considered for T3 and T4.
Thus, due to comparably high reverse recovery charges of the RB-
IGBTs, the values for Fon T12 and E,r T34, are considerably higher
for the configurations Al and A2 than for the configurations using
conventional IGBT/FWD modules (B1, B2, B3, C2, and C3), since
the use of faster and smaller chips allows for a reduction of the
reverse recovery charge of the employed FWDs. The turn-off losses
of Ty and T2, Eog 112 are to a large part caused by the tail currents
of Ty and Ty and are nearly independent of the type of IGBT
selected for T3 and Tjy.

D. Loss comparison results and discussion

The total semiconductor losses of three-phase 3LTTC with and
without the RB-IGBT are analyzed. In Fig.11(a) and (b), total
semiconductor losses of the 3LTTC are presented for operation in
the switching frequency range of 5 kHz to 35 kHz for rectifier and
inverter mode of operations, respectively.
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TABLE VL

DETERMINED FOR V3.0 = 720 V AND Tjo = 150 °C.

PARAMETER VALUES OF THE SWITCHING LOSS MODELS FOR THE DIFFERENT CONSIDERED DEVICE COMBINATIONS BEING

600 V IGBT (T3 and T4)
Eott 1ImI/A]l  Eott conss[MJ]  kg_;; | Eon,1[mJ/A]

1200V FWD (D; and D2)

Eon,const[mJ]  kE,, Err1[mI/A] - Eir const[ml] KEyr
Al 0.02 0.239 2.123 0.038 0.234 1.259 0.019 0.557 3573
Bl 0.014 0.139 1.192 0.035 0.221 1.416 0.023 0.559 3.139
Cl 0.03 0.417 1.006 0.036 0.235 1.331 0.024 0.581 3.434
A2 0.016 0.257 2448 0.017 -0.083 -0.026 0.003 0.083 0.024
B2 0.014 0.149 1.191 0.016 -0.092 -0.423 0.003 0.072 -0.184
C2 0.029 0.424 1.013 0.017 -0.094 0.146 0.002 0.078 -0.477
B3 Same as B2 Same as B2 Same as B2
C3 Same as C2 Same as C2 Same as C2
1200 V IGBT (T, and T2) 600 V Diode (T3 and T4)
Eotg,1ImI/A]  Eott const[mMJ]  kg_¢ | Eon,1ImI/A]  Eon,constml] kg, Eyp1[ml/A] Eiy const[mI] kg,
Al 0.038 0.563 0.598 0.032 0.364 1.767 0.013 0.418 1.779
Bl 0.046 0.371 0.919 0.021 0.11 2.396 0.008 0.08 2.424
Cl 0.045 0.383 0.929 0.022 0.121 1.946 0.009 0.141 1.85
A2 Same as Al Same as Al Same as Al
B2 Same as Bl Same as Bl Same as Bl
C2 Same as C1 Same as Cl Same as Cl
B2 0.045 0.364 0.919 0.006 -0.017 2.067 0 0 0
C2 0.044 0.376 0.929 0.007 -0.026 0.742 0 0 0
Sac = 20 kVA, ®4= 180 ) ' ) large switching loss reductions of E,. p12 and Eog T34 are achieved
(Rectifier mode of operation with unity power factor) as shown in Fig. 10(b) and (c). Again, the configuration with RB-
400 Prowat / W IGBTs, A2, also features lower total losses than configurations B2
With Si diode —Al and C2 (up to 71kHz) because of the reduced conduction losses
350 | for D;and D, gi achieved with the RB-IGBTs. No improvements are achieved with
——-A2 configurations B3 and C3 (SiC SBD in parallel to conventional
300 B2 IGBTs T3 and T4) in rectifier mode of operation, since the FWDs
250 -—-C2 of T3 and T4 generate no reverse recovery effects.
B3
-~ ~-- C3 . , .
200 = With SiC SBD — In inverter mode of operation, configuration A1l allows for lower
for D; and D, total losses than configurations B1 and C1 for switching frequencies
1505 10 15 20 55 30 35 S /' kHz up to 13 kHz in Fig. 11(b). In inverter mode of operation T3 and T4
(a) are subject to reverse recovery effects, which causes increased total
S, =20 kKVA, =0’ losses of configuration Al, i.e. configuration A1 shows higher values
ac s . .
(Inverter mode of operation with unity power factor) of Eyy 134 and Fon 12 than configurations B1 and Cl, cf. Fig. 10(e)
APou/ W and (f). In inverter mode of operation, with unity power factor, the
400 —2— T T —— X diodes D; and D2 do not contribute to the switching losses and
o — ——Al ; !
350 _Wl.th Sf R,B IGBT for T; and 1;;‘7/3 BI therefore, the losses calculated for the configurations A2, B2, and
With Si diode 1 L j/ | |—c1 C2, i.e. D1 and Dy are realized with SiC SBDs, are similar to the
| for Tyand T, }5 =2 | = — - AQ)

300

250

ez
fow = 13KH [ ZAT ) 28

|

Ty

= B3
200 /% With SiC SBD for - C3

AN
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(®)
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Fig. 11. Total loss comparison of three phase 3LTTCs for the eight different
device combinations listed in Tab. V operation with unity power factor, V' =
325V and I = 41 A: (a) result for rectifier mode of operation (dq = 180 °)
and (b) for inverter mode of operation (P4 = 0°). feross1 iS the crossover
frequency for total losses regarding Al and B1 (or Al and C1), feross2 is
the crossover frequency of Al and B3 (or Al and C3

