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IGBT Series Connection With Soft Switching and
Power Recovery in Driver Power Supply

A. F. Guerrero-Guerrero
H. E. Tacca

Abstract—The emergence of applications which require high-
voltage switches has created a tendency to use semiconductor
device series stacks. These series stacks permit operation at
blocking voltages above semiconductor elements’ nominal voltage.
Insulated-gate bipolar transistors (IGBT) are currently utilized
for controllability and switching speed, when these topologies are
employed. The main challenge therewith is guaranteeing voltage
balance between IGBTs, both when blocked and when switching
transistors. Most of the methods which have been proposed to mit-
igate static and dynamic voltage unbalances increase transistor
losses. The series stack loss-less high voltage switch (LHVS) which
mitigates voltage unbalances, thus reducing switching losses, is
presented in this paper. LHVS consists of a circuit, which ensures
soft IGBT switching, an energy recovery circuit, and a gate delay
compensation circuit. Additionally, the insulation voltage level is
guaranteed to be equal between control circuit and high-voltage
side of each IGBT. The operating principle of the LHVS is de-
tailed in this paper, as is experimental validation which has been
performed for three series stack modules. Static unbalances are
reduced to 1%, while the differences between collector—emitter
voltage curves in switching “ON” do not surpass 8 ns, and switch-
ing losses are reduced by 41 %, as compared to the hard-switching
topology.

Index Terms—Driver circuits, insulated-gate bipolar transistors
(IGBT), snubbers, switching circuits, switching transients.

1. INTRODUCTION

EMAND for power electronic devices for applications
D such as rail traction [1] (voltages higher than 3 kV) and
high voltage dc transmission (voltages above 100 kV) is cur-
rently growing [2]. Devices for said applications require fully
controlled semiconductor devices with high nominal voltage
ratings. The devices available on the market, however, are
quite limited. Specifically, silicon devices, such as insulated-

Manuscript received November 1, 2018; revised January 18, 2019; accepted
March 7, 2019. Date of publication March 24, 2019; date of current version
September 6, 2019. This work was supported in part by the Universidad de
Buenos Aires with funds from the UBACYT 2014-17 20020130100840BA
project. Recommended for publication by Associate Editor W. Cao. (Corre-
sponding author: Andres Felipe Guerrero-Guerrero.)

A. F. Guerrero-Guerrero, A. J. Ustariz-Farfan, and E. A. Cano-Plata are with
the Department of Electrical, Electronic, and Computer Engineering, Univer-
sidad Nacional de Colombia, Manizales 170003, Colombia (e-mail: afguer-
rerog @unal.edu.co; ajustarizf @unal.edu.co; eacanopl @unal.edu.co).

H. E. Tacca is with the Depto. de Electronica, Facultad de Ingenieria,
Universidad de Buenos Aires, Buenos Aires C1063ACV, Argentina (e-mail:
htacca@fi.uba.ar).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2019.2907084

, Student Member, IEEE, A.J. Ustariz-Farfan
, Member, IEEE, and E. A. Cano-Plata

, Member, IEEE,
, Senior Member, IEEE

gate bipolar transistors (IGBT), have a 6.5-kV maximum oper-
ating voltage. Additionally, due to manufacturing restrictions,
devices with high operating nominal voltages have much higher
switching times than low-voltage devices [3], [4]. Series stacks
of semiconductor devices have been proposed to address these
limitations, as well as the requirements imposed by new applica-
tions [5]-[13]. These topologies are presented as an alternative
for applications with operation voltages above nominal silicon
device blockage voltages.

The greatest challenge with these topologies is simultane-
ous ON/OFF switching for all connected devices [5]. Initially,
identical gate control signals must be guaranteed, in order to
avoid delays between devices. Further, physical layouts, char-
acteristic similarities between connected devices, and operating
environment influence should be considered.

In the actual operating environment, the switch is exposed to
electromagnetic interference, switching noise, or external noise
[6], [7]. These sources produce gate control signal deformations
[5], [7]. Even small delays or differences between said signals
may generate significant differences in device voltage on the
power side. Likewise, devices may show parameter differences
between the three operating regions. These inconveniences are
reflected during device switching processes, when they cause
dynamic voltage unbalances. Static voltage unbalances may also
take place when devices are blocked.

Many topologies have been proposed to reduce voltage un-
balances [14]. Several techniques have been developed and clas-
sified into two categories [9]: high-voltage-side compensation
and gate-side compensation. The techniques in which elements
are added to the semiconductor device in parallel are grouped on
the high-voltage side. The most common varieties are passive
and active snubber networks [10], [15]-[17]. By using these ad-
ditional elements, the voltage change ratio in the switching tran-
sient is regulated, and balanced voltage is ensured for blocked
devices. Although these techniques are very robust and easy to
implement, they produce switching time increases and subse-
quent losses in the transistor as well as in the aggregate circuit
[18], [19].

