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Behavioral IGBT Modeling for Predicting High
Frequency Effects in Motor Drives

Jerry L. Tichenor, