Event Driven Control of Voltage and Current Gradients of Medium Voltage IGBTs

Abstract — Medium voltage IGBTSs are fast switching de- o ll—

vices that require low gate drive power. They inherently gen- IL" ?ZS?ID R
erate high voltage and current gradients during switching b L
transitions. These are generally limited by retarding the chan- Ud| == id'
ges of the gate charge. Additional gate resistors are usually u {\ FH ] T
installed for this purpose. The drawback is high switching loss- @—|5¢ = H L'_CJ ] )
es. o— AKV Lo T Ic

A novel method is described in this paper that aims at con- a) \L ™ - 600 A
trolling the voltage and current gradients during switching T 2 [ 400
transitions. The gate charge of the input MOS device is con- Uce ) \ |Uce] 200
trolled by injected gate currents. These follow particular com- b) 0 ] \E 0
mand functions that are predefined and stored in a memory.
The method requires reacting within microseconds which tra- 4kV o
ditional closed loop control cannot do. Specific time events Y 600 A
are therefore defined to trigger the respective command func- T 2 \ // Ejﬂ 400
tion. These functions depend on the instantaneous values of Up ‘ ff ] 200 T
the collector current or the collector-emitter voltage, variables 0 U e 0 Ip
that are identified without delay, knowing their predefined } lipl ~-200
gradients and counting the time from the respective event to ”

s -400
reach their final values. C) 0 4 \) 8 12 16 20us
Experimental results show the performance of event driv- t—

en control. Low current and voltage gradients are enforced Fig- 1 Commutation waveforms: a) equivalent circuit, b) IBGT wave-
while the switching losses are reduced forms, c) diode waveforms. Device losses occur in the blue regions.

- insulation stress on the stator windings,

[. INTRODUCTION It due to t li i th ) bl
Integrated gate bipolar transistors (IGBTs) are the preferred overvoiltages due fo travelling waves in the motor cable,

power semiconductor devices used for medium voltage in- generation of bear_m_g_ currents,
verters. Their fast switching transients are controlled through’ poor EMC compatibility.

a MOS gate which requires only low control power. TypicalHigh current gradiens entail
applications are speed variable ac machine drives in the up= high IGBT losses at turn on,
per megawatt range. - high diode losses at turn off.

The maximum ratings of presently available medium volt- The_ effect of high current gradients is visualized' in the com-
age IGBTs ar&Jeg max = 6.5 KV andc max = 750 A. These mutation Waveformﬁlg. 1. Blue areas mark the regions where
high values cause considerable device losses during switegses of IGBT and diode occur. The diode reverse recovery
ing transitions. Medium voltage inverters must be therefdtdrrent of high amplitude reflects also on the IBGT.
operated at low switching frequencies of only few hundredVoltage and current gradients are conventionally limited
Hertz in order to restrain the switching losses to tolerable |&).inserting an additional resistor at the gate terminal [5], [6].
els [1]. Optimal pulsewidth modulation technics are then apPe resistor delays the gradient of the gate voltage, and con-
plied to keep the harmonic current distortion low. This c&gduently the respective gradients of the collector emitter volt-
be achieved by synchronous optimal pulsewidth modulati®f€ and the collector current. Values of about 1uk\dnd
[2], or alternatively by predictive current control [3]. An ad kA/us are a common target. The trade-off is higher com-
ditional option is using multilevel inverter topologies that ifnutation losses.
herently produce lower current distortion [4]. octoFig- 2shows that a current gradient of 2.7 k&t turn on

While these methods provide low harmonic distortion §t2ds to device losses of 3.2 Ws per commutation. A voltage
low switching frequency, two major problems that relates@i§@dient of 1 kViis at turn off produces 4.8 Ws per commu-

the switching transitions remain unsolved: e-fagion, Fig. 3. An inverter operating dt = 200 Hz switching

.0 .
« High voltage gradierg entail ﬁequency then generates losses of 15 kW per device. Heat
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Fig. 2 Turn-on performance with different gate resifys Fig. 3 Turn-off performance with different gate resitBgs

dissipation becomes a problem such that the capability of gets its dynamic behavior. Symbols displaying the step re-
devices cannot be fully utilized. Operating at high gradierdponse are used here for characterization.

requiers installing expensive output filters to protect the mo-The input variable in Fig. 4(b) is the gate-emitter voltage
tor against switching overvoltages and bearing currents [4gg and the output variable is the collector curigntwhen

Analytical models have been used to investigate the switghpositive step aficg is applied, the gate-emitter-capacitance
ing properties of IGBTs and to control the voltage gradie@t gets charged and the gate-emitter voltagg starts in-

[6]. The interactions between the gate drive and the deviteasing. Eventually will this voltage reach the threshold volt-
are described in [8]. The results in [5, 6, 8] refer to low volégeuy, shown in Fig. 4(a). The collector currdatthen be-
age IGBTs that operate at high switching frequencies. Thgiys to rise. The IGBT acts as a voltage controlled device in
are not applicable to medium voltage devices. this mode.