The techniques developed on the gate side include dv/dt con-
trol, di/dt control [11], [12], high-precision gate driver synchro-
nization [20], and delay compensation [9], [21], among others
[13], [22], [23], and devices are controlled by means of gate
current injection. This category contains more complex circuits,
which showcase the limitations caused by sampling rates and
control signal processing, which lead to switching loss increases
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[9]. Switching losses predominantly occur at high frequency,
and tend to be the main cause of electronic power equipment
efficiency reduction [24]. The loss increases causes device tem-
perature to rise, which implies changes in the properties of the
semiconductor, and high risk of damage.

Considering the aforementioned drawbacks, this investiga-
tion proposes use of the loss-less high voltage switch (LHVS),
a new IGBT series stack topology. The LHVS topology was
devised for transistor series connections, in order to obtain op-
eration voltages greater than the nominal operation voltages
achieved with a single, commercially available device. LHVS
mitigates voltage unbalances, preserving the following condi-
tions.

1) Low IGBT switching losses.

2) Minimal or no losses in the circuit added to the high-

voltage side.

3) Balanced isolation voltage levels in IGBTSs between the

control circuit and the high-voltage side.

4) Transistors which are synchronized and controlled by way

of a single control signal.

This topology consists of a soft-switching circuit with volt-
age unbalance compensation, power recovery from the soft-
switching circuit to the IGBT driver power supply, and a delay
compensation circuit for the control signals on IGBT gates.

This document is organized as follows. Section II generally
describes the proposal, and Section III presents the modes of
operation of each module in the proposed topology LHVS. The
experimental design is presented in Section IV. Section V details
the results obtained via simulation, and experimental results
are shown in Section VI. Finally, conclusions are presented in
Section VII.

II. GENERAL DESCRIPTION OF THE PROPOSED
TorpoLoGY LHVS

In this topology, n IGBTs are integrated in series stacks, such
that they act as equivalent high-voltage switch, controlled by a
single gate signal. This proposal stems from issues encountered
in topologies produced by other authors.

1) Increase in IGBT transistor losses.

2) Losses in the aggregate compensation elements.

3) Limitations in the number of transistors that are in series

connections, owing to isolation problems.

4) Gate signal synchronization unbalances.

The starting point consisted of a topology with techniques for
high-voltage-side unbalance compensation. The main inconve-
nience with compensation techniques is the increase in IGBT
and added compensation circuit losses (Problems 1 and 2). Thus,
the present proposal stems from a system which mitigates unbal-
ances and simultaneously generates soft ON/OFF IGBT switching
(fewer transistor losses).

The compensation circuit added on the high-voltage side is a
non-dissipative network; an LCE snubber ensures soft switch-
ing to blocked, while a saturable reactor ensures soft IGBT
switching to ON. The energy that intervenes in the switching,
accumulated in the aggregated circuit, is routed toward the IGBT
gate driver supply source. The reactive components added have
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reduced volume. In Fig. 1, the elements added to the high-
voltage side of each IGBT are Cs;, Lg;1, Lgi2, and Dg;. The
added elements, together with the IGBT transistor, constitute
the module.

The next step consisted of ensuring that all IGBTs received the
same activation/blocking signal, such that they would act as an
equivalent transistor (electronic switch). From the second mod-
ule, the control signal must be isolated from the high-voltage
side, since the IGBT emitter of the upper modules is connected
to a floating point. The voltage in the IGBT emitter, located
in the upper module, is equal to the sum of the lower IGBT
voltages, plus the voltage in saturable reactors. Thus, the more
modules associated in series, the higher the level of isolation re-
quired between the control circuit and the high-voltage sides of
the upper modules. Under these conditions, the level of isolation
required in each module is proportional to its position within
the topology, which supposes a limit to the number of mod-
ules which may be connected (Problem 3). This limit is defined
by the maximum isolation voltage value of the isolation device
used. For this reason, in this paper, we propose a new power
supplies and signals connection from the gate drivers between
adjacent modules as shown in Fig. 1.

Therein, the isolated output for each IGBT driver Siggaei
(optoisolated gate driver) becomes the IGBT driver input to
the adjacent upper module Sig;, _(;41). The drivers are fed via
bidirectional isolated converters, which permit energy return
from the non-dissipative snubber. Following the IGBT driver
connection principle, the output of the isolated converters Vi out;
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adjacent module, and as such, the level of isolation voltage is
guaranteed to be at the same level between the control and
high-voltage sides, in each module. The isolation voltage level
for each module is given by the maximum collector—emitter
voltage withstood by each IGBT in the topology. This alternative
permits the connection of an unlimited number of modules in
series, without isolation level restrictions.

Propagation times for optoinsulated drivers [25], [26] cause
delays between the IGBT gate signals in each module. The
IGBTs in the lower modules receive activation or blocking sig-
nals more quickly than those of the upper modules (Problem 4).
This may produce sequential activation/blocking and increase
the switch’s equivalent electronic switching times, additionally
producing static/dynamic IGBT voltage unbalances. For this
reason, it was decided that gate control signal delays would
be compensated in each module (block between Sigq,ivei and
Sigsatei in Fig. 1). The aggregate circuit compensates for the
progressive accumulation of delays which are generated, owing
to optoinsulated driver propagation times in each module. This
alternative is classified within the gate-side compensation tech-
niques. In this case, it has been performed with analog circuits,
in order to lower both costs and the degree of implementation
complexity. With the add-on, the aggregate circuit compensates
for the initial delay value in each module. The differences in the
high-voltage side, which result from variations in propagations
times, owe to aging, temperature changes, and other optodriver
operation conditions [25], and are compensated via the LCE
snubber network.

