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Flexible dv/dt andd:/dt Control Method for
Insulated Gate Power Switches
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Abstract—Active gate control techniques are introduced in Ve
this paper for flexibly and independently controlling the dv/dt
and di/dt of insulated gate power devices during hard-switching
events. In the case ofdv/dt control, the output voltage dv/dt
can be controlled over a wide range by electronically adjusting
the effective gate-to-drain (-collector) capacitance (i.e., Miller
capacitance). Fordsi/dt control, similar techniques are applied o Cm
for electronically adjusting the output current di/dt over a wide ol ——
range using voltage feedback from a small inductor connected in
series with the switch’s source (emitter) terminal. Both techniques Ry G IK

are designed to maximize their compatibility with power module W |
implementations that combine the power switch and its gate v +1,(1-A)
drive, including integrated circuit gate drives. Simulation and e C) ( LAl

. . . . — \7 m
experimental results are included to verify the desirable perfor- P
mance characteristics of the presentedv/dt and di/dt control
techniques.

Vg

Index Terms—DPriver circuits, electromagnetic interference

(EMI), insulated gate bipolar transistors (IGBTSs), insulated gate g 1. Equivalent circuit for flexiblelv/d¢ control topology.
transistor switches, power MOSFETSs, power FETS.

a closed-loop op-amp circuit to actively control the collector
voltage during switching transients.
ECHNIQUES are often desired for actively controlling Flexibledv/dt anddi/dt control techniques are presented in
the output terminallv/dt and di/dt of insulated gate this paper that have been developed to achieve the following
power devices such as MOSFETs and insulated gate bipdiaio specific objectives: 1) independent control of the output
transistors (IGBTs) in hard-switched converters in ordéerminaldv/dt anddi/dt rates that are adjustedectronically
to reduce electromagnetic interference (EMI) and voltagwer a wide range without the need to change passive compo-
overshoots without requiring bulky and lossy snubber circuiteents and 2) maximum compatibility with integrated circuit de-
[1]-[4]. In hard-switched applications requiring series osign techniques that will encourage their eventual implementa-
parallel connections of several MOS-gated power switchdign in power module configurations that include both the power
thesedv/dt anddi/dt control techniques are critical to insuringswitches and their integrated gate drives.
that the voltage or current is properly shared among the poweiFor dv/dt control, the output voltagev/dt rate can be
devices during the switching transients. controlled by electronically adjusting the effective gate-to-drain
Several techniques have been reported for providing sucipacitance (i.e., Miller capacitance) in order to dynamically
features using gate control schemes [5]-[9]. Most of this prisontrol the gate charging current. Féi/dt control, similar
work has been targeted at improved voltage sharing amaeghniques are applied to electronically adjust the output current
series-connected switches without providing external contrdl/dt over a wide range using voltage feedback from a small
of the dv/dt or di/dt rates. An exception is [8], which usesinductor connected in series with the switch’s source (emitter)
terminal. Both of these techniques can be combined to provide
flexible and independent control of the power deviegdt and
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feedback to the gatg7) terminal fordv /dt control. The impact Voc
of gate-collector capacitance on reducing thg d¢ of three-
terminal switching devices is a well-understood phenomenon
known as the Miller effect [10].

If the physical capacitor value is fixed, its contribution to the
gate current will not change for a givelv/dt. However, this
new approach introduces a dependent current source at the gate
node whose current is proportional to the value of the capacitor
currentl,,, achieving the same effect as changing the value of
the external Miller capacito€’y,. In fact, the net effect of the
control circuit can be interpreted as providing an electronically Vi (jp
controlled Miller capacitance.