The method described in this paper aims at controlling theThe dynamic properties of the IGBT are derived from the
voltage and current gradients during switching transitions agguivalent circuifFig. 5. The gate control signal acts upon a
make them to follow predefined reference values while $fOSFET structure which is the input device. The MOSFET
multaneously reducing the switching losses. generates the base current of a bipolar transistor which is the

Il. IGBT DYNAMICS output dgvice. A dglay occurs during this process While the

IGBTs are conventionally described by a static model gate-emitter capacitanse gets charged through the inter-

nal gate resistoRg i, Further delay occurs until the base-

shown inFig. 4(a). The signal flow graph Fig. 3(b) FePT® e mitter voltageaugg has reached the threshold leugl Only
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behavior at gatgoltagecontrol, and (c) at gatehargecontrol ) ) .
Fig. 6 Turn on process with a voltage ramgr applied

then starts the bipolar transistor conducting. A sequence@@id changes during a switching process results in a fast vari-
mutually coupled nonlinear reactions follows: the collecto@tion ofCgc. The dependency

emitter v_oItageuCE drops rapidly, which add_s to the g_ate cur- Coc = f(UCE) 1)

rent a displacement current throu@gc. This capacitance

changes as the collector-emitter voltagg changes. The cur-is one of the causes that make the switching dynamics non-
rent gain of the bipolar transistor depends on the magnitdi@é€ar. Further nonlinear properties are summarized in the
of the collector current. It is schematically indicated by tHellowing.

step response Fig. 4(c) that the IGBT behaves as a nonline@n internal displacement currenﬁieh caused by chan-
higher order oscillatory system.

Earlier investigations of the authors have demonstrated t3&¢ CfUcE iS injected into the gate through the gate-collector
a low voltage gradient of 0.6 k\& can be achieved withoutt@Pacitanc€gc
increasing the switching losses [9]. The IGBT was turned on
by a ramp-shaped gate voltage having two different gradients
as shown irFig. 6. The response shows that the gate current
i temporarily reduces when the negative gradient of the c’%p G|2
lector-emitter voltage appears. The effect is owed to a digsplacement current throu@rg
placement current that is internally injected into the gate _ duce
through the gate-collector capacitar@gc. The result sug- Aig5=Cog g (3
gests that further research could be worthwhile.

The analysis starts with looking into the IGBT dynamic&"d hence
during switching_transit_ions. _The gate currda@tis_consid— ig £ ig* (4)
ered the controlling variablésig. 7 shows the device in the o
blocking state where the magnitude of the collector-emiti¥fréic" is the commanded gate current.
voltageucg determines the width of the depletion region. This ]
voltage thus controls the gate-collector capacitaigg. Its SIO | G

Digy=Coc g (2)

other componenf\i .|, that adds to the gate current is the

[ C
Cl pt-emitter
~
depletion region
Uce
N-base
| n*buffer
+ug Ccs p-collector
E Fig. 7 Structure of an IGBT

. . - The width of the depletion region depend&/pg
Fig.5 IGBT quivalent circuit



Fig. 11 Command function at voltage gradient control
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Fig. 9 Command functions
The gate curreng changes the gate chai@g in the course

of time
identified by measurement. The results serve to deriving the

1 . .
e o command functions for gradient control.
QG CGE IIGdt (5) 9

I1l. EVENT-TRIGGERED CONTROL
which introduces another nonlinearitysg is the gate-emit- 3.1 Extraction of the command funtions
ter capacitance. Note that it is tgate chargethat deter-  The dynamic properties of the IGBT are measured, sub-
mines the state of conduction of the MOSFET, notga® jecting the device to a transient condition. A gate current step

voltage is applied of constant amplitudg =1 Amp. Recorded from
Finally is the current gaig of the bipolar transistor a non-the response are the signals

linear function of the collector current. di~ /it
c

ic

B - f(IC) (6) gm(IC) = CGC (7)