The complete topology with n modules, after adding gate
delay compensation, is shown in Fig. 1. This definitive topology
is proposed in order to compensate for voltage unbalances, with
low IGBT switching losses and minimal losses in the added
circuit. The proposed topology can be made up of n series-
connected modules, which are activated/blocked synchronously
by means of a unique control signal. The modules are identical
and are made up of the following circuits.

1) Zero-current switching (ON)—zero-voltage switching
(OFF) soft-switching circuit and adjustment of voltage un-
balance (Cs;, Lgi1, Lgio, and Dg; elements in Fig. 1).

2) Energizing system of gate drivers with energy recovery:
made up of a bidirectional flyback converter, and dc—dc
post regulation converters.

3) Isolated driver of IGBT gate.

4) Gate delays compensating circuit (blocks between
Sigdrivei and Siggatei in Flg l)

The gate compensation circuit, contained in the blocks be-
tween Sigdyivei and Siggate; in Fig. 1,is shown in Fig. 2. Therein,
Sigdrive 1s the signal from the optodriver circuit, and Siggate 18
that of the circuit output with the applied delay.

The IGBTs activation/blocking delay is established by RC
circuits, in accordance with

taon = Rdoncd (l)
taoft = Raort Ca 2)

where 74, is the delay added to switching ON, and #g,¢
is that added to IGBT switching OFF. R4,, and Rg.g have
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Fig. 2.
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Fig. 3. Modes of operation for the LHVS topology.

10-92 resistance and a 100-{2 potentiometer, connected in se-
ries, and capacitor Cy has a capacitance value of 10 nF. In
order to synchronize IGBTs switching, the delays added in the
inferior modules must be greater than the upper modules ag-
gregates. After the RC circuit, a Schmitt-trigger with transistor
output is added, in order to ensure sufficient current to control
the IGBT gate. The IN5819 diode protects the TIP31C and
TIP32C transistors from inverse currents. The UF4007 diode
acts as protection from IGBT gate surges.

III. MODES OF OPERATION FOR THE PROPOSED
ToroLOGY LHVS

The topology proposed for IGBT series stack has a number
of different modes of operation, which are used in accordance
with the state of the diode and IGBT transistor in each module.
Each module in the topology has the same operation conditions,
for which reason, in this section, the modes of operation will be
described for one of them. Said modes of operation are shown
in Fig. 3.
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In this figure, the power supply of the IGBT is represented by
a constant voltage source, Vgoys-

Mode I (t < ty): Transistor and diode blocked [see Fig. 3(a)].
While the IGBT does not receive an activation signal, the equa-
tions which describe the circuit state are

irs11(t) =0 3)
iLs12(t) =0 4)
vest (t) = Ve )
vee(t) = Vee (6)

ic(t)=0 @)

Mode II (ty <t < t;): Transistor conducting, diode blocked
[see Fig. 3(b)]. Once the IGBT transistor receives the activation
signal, the voltage in capacitor Cis1; begins to decrease, while
inductor currents increase. Equations (8)—(11) describe variable
behavior: vog(t) will be equal to zero

: _ Vee .
stu(t) = \/ﬁ sin ((\/ 1/L511051)t) (8)
\% Ry
iLSlg(t) = RLLC (1—eLs12t> (9)
’chl(t) = Vo cos ((\/ 1/L311031) t) (10)
ic(t) = s (t) + ivsi2(t). (1)

The energy accumulated in Lgq; is delivered to source Vot .
The energy value recuperated from this source may be approx-
imated by the following equation:

1.
Wi = Sinsu () - [t2 — t1] - Veout 12

2

where f5 is the moment in time in which Lgi; discharges com-
pletely to Viout.-

Mode III (t; <t < t2): Transistor and diode conducting [see
Fig. 3(c)]. Voltage vcsi(7) decreases until reaching the —Vgy
value. As of that instant, Dg; enters begins conducting, and
makes way for new equations that define circuit behavior

_VEout

s (t) = Tom (t—t1) +irsii(th) (13)
insia(t) = ‘% (14)
UCSl(t) = _VEout (15)

ic(t) = iLsi2(t)- (16)

Mode IV (t2 < t < t3): Transistor conducting, diode blocked
[see Fig. 3(b)]. From f2, diode Dg; stops conducting, giving
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way to the following equations:

V out .
ivsin (t) = \/ﬁ sin ((\/1/L511051) t) 17)
Vi
iLs1a(t) = RLLC (18)
vost (1) = Viowcos ((v/1/Ls11Cs1 ) ) (19)
ic(t) =ivs1 (t) +ivsi2(t). (20)

Once the Lg;; inductor has discharged from the Vg, source,
diode Dg; is blocked. As of that instant, the blocking command
may be given to the IGBT.