The net current at gate node contributed by the external Miller
capacitor combined with the dependent sourceis, (1 — A).
Adjusting the value ofA over a range including positive and
negative polarities makes it possible to electronically i |ncrea'§e
or decreasehe effective value of the total Miller capacitance.
Note that if the gaind is set to one, the net contribution to the
gate current is zero, canceling the effects of the external Miller Fig. 2 shows one of the possible implementations of the flex-
capacitorC;. ible turn-off dv/dt control circuit. All of the transistors in this

This approach offers several attractive features dofdt control circuit operate in their active regions for fast response.
control. First, the control circuit activates only when the draifhe transistors in the current mirror [11] consisting(df and
voltage is changing. Second, the control action begins as ségnsplit the total current in the external Miller capacitariee
as the collector voltage switching transient begins witho@€'as) into halves, each equal t,. The collector current of
additional detection or timing circuits. Third, the ability to@1(= I») is then delivered to the emitter-coupled pair con-
electronically control the Miller capacitance makes adjustmerfiisting of@s, Q¢, and ... The control voltage/. applied be-
of the dv/dt rates particularly easy to accomplish. As a resultwveen the gates af); and Q¢ determines the fraction of this
this technique offers the basis for flexibie /dt control that current,A - I, (0 < A < 1) that flows throughQ)s and is de-
is suitable for fast switching devices without affecting theiivered toQs.
on-state performance. The action of current mirror a3 andQ, repeats the current

The turn-on and turn-off collector voltagh /dt values de- N Qs iNto Q4 so that theQ), current(= A - 1,,) controls the
livered by the Fig. 1 control circuit can be expressed as folloWt gate current contributioril — A) - 1,,,. The value of the

Circuit implementation of turn-offv/d¢ control circuit.

[10]: current fractionA is a linear function of/.. As the amplitude
S of the injected current at the gate nade— A) - I,,, increases

AVeeof Vr + P VeE 1 by reducing the value ofl, dv/dt monotonically decreases as

dt Ry (Cae+[1—A]-Cun) @) indicated by (1). Note that this particular circuit implementation

WVieon Vi + gI_nL Voo does not permitA > 1, preventing overcompensation of the

= (2) external Miller capacitance.

dt Ry - (Cge +[1 - A]- Cnr) The same approach described above can also be applied to
control the turn-onlv/dt. Since the direction of the Miller ca-
pacitor current is opposite during turn-on compared to turn-off,
the turn-ondv/dt control circuit (Fig. 3) is essentially an in-

I, load inductor current (A); verted vers_ion of the Fig. 2 turn-off control cir<_:l_Jit. Comparing
C,. device gate-collector capacitance (F). these two flgurgs, it can be noted that t_he positions of the_ n-p-n
In (1) and (2), theR, - (1 — A) - Cy; term in the denomi- and p-n-p transistors exchange places in the two control circuits.

where
Vr  gate threshold voltage (V);
gm  device transconductance (A/V);

nator represents the effect of the new control circuit, showin ) ) )

how thedu/dt rate can be controlled by adjusting the value df- Simulation oflv/dt Control With 70 A IGBT

gain A. The value oflv/dt can be progressively lowered by re- Simulation of the turn-on and turn-offv/dt control circuits
ducing the gaimd, including negative values of that amplify was conducted using PSPICE models of a 1200-V 70-A IGBT
the effects of the external capacitOr,. At the other extreme, (IXSK35N120AU from IXYS). All simulation results in this
the value ofA can be greater than 1, causidg/dt to exceed paper have been carried out using PSPICE.

its nominal value wher,; = 0. This condition corresponds Predicteddv/dt switching waveforms for the 1200-V 70-A
to overcompensation of the external Miller capacitance if vetGBT operating in a hard-switching circuit at 600 V and 70 A
fast switching is desired. However, care must be taken in thisth an inductive load (Fig. 1) are shownin Fig. 4. The predicted
regime since the dynamic stability of the switching circuit caswitching waveforms are well-behaved for all of the/ dt com-
suffer whenC,,. is overcompensated. Thi /d¢ control range mand values. The turn-offv/dt is varied over a range of ap-
can be expanded for a given rangedo¥alues by increasing the proximately 5:1 from approximately 920 Ms to 4870 V us
value of capacito’),. by adjusting the value of control gaia using the adjustable
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v Fig. 5. Experimental test results for turn-dff /d¢ control of a 1200-V 70-A
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0 17 18 19 20 29 20 23 Fig. 6. Experimental test results for turn-dn/dt¢ control of a 1200-V 70-A
100 — r r . . . IGBT operating at 600 V, 16 A at three differeft/dt command settings.