Equations (1) through (6) describe the nonlinear dynamasown inFig. 8(a), and
of a medium voltage IGBT. They form part of an algorithm i
to control the dynamic behavior during the switching process. “duce/dt - f(ucg) (8)
It is obvious that using the static characteristics alone would
not lead to improvement. It is the internal feedback expres§&@wn inFig. 8(b).
by (1), (2), (3) and (5) that makes the IGBT a higher-ordersmce the external gate current is kept constant, it is only

dynamic system. the displacement currermiG|1 throughCg¢ that changes

Operating the IBGT by gate charge control instead of gate
P g y g g g% ing the transient. Hence the acquired signal (7) permits

voltage control is the basis of a novel method presen 2. .
Identifying the gate-cathode capacitance

here.The strategy is controlling
e atturnon: Aig 1(t)

first the current gradierttic/dt Coct) = ducg/dt ©)

and subsequently the voltage gradientg/dt, Both the left side term and the right side term of this equation
e at turn off: figure at the ordinate axis in Fig. 8(b).

first the voltage gradiertucg/dt )

and subsequently the current gradieipt/dt. 3.2 Event driven control at turn on

Th i dient diusted b defined Following the turn-on command, the gate current is forced
€ respective gradients are adjusted by predetine C%nl'g = 2 A to let the gate charge increase until the emitter

mqnd .functio.ns. A co.nst.raint Is t.h.at IGBTs are very f.agBItageuGE has reached the threshold voltagg This pro-
switching devices. Switching transitions are completed wit &ss lasts throughout

in fractions of a microsecond. The required bandwidth for gate
charge control is therefore in the Megahertz range. Traditional Aty = QG_(Uth)
methods would not be suited for closed loop control. Event- 1 I

triggered gate charge control is used instead. The controlliggich interval depends on the amount of gate ch@xg¢hat
variable is the gate current, derived from command functiong device needs to get controllablt; is a device depen-

that are addressed by the actual dynamic state of the deig@it constant interval that triggers event 1 after completion.
The dynamic properties of the respective type of IGBT are

(10)



control first: Cgtc  then: % control first; % then: C:jl—tc 5
2A f T ‘ 20V T 20V
T e o] N N T
ic | /‘k"’“@\m ) t |\ UGE
“"7““”‘““f:‘il“““““‘ OT [ I o 0 I ‘“ﬁ"wum = 0
, : we | i)l 1 ii \z
: i T‘ I
C -20 _ - -
0 |y 5 t—= | 10ps Ao 5 t—w 1op§0
A~ — Aty At
turn on: \j At variables turn on ) y Vegle%tlees
event 1: Aty Y 0 settle event1: Aty ! )
Io(t Ug(t
t2: Aty(lc) =~ t 2: Aty (Ug) =
e Al ey v O
: Aty(ug) =——14 t3: =—C
event 3: At3(Ug) (e /O event 3: At (I¢) @ic/d)®
Fig. 10 Event-triggered control at turn on Fig. 11 Event-triggered control at turn off
From this point on the device is controllable. value (ice-gradient), uce(t) is computed as
The gate current reference for current gradient control is Uce(t) = (duCE/dt)*mt3(uCE) (14)

now obtained from (7) as , , . .
where Atz(ucp) is the time required foucg(t) to reach its

i =-#Cec(3;7° final value, which is the dc link voltagey, and Ats(ug) =
Im(ic (1)) ug(t)/(ducg/dt)* is the voltage gradient commandts marks

This signal is computed from the measured characterisdigent 3 at which the voltage ramp is completed. A small

Fig. 8(a). It defines the command functidfig. 9(a) that is residual value is then produced by the command function. It

stored in a memory. The capacitan€gc in (11) has a |ets the gate voltage rise to its maximum final value, the

constant value since the collector-emittervoltage rests source voltage of the drive circuit. The gate current decays to

near the dc link voltagey at current gradient control. Thezero while the gate-emitter voltage approaches the full source

value ofCg(ug) is available afig. 8(b) with the transient yoltage of the drive circuit: the device is locked in its con-
oscillations neglected. ducting state.