Mode V (13 < t < t4): Transistor blocked, diode conducting
[see Fig. 3(d)]. With the blocking command, the collector—issuer
IGBT voltage begins to increase in the function of C's; capacitor
voltage. The equations which describe this circuit are shown as
follows:

irs11(t) =0 2D
irg12(t) = B1e'! 4+ ByeS?! (22)
v051(t) = Voo — B3651t — B4652t 23)
vee (t) = vest (t) + Veout (24)
where
G, = Ry, n ( Ry )2 _ 1
b2 2Ls12 2Ls12 Lg12Cs1
By = Vee S  , _Vee S
"T R, S-S R, 5 -5,
B. - _Vee 1+ R Cs15 ,,  Voec 1+ R Cs1S
T RCsi S-S ' RiCsi S8

In this new Dg; diode conduction interval, the energy trans-
ferred to the Vi, source is approximately equal to

oty
Wo=Veo [ lisia(0)=ic ®)dt. 25)
t3

Thus, the transference of energy to Vi, occurs until Cygy is
completely charged. With this condition fulfilled, diode Dg; is
blocked and makes way for a new switch functioning cycle.

Fig. 3 shows the modes of operation for each module con-
tained in the proposed topology.

InFig. 4, IGBT voltage and current waveforms, diode current,
Lgy, and Lg;9 inductor currents, and the voltage in capacitor
Cs1, in the different modes of operation, are shown.

IV. EXPERIMENTAL DESIGN

Considering that, in the proposed topology, IGBT gate de-
lay compensation is performed; the behavior described by the
modes of operation shown is generalized for all modules. By
way of the equations corresponding to each mode of operation,
it is possible to calculate the values of the passive compensation
circuit components added to the high-voltage side.
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Fig. 4. State variable waveforms, diode Dg; current, voltage, and current in
transistor T1 in the different modes of operation.

In accordance with (8) and (10), the oscillation frequency of
vesi (f) voltage signals and iy,g11(7) current is given by

1 1
2m V Lg11Cs1

If the time that an IGBT takes to begin conducting is a fourth
of the value of the period of the oscillating signal from circuit
LCE [16], the Lg11 value may be calculated using the equation

4T2,

T 2 C S1
where T,, is the time that the IGBT takes to begin conduct-
ing, Lg11; and Cls; are the inductor and snubber capacitor, re-
spectively. In Mode II, when the IGBT begins conducting, the
maximum value of the current generated from the snubber, and
which circulates via the IGBT is given by

ves1(0)

Imax - Zr (28)

L
7, — [Lsu
Cs1

ves1(0) is the voltage value of the capacitor, just instants
before the IGBT begins conducting, and is the capacitor’s max-
imum voltage value. If the series stack has n devices

fr= (26)

L = 27)

where

(29)

~ Vee

ves1(0) = " (30)

where V¢ is the value of the high-voltage source which will
feed the load, and n is the number of IGBTSs associated in series.
This, based upon (28)—(30), yields

- L511n2 12

C — max 31
S1 VCQC ( )
Given that the current generated by the LCE snubber pro-
duces losses, owing to IGBT transistor conduction, the value of
impedance Z, must be increased (as much as possible). This

either increases the value of Lg1; or reduces the value of Cg;.
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TABLE I
VALUES FOR THE PASSIVE COMPONENTS ADDED IN EACH MODULE

Lsii
13 uH

Lsi2
S uH

Csi
4.7 nF

In the first case, the energy returned through diode Dyg; is in-
creased, for which reason a diode with greater nominal current
must be used. Additionally, the greater Lg;;’s inductance value,
the greater the Mode III interval, which restricts the breadth of
the equivalent electronic switch’s minimum pulse. In the second
case, the capacitance value must be at least ten times greater
than the IGBT output capacitance, in order to generate soft
switching. For this reason, there is a compromise between Lg;
and C1.

The Lgio inductor calculation is based on the restriction
given by

(32)

Thus, it is guaranteed that the inductor becomes saturated
before the current that circulates via the IGBT reaches the load
current value. This permits soft “ON” switching, and guarantees
that, during said switching, there is no drop-in inductor volt-
age. Considering (27) and (31), and the restriction in (32), it is
possible to calculate Lg11, Lg12, and C'sy values.

In order to verify the function of the proposed topology, exper-
imental and simulation tests were performed, with three modules
connected in series. The tests were carried out with a V¢ oper-
ation voltage of 3 kV and a charge resistance Ry, of 100 Q. If the
operation voltage is divided ideally in the three modules when
the IGBTS are blocked, the maximum operation voltage of each
module is 1 kV. In Table I, the values obtained for Lg;1, Ls12,
and Cg; are shown, using a voltage of 1 kV for each module,
as well as a load current of 30 A.

For inductor design, the non-iterative method proposed by
Tacca was employed [27]. EE3015 and EE2005 cores were
used for Lgy; and Lgis, respectively. For Cgq, a metallized
polypropylene film capacitor with 1600-V rated voltage was
used. In a blocked state, the IGBT must support the voltage
given by (30), which corresponds to the maximum Clg; capac-
itor voltage value, 1 kV. The maximum current that circulates
via the IGBT is defined by the Vi /Ry, relationship. The IGBT
selected was an IRGPS60B 120KDP with 1.2-kV operation volt-
age and a 60-A current (even if higher voltage IGBT modules
exist nowadays, the features of the serial switch association may
be depicted using this lower voltage, in order to simplify the ex-
perimental bench working conditions). The maximum blocked
diode voltage is equal to that of the blocked IGBT, and max-
imum current value is deducted using the transferred energy
equations in (12) and (25). With the established conditions, the
diode selected was UF4007.

An FOD3184 was used to isolate signal controls between
modules, which presents a fpr,i; of 100 ns and fpyr, of 120 ns
as typical propagation time values, determined via experimen-
tation. For the initial delay compensation circuit adjustment, (1)
and (2) were used, equaling the propagation times accumulated
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Fig. 5.

TABLE II
DELAY TIMES ADDED TO EACH MODULE

module Raion Raofr Cu
I (lower) 20 Q 24 Q

2 10 Q 12Q 10 nF
3 (upper) 0 0

in each module, and Ry,, and Ry,g resistance values were ob-
tained for each module, as shown in Table II.

The data and components chosen in this section were used in
both the simulation tests and experimental implementation.

V. SIMULATION RESULTS

The simulation tests were performed with LTspice software,
the SPICE IGBT model used was supplied by the manufacturer,
and the remaining components were models included in the
simulation software. In this section, the results obtained from
the implementation of two test scenarios are shown.

1) Scenario no. 1: topology with RC circuit compensation.

2) Scenario no. 2: proposed topology LHVS.

In order to compare the two scenarios, a test was performed
with three modules. Therein, the static and dynamic voltage
unbalances were compared. The viability of the proposed topol-
ogy in the series stack of n IGBTs was verified by way of a
10-module test. Fig. 5(a) shows the topology with RC circuit
compensation (first test scenario). In this case, R and C values

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 12, DECEMBER 2019

Test scenarios implemented in LTspice. (a) Scenario no. 1. (b) Scenario no. 2.

from the snubber network for each module were: R = 100 €2 and
C = 3.3 nF. Fig. 5(b) shows the LHVS series stack topology
proposed herein (second test scenario).

For this test, a R;, = 100 €2 load resistance was used with a
3-kV feeding source, and a 25-kHz switching frequency. Con-
sidering the demands on the IGBT driver voltage isolation levels
in modules 2 and 3, the topologies for both scenarios use the
same gate driver connection system proposed in this paper.

A. Scenario No. 1: Topology With RC Circuit Compensation

Collector—emitter voltages in each IGBT were measured, in
order to verify both static and dynamic voltage unbalances. In all
scenarios, unbalances were verified both in ON/OFF switching,
and when devices are completely blocked.

Fig. 6 shows the collector—emitter voltage waveforms for each
of the IGBTS in the topology when switching “ON.”

There are differences in each device’s activation times, owing
to optocouple driver propagation time [25]. The collector-to-
emitter voltage levels achieved by the three IGBT transistors,
when switching “ON,” were superior to their nominal blockage
voltage values. In practice, these devices experience temperature
elevations and accelerated burnout if exposed to these operating
conditions.

Fig. 7 shows the collector—emitter voltage waveforms for each
IGBT when switching “blocked.” In this transition, the lower
IGBTs take higher voltage, as they are the first to receive the
deactivation signal. Said voltage unbalance is presented during
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1.3KV
1.1KV
0.9KV

Vce3

0.7KV Vce2

Vce1
0.5KV
0.3KV

0.1KV

-0.1KV

89.95ps 90.05ps 90.15ps 90.25us 90.35us 90.45ps

Fig. 6. Collector—emitter voltage for each IGBT when switching “ON” for
Scenario no. 1.

1.5KV

1.3KV

11KV Veet

0.9KV
Vce2
0.7KV

0.5KV Vce3

0.3KV
0.1KV

-0.1KV
74.70us 75.35us 76.00us 76.65us 77.30us 77.95us 78.60us 79.25us

Fig.7. Collector—emitter voltage for each IGBT when switching to “blocked”
for Scenario no. 1.

switching and remains when the devices are blocked. Under
real working conditions, IGBT 1 would immediately fail, as its
blockage voltage exceeds its nominal value.

B. Scenario No. 2: Proposed Topology LHVS

IGBT collector—emitter voltage waveforms when switching
“ON,” with the LHVS topology proposed, are shown in Fig. 8.
Via gate delay compensation, activation times may be adjusted,
until synchronized collector—emitter voltages are obtained.

Fig. 9 shows the collector—emitter voltages when changing to
“blocked,” for each IGBT. As in “ON” switching, an adjustment
is made via gate signal delay, such that the waveforms on the
high-voltage side are synchronized. Snubber capacitors ensure
that collector—emitter voltages are equal for each IGBT and may
permit small delays between deactivation signals.