In rectifier mode of operation, Fig. 11(a), the configuration with
RB-IGBTs, Al, shows lower total losses than B1 and C1, mainly
because T3 and T4 generate no reverse recovery effects in rectifier
mode of operation and, thus, the reduced conduction losses of the bi-
directional switch formed with RB-IGBTs directly facilitates lower
total losses. A detailed inspection reveals that configuration Bl
generates lower total switching losses than A1 which yields lowest
total losses configuration B1 at very high switching frequencies,
fsw > 69.4kHz. There, however, exceedingly high total losses
of more than 800 W render these solutions less suitable. Further
total loss reduction is achieved with SiC SBDs being used for Dy
and D». Due to zero reverse recovery charge from D; and Do,

losses calculated for the configurations A1, B1, and C1, respectively.
Further total loss reduction are calculated for configurations B3 and
C3 (SiC SBDs used for the FWDs of T3 and T4) for switching
frequencies greater than 8 kHz due to zero reverse recovery charge
from these SiC SBDs.

Fig. 12 depicts the loss distributions (conduction and switching
losses of all IGBTs and diodes) for assumed total semiconductor
losses of 500 W, which would yield an efficiency of 97.5 %. These
losses are equally distributed to rectifier and inverter, i.e. 250 W
each. Fig. 12 further shows the switching frequency achieved for
the assumed total semiconductor losses and for the different config-
urations. In rectifier mode of operation, Fig. 12(a), configuration A1l
shows lower total conduction losses and higher operating switching
frequency of 13.9kHz than configurations B1 (10.3kHz) and C1
(8.7kHz). Higher switching frequencies are achieved if D; and D2
are replaced by SiC SBDs, i.e. with configurations A2 (32.5 kHz),
B2 (25.2kHz), and C2 (15.8 kHz). There, the total conduction
losses are slightly higher than for configurations Al, B1, and C1
due to increased conduction losses of SiC SBDs, however, the
total switching losses are reduced due to zero reverse recovery
charge from D; and Ds. Configurations B3 and C3 show higher
conduction losses due to the SiC SBDs that are used to realize the
bi-directional switch; no further reduction of the switching losses
is achieved, though. Therefore, the operating switching frequencies
are lower than for configurations B2 and C2. Thus, for rectifier
mode of operation and assumed semiconductor losses of 250 W,
configurations A2, i.e. the use of SiC SBDs for D; and D> and
RB-IGBTSs, features the highest switching frequency.
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Fig. 12. Total conduction and switching loss distributions of three phase
3LTTC for the eight different configurations listed in Tab. V and for operation
with fixed total loss Piota1 = 250 W, unity power factor, V' = 325V
and I = 41 A: (a) results for rectifier mode of operation (&4 = 180 °)
and (b) inverter mode of operation (Pq = 0°). The red marks show the
operating switching frequencies determined for fixed total loss. P. 712, tot»
Pe pi12,tot and P 134,10t denote the total conduction losses of Ty and
T2, D1 and D2, and T3 and T4 (including the FWDs of T3 and Ty, if
applicable), respectively. Psw T12,tot> Psw,D12,t0t and Psyw T34, 0t are the
total switching losses of T'; and T2, D1 and D2, and T'3 and T4 (including
the FWDs of T3 and T4), respectively.

In inverter mode of operation, Fig.12(b), configuration Al
shows lower total conduction losses than configurations B1 and
C1, however, due to considerably higher switching losses, the
lowest operating switching frequency results for configuration Al.
The losses calculated for the configurations A2, B2, and C2 are
identical to the losses calculated for the configurations Al, BI,
and CI1 because in inverter mode of operation with unity power
factor neither conduction losses nor switching losses change if SiC
SBDs are used instead of Si diodes for D; and Ds. However,
configurations B3 and C3 allow for higher switching frequencies due
to the reduced total switching losses. For inverter mode of operation,
configuration C3 allows for the highest switching frequency of
19.7kHz. This is considerably less than the highest switching
frequency feasible for rectifier mode of operation (32.5 kHz), which
is due to the switching losses Eog, 12, generated by the IGBTs T
and Ts.

V. CONCLUSION

In this paper, the total semiconductor losses of three-level T-
type rectifier and inverter of a 20 kVA UPS system, are determined
for different realizations of the bi-directional switches, i.e. with and
without RB-IGBTs. In addition, the improvements feasible with SiC
SBDs being used instead of Si diodes are analyzed and evaluated
for 3LTTC topologies.

Comparison results show that the rectifier preferably employs
RB-IGBTs for the bi-directional switch (low conduction losses)
and SiC SBDs for the rectifier diodes (low switching losses). With
this, switching frequencies up to 32.5kHz are feasible for total
semiconductor losses of the rectifier of 250 W. In inverter mode

of operation with unity power factor, the converter configuration
with the bi-directional switch being realized with an anti-series
connection of standard IGBT/SiC SBD modules shows lowest total
losses for switching frequencies greater than 8 kHz and is, therefore,
considered most suitable. Still, further improvements of the RB-
IGBT, in particular with respect to reverse recovery effects in order
to reduce switching losses, e.g. by applying the latest generation’s
internal structure with life time control techniques, would change
the results obtained in this comparison and may render the RB-
IGBT better suitable for inverters based on the 3LTTC topology,
too.
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