The argumenic(t) in (11) varies rapidly during a switch-
ing transient. Measuring its instantaneous value is therefdr
not possible. A command valuig-{gradient) is defined onto
which the current trajectory is made to follow. The trajectoF
ic(t) is computed as

ic(t) = (dig/dt) Tty(1,) 12)
It lasts until Aty(1c) where Aty(Ic) = 1(t)/(dic/dt* is the
time required fori c(t) to reach its maximum valulg; and
(dic/dt)* is the current gradient commandiy(lc) marks . .
event 2 at which the current ramp is completed. The vaftit“® withucg(t), being comE)uted as
I(t) is obtained by measurement since it remains almost Uce () = (ducg/dt) Mty(ug) (15)

constant withindt,. Control of the voltage gradient is subsgghere fucg/dty* is the voltage gradient command aig(uy)

quently initiated. o is the time required fancg(t) to reach its final valuey. At
The oscillations at the end of the commutatiofim 8(b) arks event 2 at which the voltage ramp is completed.

are neglected to obtain the clean reference value profilgsgntrol of the current gradient follows. Gate current refer-

(11)

3 Event driven control at turn off
Upon receiving the turn-off command, the gate current is
rced toig = —2 A to let the gate discharge the gate until the
mitter voltageugg has come down to the threshold voltage
Uth- At is a device dependent constant interval that triggers
event 1 after completion. From this point on the device is con-
trollable.
Gradient control at turn off starts with controlling the volt-
age gradient. Equation (13) determines the gate current refer-

ig*(uCE) for voltage gradient control, shown in Figb®. It
serves as command function

ig" = f(uce(®)
at voltage gradient control and is stored in a table.

but since the voltage gradient strictly follows its commar@nt reduces to zero, and the device is blocked.

(13)

ence (10) is used ang(t) is computed as
ic(t) = (dic/dt) Tta(1c)
Event 3 at which the current ramp is completed is given as

The argumenticg(t) of (13) undergoes rapid changes dudtalic) = IC(t)/(diC/Qt)*. The current reference is now set to
ing a switching transient. It cannot obtained by measuremengA- The gate-emitter voltage then decreases, the gate cur-

(16)



4 kV - ,A\ ‘ The sequence of events at turn on is showsign 10. Fol-
T 3 I/ rUc_Ei lowing the turn-on command, the gate current is forced to
Uce // [ | ig =2 Ato let the gate charge increase until the emitter volt-
600 - 2t / NEEE FE W . ageugg has reached the threshold voltgge This process
T A 1 ///; o lasts throughout
/ f C
e Lol LA/ N ty = %) o)
T 3kVius T which interval depends on the amount of gate ch@xgéhat
2 f the device needs to get controllabl; is a device depen-
duce e dent constant interval that triggers Event 1 whejg has
dt L A M VA 1 come up to the source voltage of the drive circuit. From this
0- eyl point on the device is controllable. The gate current is then
'-T read from the stored command function Fig. 9(a). While the
-1 gate charge continues increasing, the collector current starts
2kAlus T ramping up. It is kept at the desired gradiéigy/dt = const.
T T according to (17).
dic 1 1 The command function Fig. 9(a) is addressed by variable
Tt 0 iy ic(t), which is computed from (12) to evade time the delays
1 I \ associated to measurement. Depending on the actual range of
T hY ic(t), only portions of the characteristics Fig. 9 are used to
-2 - address the respective gate current through the time-varying
4 MW . abscissae variable.
T T Event 2 is computed adig/dt)* -At, where @ic/dt)* is the
=3 command value (17) amtt counts the time starting from zero
2 7//“ - at event 1. Event 2 terminates the range of current gradient
Wi \ control when the collector current has reached the current level
// 7/ Ic of the external load. Sindg changes only slowly a mea-
0 = — k\y sured value can be used.
T 6Ws Hs The fly-back diode has now changed to the blocking mode.
E 1 Its forward voltage starts increasing while the diode capaci-
off 4 T — 1.5 tance gets charged. The voltage gradient is actively controlled
3 TR U DU P ;;;;:ﬂ//(;; T 3 by the IGBT through its gate current reference (18) referring
g4 to the command function Fig. 9(b). The time interxdéd to
0 0 5 10 reach Event 3 is computed ahJ&E/dt)*AF where QUCE/dt)*
{—» HS " is the command value antt counts the time starting at event

2. Event 3 sets the end to this process when the collector-emit-
ter voltage has reached the leug(t)/(ducg/dt)* whereug(t)
is the measured dc link voltage artifg/dt)* is the com-
mand value (18). The gate current continues following its ref-
erence (14). It decreases exponentially while charging the
Ble-emitter capacitanc&sg up to the stationary valug;g
1at equals the source voltage of the gate driver circuit.
A similar sequence of events is used at turn off. The proce-
3.4 Experimental results dure is shown irrig. 11 The turn off command generates a
IGBT type Infineon FZ600R65KF1_S2 was used for exiegative current of constant magnitude to discharge the gate-
perimental verification. The devices were operated at 4 levhitter capacitance. During a time intervty is the device
dc link voltage and 0.6 kA load current. The command vatansferred to the controllable region using (19). The dura-

Fig. 12 Event driven control at turn off
command valueducg/dt)* = par.

The magnitudes dt andug during a particular commuta-
tion are generally less than the respective maximum val
in Fig. 9. Itis only portions of the respective command fun
tions that are used.

ues were set as tion At depends on the gate-emitter capacitabge and its
! * charge at the end of the foregoing turn-on process, lastly on
(dic/dt) =1kA ps A7) the source voltage of the gate driver circuit. The end of this
for current gradient control and interval defines event 1.
. During following time interval the voltage gradient is con-
(ducg/dt) =1kV ps (18)  trolled using the gate current reference (14). Event 2 is com-

for voltage gradient control. puted asqucg/dt)* At where @ucg/dt)* is the command val-
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6Ws dients produce high switching losses. These problems are com-
T 4 IEOLI . monly eliminated by limiting the gradients, delaying the
R R s AR RN y‘ A switching transitions through added gate registers. The draw-
Eon1 /, back is increasing switching losses and derating of the equip-
0 ment.
0 2 4 6 8 10 us As a countermeasure, the device is seen as a dynamic sys-
t— tem. It is modelled considering the internal cross-couplings
Fig. 13 Event driven control ari}-control at turn on between different spatial state variables. To exert an indepen-
) _ dent control, the forcing variable is not the gate-emitter volt-
ue andAt counts the time starting from event 1. age but the gate current which in turn controls the gate charge.

Event 2 terminates the phase of voltage gradient cont{fifing this approach, voltage and current gradients are made
whenucg has ramped up to the dc link voltage level and thg follow predefined trajectories. The trajectories are charac-
collector current starts from zero. terized by device-dependent command functions. They are nu-

Contro_l of the cur_rent gradient follows. !Event 3 that termﬂnerically extracted by experiments, stored in a memory and
nates this phase is computed lagt)/{(dic/dt)*} where retrieved online. Particular events serve to call the respective
(dic/dt)* is the command value arig(t) is measured. This command function. The events themselves depend on the re-
phase ends wheg has come to zero. ~ spective dynamic state of the device. The method enforces

The turn-off process at event driven control with differefg,,, gradients while reducing the switching losses. It makes

settings of ducg/dt)* and (dic/dt)* is shown inFig. 12 Lower  aqgditional inverter output filters obsolete.
voltage gradients lead to higher the turn-off losses.Turn on at

event driven control witllucg/dt = 1 kV/us anddic/dt =

1 kA/us is shown irFig. 13 OscillogramFig. 14 shows the

performance of voltage gradient control wilix-/dt set to 1

kV/us. The gate current waveform results as a smooth signal

since the gate drive circuit forces the gate current onto its re#4 kv — /,M 2\ 4KkV/ps

erence. It compensates the displacement currents that are in- duce f‘ )ﬁ Fqui

jected internally into the gate. Against this, there are switdice ,dt,_, / LEI

ing transients being transferred to the gate if conventional gate 2 (r i/ 2 T

drive method is used. This method produces more than 4 kV/ yis / \ duce

us, Fig. 15 Turn-off losses are ccomparedHrig. 16, show- M v \ dt

inga 60% reduction with event driven control. The improve- O - ot \ fww 0
/s

ment reduces as the voltage gradient incre&sgsl7shows
that it is particularly at lower voltage gradients- that turn-off I "
losses are reduced. T 0

IV. SUMMARY ic

Medium voltage IGBTs are fast switching devices. They-2 A ~—iw
produce high voltage gradients that generate overvoltages at
the connected machines and degrade their bearings. Compen-

sation by AC filters is expensive. Moreover, high current greig. 15 Conventional turn-off procestiy/dt = 4 kV/us

4 S5us

t —



Fig. 16 Comparison: Event driven control @jgcontrol at turn off
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