As shown in Figs. 8 and 9, with the proposed LHVS topology,
activation/deactivation time synchronization was achieved in
the three modules. This is accomplished by way of activation
signals, independent from the “block™ signal adjustment. Fig. 9
shows an oscillation at the end of switching, which was caused
by the interaction between the LCE snubber inductor and the

11685

Vcel Vce2 Vce3

1.1KV

0.9KV

0.7KV

0.5KV

0.3KV

0.1KV

-0.1KV

89.99us 90.01ps 90.03pus 90.05pus 90.07us 90.09us

Fig. 8.  Collector—emitter voltages for each IGBT when switching “ON” with
LHVS topology proposed.
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-0.1KV

74.5us 75.5us 76.5us 77.5us 78.5us 79.5us

Fig.9. Collector—emitter voltage for each IGBT when switching to “blocked”
with LHVS topology proposed.
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Fig. 10.  Collector—emitter voltage of each IGBT when switching “ON,” ten

modules with LHVS topology proposed.

parasite capacitances of the Dg; diode and the IGBT T; in each
module, once this diode stopped conducing.

In order to demonstrate the functional viability of the topology
for series stack of n modules, a topology with ten modules was
implemented via simulation. Figs. 10 and 11 show the collector—
emitter voltages of the IGBT transistors when switching “ON”
and to “blocked,” respectively.
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Fig. 11. Collector-emitter voltage for each IGBT when switching to
“blocked,” ten modules with LHVS topology proposed.

The collector—emitter voltage in IGBTs presented ideal be-
havior; no differences were observed.

VI. EXPERIMENTAL RESULTS

In this section, the experimental tests that permit validation of
the real functioning of the proposed topology are implemented.
First, it is the comparison of the two scenarios, established via
simulation in Section V, in which a series stack with three mod-
ules was employed (see Fig. 5). Finally, compliance was verified
with the soft-switching condition via the measurement of volt-
age and current in an IGBT in one of the modules, and the energy
returned to the IGBT driver source was quantified. These tests
were performed with variations in load resistances. The source
of high voltage for the tests was a six-stage Greinacher multi-
plier. Each stage consisted of 1100-uF capacitors, and multiplier
maximum output voltage was 3 kV [28].

Measurements were taken with a Fluke 192 scopometer, and
Fluke VP200 voltage probes were utilized. For the measure-
ment of voltages above 1 kV, P6015A and P5100A voltage
probes from Tektronix were employed. Current measurements
were taken with the CP6990 Elditest probe. Owing to limita-
tions in the number of the measurement channels (only in two
channels), voltage unbalances were verified by taking collector—
emitter voltages from two IGBTs, simultaneously. The proto-
type for this constructed topology consists of three identical,
series-associated modules. The prototype has points which pro-
vide access to both voltage and current measurements for the
various elements which compose it. The constructed topology
prototype is shown in Fig. 12.

A. Scenario No. 1: Topology With RC Circuit Compensation

With the goal of IGBTSs being found in safe operation ranges,
the maximum operating voltage was 580 V in this scenario. The
IGBT collector—emitter voltages were measured during switch-
ing to “ON”" and “blocked.” Fig. 13 shows the collector—emitter
voltage signals from IGBT 1, IGBT 2, and IGBT 3 when switch-
ing “ON.” In Fig. 13(a), prior to switching, and with blocked de-
vices, observe that IGBT 2’s collector—emitter voltage is lower
than that of IGBT 1.

The difference between these voltages in “blocked” state was
33%. During switching, IGBT 2 experiences a momentaneous
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Fig. 12.  Constructed topology LHVS with three-module series stack.
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Fig. 13.  Collector—emitter voltage vc (¢) for Scenario no. 1 when switching
“ON”: (a) IGBT 1 (channel A) and IGBT 2 (channel B), and (b) IGBT 1 (channel
A) and IGBT 3 (channel B).

surge, owing to the effect of the conducting start signal delay.
During IGBT 1’s switching, IGBT 2’s voltage increased by 35%
over the initial blocked value. In Fig. 13(b), observe the very
low collector—emitter voltage in IGBT 3 (approximately 70 V),
while the devices were blocked. After IGBT 1 began conduction,
the collector—emitter voltage in IGBT 3 was momentarily ele-
vated before its conducting initiation. The voltage elevation in
IGBTs 2 and 3 makes series connections with superior operation
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Fig. 14.  Collector-emitter voltage vc (¢) for Scenario no. 1 when switching
to “blocked”: (a) IGBT 1 (channel A) and IGBT 2 (channel B), and (b) IGBT 1
(channel A) and IGBT 3 (channel B).

voltage levels inviable. On the other hand, IGBT 3’s functioning
was unacceptable, as the voltage difference in “blocked” state,
between it and IGBT 1, was 77%.

Fig. 14 shows the collector—emitter voltage signals for IGBT
1, IGBT 2, and IGBT 3 when switching to “blocked.”