I exceeding 3:1. The breadth of the/dt¢ control range is influ-
! B enced by the values of the external Miller capacitor and gate
A s i resistorR,, consistent with the expression fév/d¢ in (1).
S P [ S [ The voltage waveforms in Figs. 5 and 6 and generally
t ! - well-behaved for all of the tested conditions. Minor differences
17 18 19 20 21 22 23 between the simulated and measured voltage waveforms
Time (us) in Figs. 4-6 can be attributed to the fact that the PSPICE
o4 Simulati s showing the collector volt § it h_simulation does not include all of the parasitic components
T o i A8ich a5 extra inductance in the collecor circu that causes
with the dv/dt control circuits at three different turn-on and turn-aifi/d¢  the voltage overshoot that is apparent in Fig. 5. Similarly,
command settings. the high-frequency ripple that appears at the beginning of
the voltage turn-on switching waveforms in Fig. 6 can be
voltageV, in Figs. 3 and 4. (Note that a separ&fevoltage con- associated with the reverse recovery transient of the inductor’s
trol is required for the turn-on and turn-off circuits.) The turn-ofreewheeling diode in Fig. 1.
dv/dt is varied over a similarly wide range. Fig. 4 also shows
that the current waveforms are unaffected by the operation of |II. di/dt SWITCHING RATE CONTROL TECHNIQUES
the dv/dt control circuit.
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A. Technique Description

C. Experimental Results falv/dt Control With 70-A IGBT Flexible control of the transistati/d¢ during hard switching
Experimental verification of thedv/dt control circuits C&n Pe achieved by applying a dual version of the Miller capac-
has been carried out using the same 1200-V 70-A icgance useq to contralv/dt. Fig. 7 shows the equivalent merI
(IXSK35N120AU) that was used in the preceding simulationfO" the flexibledi/dt control topology. The small external in-
Tests have been performed using the following parameters Sugtancel; connected in series with the switch emitter is used

operating conditions: to sense thd_z’/dt value and g_en_erate feedback voltage for the
control circuit. The value of this inductance can be chosen to be
Vae =600V  Ic =20A Lijgaq =1mH sufficiently small that it has negligible effect on the dominant
Ve =16V Vpp=-5V R,=40Q. time constant of the gate drive circuit.

Using the same conceptual approach as indhglt equiv-

Figs. 5 and 6 provide measured voltage waveforms for tlaéent circuit of Fig. 1, the measuretl/dt is used to control
turn-off and turn-ondv/dt control circuits, respectively, with a a dependent current source that extracts curferfrom the
1.5-nF external Miller capacito('y, in Figs. 2 and 3). For switch’s gate node. The value of this currenti8 - V,_, where
both of these casedy/dt is demonstrated to vary over a rangéd’;,. = L di/dt and B is an adjustable gain analogous4dn
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Fig. 7. Equivalent circuit for flexibleli/dt control topology.

thedw/dt control circuit. Changind3 makes it possible to elec-
tronically adjust the value afi/dt, providing the same effect as

changing the value of the external inductarce Fig. 8. Turn-ondi/dt control circuit implementation.
This di/dt control circuit offers some of the same funda-
mental advantages as th&/dt control circuit introduced v

above, responding immediately to switch turn-on and turn-off
transients without any additional detection or timing circuits.
It should be noted that thigi/d¢ control circuit responds to
changes in transistor current regardless of whether they are
initiated internally by a change in the switch conduction state
or externally by a transient in the attached load. However, the
value of L, is chosen to be sufficiently small that thig/d¢
control circuit will not interfere with the gate circuit's on-state
operation during normal load variations.

If B is setto zero, the effect of the series emitter inductance
L acting alone is to reduce tlg/ dt switching rates, similar to
the impact of Miller capacitof’,,; on thedv/dt rates. Increasing
the value of feedback current galh above zero amplifies the
effect of the inductance so that tHé/dt rate decreases during
both turn-on and turn-off.

The switch circuit in Fig. 7 can be modeled as a third-ordéfg. 9. Implementation of turn-offi/dt control circuit.
system due to the two internal device capacit6rg.(@andC,.)

and inductor(L,). However, introduction of realistic devicepgcted) convert the inductor voltage into a proportional current
parameters has shown that the system can be approximateding the transistor current mirror consisting ©f and
very accurately as a simplified first-order system. The resultng4 repeats this sensing current @. The emitter-coupled
clo_sed_—form equations for the turn-off and turn«idt during pair circuit consisted of); and Q. splits I, into two parts
switching events are whose relative values depend on the control voltdge The
v v I, unbalanced current mirror consisting 6f5, Q¢, R5, and
B Gm [ EE ™ ( T+ g_)} 3 Rg amplifies the current inQ; so that a resulting feedback
o Rg(Cye+Cye)+ (14 B Ry)gmLs (3) current/ is subtracted from the nominal gate current delivered
- T Ry(Cye+ Cpe) + (1+ B - Ry)gmLs Sincely in this circuit implementation acts to re_ducg the gate
voltage during turn-on events, the output curréiftdt is de-
where all of the variables have been previously defined. creased compared to its value without this control circuit. In a
Equations (3) and (4) expreds/dt as a function of the cir- manner that is directly analogous to the/ dt control technique
cuit parameters and the dependent current gathat is deter- described abové/. electronically adjusts the effective value of
mined by the control voltagg.. The denominator terifi + B-  the series inductok in order to control theli/dt value during
R,)gmLs captures the impact of the series emitter inductansgvitch turn-on.
L, and the control circuit. Just as in the case @t /dt control, the turn-onli/dt control
Fig. 8 shows a candidate implementation of the flexibleechnique can also be applied to controlling the turndefiit.
turn-ondi/dt control circuit. As in thedv/dt control circuit, The turn-offdi/dt control circuit is readily derived as an in-
all of the transistors in thigi/dt control circuit also operate in verted version of the turn-od/dt control circuit as shown in
their active regions. Resistdt, and transistor), (diode-con- Fig. 9. DiodeDgs is used to prevent reverse-polarity voltages

v

Ly om
dt

I{i,on
dt
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) Fig. 11. Experimental test results for turn-@iy dt control of a 1200-V 70-A
Time (us) IGBT operating at 600 V, 20 A at three differefit/dt command levels.

Fig. 10. Simulation results showing the collector voltage and current
switching waveforms of a 1200-V 70-A IGBT (IXSK35N120AU) operating
at 600 V, 70 A with thedi/dt control circuits at three different turn-on and
turn-off di/dt command levels.
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from being applied t@); and@, because of the low breakdown 45A/us [5A/div]
voltage of the n-p-n transistor. 26A/US

7

B. Simulation of/i/dt Control With 70-A Device
Fig. 10 shows predicted hard-switching operation using the

di/dt control circuitry for the same 1200-V 70-A IGBT and e ] Vinput
operating conditions (600 V, 70 A) as used earlier fordhgd¢ i [20V/div]
simulations. A small 50-nH inductor is introduced in series with >

the switch’s emitter fod.,. The value of this external inductor 200ns

value is important in determining théi/dt controllability
range. The external inductor valdg and the maximum value
of gain B are selected to demonstrate a 8i1dt control range
for both turn-on and turn-off. Both the turn-on and turn-off

control circuits are present and traces are overlaid for threeThe current waveforms are well behaved for all of the test
values of control voltag&, in both directions. The upper limit conditions appearing in Figs. 11 and 12. Here again, parasitic

on thisdi/dt range is determined by the inductor acting alonelements not included in the simulation model account for
with gain B = 0. residual differences between the predicted and measured wave-

forms. The slight dip in current appearing near the beginning
C. Experimental Results af/dt Control With 70-A Device  of the turn-offdi/dt transient waveforms is coincident with the
The basic IGBT test circuit used for thig/dt control inves- end of the turn-off voltage transient when the collector voltage
tigation is the same as that used earlier doydt control ex- S suddenly clamped by the inductor's freewheeling diode.
cept that an external inductdr, appears in the power circuit The familiar tail current characteristic of the IGBT [10] is
instead of the Miller capacitaf';. The power device used in @pparent near the end of the turn-@if dt transient waveforms,
these tests is the same 1200-V 70-A IGBT (IXSK35N120AUyarticularly for the fastesti/d: setting.

that was used in the preceding simulations and the test condi-
tions are similar as well IV. PERFORMANCEEVALUATIONS

Fig. 12. Experimental test results for turn-dff/ d¢ control of a 1200-V 70-A
IGBT operating at 600 V, 20 A at three differeft/dt command levels.

Vie =600V Tzs =20A Lipaq = 1 MH Although the basic feasibility of the flexible turn-on and
Vee =16V Vip =5V R, =409, turn-off techniques was established in the preceding secnqns,
there are several other performance aspects of these techniques
Figs. 11 and 12 show experimental results for the turn-on atitht deserve attention. The simulation model has been exercised
turn-off di/dt control circuits with an 80-nH external inductor.to address several of these issues. First, the interactions between
For the turn-on case, the value &f/dt varies from 16 Aus thedv/dt anddi/dt control circuits have been investigated to
to 60 A/pus, while for the turn-off case, it varies from 26/As  determine the extent of the coupling between them. Second, the
to 80 A/us. Similar to thedv/dt circuits discussed earlier, thesensitivity of thedi/dt and dv/dt values to device operating
range ofdi/dt values demonstrated in these waveforms exceetlsrent levels is explored. Finally, the range of usefulness of
3:1 for both turn-on and turn-off. A wider range @f/dt vari- these techniques is explored by adapting the gate circuits to
ation can be obtained by using a larger value of external ser@strol a low-current MOSFET as well as a high-current IGBT
inductor consistent with théi/dt¢ expressions in (3) and (4). module.
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Fig. 13. Simulated voltage and current waveforms for 1200-V 70-A IGBFig' 15. Effect of current amplitude on control circuit operation showing near
o;?ératihg at 600V 70 A s?lowing near independenceigilt values for wide independence afv/dt anddi/dt value for wide current amplitude variations.

range of commandedv/d¢ levels.

di/dt control circuits. This same independence is apparent in
the switch voltage waveforms of Fig. 14 when the curgptt

is adjusted over a wide range.

L | Il

- T L
- :ssow: gggwus malR¥
s us —» . g

S 400 LT Bovius — 3\_!4\.; N B. Effect on Current Amplitude afv/dt anddi/dt Control
g I {/ | I [ R The sensitivity of thelv/dt anddi/dt values to current am-

| | | | | ot . . . . . . .

200 TR _\_i\T‘\- -% plitude has been investigated by performing simulations with
s U\ the 70-A IGBT at three different current levels20, 45, and
77 18 19 20 21 22 23 70 A—with fixed dv/dt anddi/dt command levels. As shown

100 in Fig. 15, neither thelv/dt or di/dt rates exhibit any signif-

icant change for turn-on or turn-off conditions as the current
amplitude is varied over this wide range.

by
___%L__—L———4———

Y

Ic (A)

40H-- -4
C. Effectiveness for Lower and Higher Current Devices

P T PAr™ Simulations have also been carried out for two additional in-
Time (us) sulated gate power devices to determine the effectiveness of
atod v . f f thedv/dt anddi/dt control techniques for devices with widely
Fig. 14. Simulated voltage and current waveforms for 1200-V 70-A IGB{;arying current ratings. More specifically, the simulation study
e sarmandied 1 loveleg 1621 Independenotrgilt values forwide in iy e & 1000-V 12-A MOSFET (IXFH12N100 from IXYS)
and a 1200-V 560-A IGBT module. Parameters for the 1200-V
) . o _ 560-A IGBT were derived by paralleling eight of the 1200-V
All'of the simulations in this section have been performegy A |xsk35N120AU devices in the simulation since PSPICE
with both thedv/dt anddi/dt control circuits simultaneously ., 4o parameters for a high-current IGBT mod(©e500 A)
present in the model. This was done so that any potential imWére not conveniently available.
actions between thév/dt anddi/dt control circuit under dif-  rigs 16 and 17 show the predicted waveforms for the 1000-V