In Fig. 14, the collector—emitter voltage in IGBT 1 grows
exponentially, taking a number of microseconds to attain its
maximum voltage value. A similar behavior was observed in
the collector—emitter voltage of IGBT 2 and IGBT 3, with the
difference of “blocked’ times, given by the optoinsulated driver
propagation times. IGBT 2 and IGBT 3 attain collector—emitter
voltage lower than IGBT 1. The static unbalance present is ele-
vated, at 33% between IGBT 1 and IGBT 2, and at 77% between
IGBT 1 and IGBT 3. This topology is not viable for applica-
tion, owing to the elevated voltage unbalances between devices.
Increases in the value of capacitance in the RC snubber net-
work permit the reduction in the unbalance percentage of static
voltage. However, the energy dissipated in resistance would in-
crease, and so the efficiency of the equivalent electronic switch
would decrease.

B. Scenario No. 2: Proposed Topology LHVS

In this scenario, the functionality of the topology LHVS
is verified. For the tests, multiplier output voltage (Vo) was
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B=200 U
(b)

Fig. 15.  Collector—emitter voltage v g (1) for LHVS topology proposed when
switching “ON"": (a) IGBT 1 (channel A) and IGBT 2 (channel B), and (b) IGBT
1 (channel A) and IGBT 3 (channel B).

increased to 3 kV. Fig. 15 shows collector—emitter voltage sig-
nals in IGBTs 1, 2, and 3, when switching “ON.”

InFig. 15,IGBT collector—emitter voltages are approximately
equal in the instants prior to switching. There is a difference of
5 ns in the switching “ON” transition, but this condition does not
cause a surge in any of the IGBTs. A small-time difference is ob-
served, owing to an IGBT 1 voltage oscillation at the beginning
and end of the switching process.

Fig. 16 shows the collector—emitter voltage waves for IGBT
1, IGBT 2, and IGBT 3 as they pass to the “blocked” state.
Here, voltage waves present oscillations during switching.
However, the three IGBTs had voltage values that are ap-
proximately the same when “blocked.” Despite the small-time
difference in switching slope, none of the devices experienced
a surge. In the experimental results, a good decrease in static
and dynamic voltage unbalances is observed. The difference
between collector—emitter voltages in the “blocked” state was
1%. The switching transition presents momentary differences,
which do not affect the general functioning of the equivalent
electronic switch. When tests with different feeding voltage
values were performed, there was an increase in switching for
oscillations, as the voltage increases. In the worst case, the os-
cillations did not generate differences greater than 8 ns between
IGBTs.
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Fig. 16.  Collector—emitter voltage vc g (f) for LHVS topology proposed when
switching to “blocked”: (a) IGBT 1 (channel A) and IGBT 2 (channel B), and
(b) IGBT 1 (channel A) and IGBT 3 (channel B).
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Fig. 17. Feeder voltage Vo variation versus delay time variation between

collector—emitter voltage curves.

In order to have control over the differences in collector—
emitter voltages during switching, a measurement of the maxi-
mum time differences between IGBT collector—emitter voltage
curves was performed when feeder voltage V¢ changes were
made. Fig. 17 shows the voltage unbalance tendency variation
given as a delay between IGBT transistor collector—emitter volt-
age signals.

Fig. 17 shows a tendency toward growth of this difference
as voltage increases. As shown, in the experimental implemen-
tation, it was possible to adjust this value to a maximum of
8 ns.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 12, DECEMBER 2019

(b)

Fig. 18.  Collector—emitter voltage (channel B) and collector current (channel
A) from IGBT in Module 1. (a) Switching “on.” (b) Switching to “blocked”
state.

C. Switching Loss Reduction

In this section, the results obtained from the voltage and
current measurements for each IGBT are shown. Results initially
are shown for a load resistance of R; = 100 €. Finally, results
obtained with load resistance variations are shown, and loss
reduction percentages were measured using the topology with
hard switching and resistive load as a reference. The collector—
emitter voltage and collector current curves of IGBT 1, during
switching “ON” and switching to “blocked” state are shown in
Fig. 18.

The saturable inductor regulates the slope of the IGBT con-
ducting current while the voltage decreases to zero. This effect
produces a switching with very low IGBT losses during “on”
initiation. When switching to “blocked” state, collector—emitter
voltage grows, in function of the non-dissipative snubber net-
work capacitor voltage, while the collector current decreases
in function of saturable inductor current. The current decreases
rapidly, owing to initial inductor saturation condition. When the
current decreases by approximately 70% of its maximum value,
the inductor emerges from saturation. The evolution of the cur-
rent during the switching “off” is also affected by the IGBT tail
current. The behaviors mentioned are seen equally in IGBT 2
and IGBT 3 voltages and currents.

In order to clearly determine the softness or hardness
of the switching performed, using the MATLAB software,
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Fig. 19.  Collector-emitter voltage versus collector current in IGBT 1 when

switching “ON.”
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Fig. 20.  Collector—emitter voltage versus collector current in IGBT 1 when

switching to the “blocked” state.

experimental voltage and current curves were created for
IGBTs during switching, in this case, with a resistive load.
In Fig. 19, the up current voltage curve for IGBT 1 is shown
while switching “ON”, and in Fig. 20, the up current voltage
curve while switching “OFF” is shown. The black-dotted line
indicates the curve for a purely soft switch and has been marked
in order to establish a reference. The solid black line indicates
the curve for an ideal hard switch, with a resistive load, and the
black-dashed line indicates the curve for an ideal hard switch,
with an inductive load.

In an ideally soft switch, the curve is situated on the zero
voltage and current axes. In Fig. 19, LHVS topology shows a
curve with a tendency similar to its reference, which displays
the reduction in switching losses. This reduction amounts to
75%. When switching to “blocked” state (see Fig. 20), the dia-
gram represents switching which is not entirely soft. However,
a considerable loss reduction is achieved when switching (ap-
proximately 10%).

The black-dashed line in Figs. 19 and 20 (hard switching with
inductive load) delimits an area greater than the other cases,
which implies greater losses. Said losses are at least three times
greater than in hard switching with resistive loads [29]. In this
paper, experimental comparison was performed with a resistive
load, with which an improvement in the classic advantageous
scenario is demonstrated.
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Load resistance variation versus IGBT 1 “blocked” switching loss

This topology presents reduced switching losses owing to
the soft-switching condition in the IGBTs. The reduction in
switching losses permits the equivalent switch to operate at
elevated frequencies.

In order to verify the switching condition of LHVS topology,
with respect to the load resistance value, a variation of this
parameter was performed, and the dissipated energy values were
compared to the hard-switching topology. The energy values
were calculated with MATLAB by way of IGBT voltage and
current signals while switching. Fig. 21 shows the tendency for
load resistance variation compared to the “ON” switching loss
reduction percentage.

A tendency toward switching loss increases compared to the
load resistance value is observed. With the maximum load re-
sistance value, the loss reduction is acceptable (approximately
50%). In Fig. 22, observe the IGBT “blocked” switching loss
reduction of the proposed topology LHVS with load resistance
variation.

In accordance with Fig. 22, as the resistance value of the load
R, increased, IGBT losses decreased. This decrease is due to
the dependence of the IGBT collector—emitter voltage slope on
load resistance. The higher the load resistance, the greater the
constant of non-dissipative snubber network capacitor charge
time. As such, the IGBT took longer to switch to the “blocked”
state. When the load resistance variation was performed and
total losses were quantified, it was found that, as resistance
increased, losses in the proposed topology increased as well.
The percentage of loss reduction changed from a value of 41%
with Ry = 100 € to a value of 31% with Ry = 1 k).

D. Energy Recovery

In order to verify energy recovery from the non-dissipative
snubber to the converter which feeds the IGBT driver, the current
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Fig. 23.  Current in diode Dg; (channel A) and collector—emitter voltage in
IGBT 1 (channel B).

Energy recovery vs RL

2220 T T T T
22170 :
>
=
2 2120 1
L

2070 . - . .

100 300 500 700 900
Resistance [(2]

Fig. 24. Load resistance variation versus energy returned to the gate driver

source.

was measured in diodes Dg1, Dgo, and Dgs. Fig. 23 shows the
collector—emitter voltage in IGBT 1 and the current in diode
Dg; (Module 1).

Fig. 23 verifies that the IGBT conduction time is limited by
Flyback (VEout) converter inductor discharge time. This limita-
tion restricts the value of the duty cycle and/or equivalent switch
operation frequency. The energy recuperated when switching to
“blocked” state depends on the load resistance value, and so,
variation tests were performed with this parameter. The results
obtained are those shown in Fig. 24, with load resistance R},
variations of between 100 and 1 k€.

In accordance with Fig. 24, as load resistance value increases,
the energy returned decreases in a lesser proportion. This is
because the load resistance value only influences energy transfer
in the “blocking” step. The energy transferred when switching to
“blocked” state is quite low compared to that transferred while
the IGBT is conducting.

Considering that the power required by an IGBT gate driver
is 2 W, with a 2-kHz switching frequency, the energy returned
would be sufficient to feed driver supply sources. The energy
recuperated from the soft-switching circuit may be used to
recharge a feeder battery for the IGBT gate driver circuit.

VII. CONCLUSION

By focusing on the shortcomings of the topologies proposed
by other authors, and on loss minimization, a new topology
for series IGBT transistor stack was implemented. The main
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advantages of this topology include loss reduction in the static
and dynamic voltage unbalance correction circuit.

Via the experimental test prototype, the proposed topology’s
performance was verified. A decrease in static voltage unbal-
ances, to 1%, was demonstrated. In terms of dynamic unbal-
ances, the difference between collector—emitter voltage signals,
when switching “ON,” do not surpass 8 ns.

The IGBT soft-switching topology condition was experimen-
tally validated, by way of load resistance R; value variation.
For a value of R; = 100 (2, loss reduction was 42%, while for
a value of Ry, = 1 k(), the losses were reduced by 31%.

The energy directed toward the driver feeder circuit was also
quantified. With a resistance value in the 100-(2 load and a max-
imum operation voltage, with a switching frequency of 2 kHz,
the energy recuperated was sufficient to feed the gate driver
circuit.

The conduction time for each IGBT was limited by the dis-
charge time of the non-dissipative snubber inductor on the Fly-
back secondary positive converter output in each module. This
behavior occurred in all modules. Minimum conduction time de-
termined the frequency and maximum duty cycle for the equiv-
alent electronic switch.
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