20 = = = 5A/uS 1 - - -

ferent conditions could be conveniently identified. 12-A MOSFET operating at 600 V and 12 A during adjust-
o ) ment of dv/dt and di/dt, respectively, with both control cir-
A. Control Circuits Interactions cuits present. The demonstrated control range is approximately

The interactions of thév /dt anddi/dt control circuits have 5:1 for bothdv/dt anddi/dt, and the interaction between the
been investigated by including them both in the same simulsvo control circuits is again very low.
tion model together with the 1200-V 70-A IGBT. Fig. 13 shows Comparable simulation results for the 1200-V 560-A IGBT
the effect ofdv/dt control on the switch current waveformsmodules are shown in Figs. 18 and 19 for operation at 600 V
demonstrating that the resultinti/dt values are almost com- and 560 A with both control circuits present. These waveforms
pletely independent of the adjustéd/ d¢ values. For the induc- also demonstrate a 5:1 control rangedoy dt andd:/dt during
tive load condition, the switch voltage only begins to fall aftelboth turn-on and turn-off, and low coupling effects between the
the current transient is completed during turn-on. Similarly, trentrol circuits.
switch current starts to drop only after the voltage transition is Taken together, these results suggest that the flexibldt
completed during turn-off. The sequential nature of these traanddi/dt¢ control techniques presented in this paper scale well
sitions minimizes potential interactions betweendh@dt and over a wide range of power device current ratings.
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Fig. 19. Simulated voltage and current waveforms for 1200-V 560-A IGBT

Fig. 16. Simulated voltage and current waveforms for 1000-V 12-A MOSFEWith combined control circuits operating at 600 V, 560 A for several values of
with combined control circuits operating at 600 V, 12 A for several values gommanded/:/ dt.

commandedlv/dt.
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Fig. 17. Simulated voltage and current waveforms for 1000-V 12-A MOSFET
with combined control circuits operating at 600 V, 12 A for several values of

commanded// dt.
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V. CONCLUSION

This paper has presented flexible/dt and di/d¢ control
techniques for hard-switched inverters that make it possible to
conveniently adjust the switching rates during both turn-on and
turn-off. These techniques have demonstrated the following
combination of attractive features:

« electronic control of thév /dt anddi / dt rates over arange
of at least 5:1;

« well-behaved voltage and current waveforms for all inves-
tigated operating conditions with inductive loads;

« suitability for use with both IGBTs and power MOSFETs
over awide range of current ratings extending from at least
12 to 560 A;

* no indication of harmful interactions between the/dt
anddi/dt control circuits when both are present;

« suitability of control techniques for implementation in in-
tegrated circuits, requiring only a small external capac-
itor and inductor fordv/d¢ control anddi/d¢ control,
respectively.

All of the results presented in this paper refer to circuits
in which the power device’'s emitter (source) is grounded.

However, the same techniques can be adopted for power circuit

topologies in which the power device collector (drain) is

connected to a fixed potential. Examples include classic dc/dc
buck converters and high-side switches in phase-leg inverter
circuits. Although the basic operating principles are unchanged,
it is necessary in these cases to protect the gate drives from
undesired parasitic effects on drive circuit operation caused by
large common-mode voltage swings.

It is well known that the benefits of reducdd/dt¢ anddi/dt

in the areas of reduced EMI and improved current sharing must

be balanced against attendant increases in device switching

losses. Quantitative evaluation of such tradeoffs is beyond the
scope of this paper and a subject for future investigation.
Both simulation and experimental results have been presented

Fig. 18. Simulated voltage and current waveforms for 1200-V 560-A IGB

with combined control circuits operating at 600 V, 560 A for several values :{P confirm the operating characteristics of thq/dt anddi/dt

commandediv/dt.

control techniques. Work is continuing to explore how these
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techniques can be best utilized in future generations of gate drj
circuits.
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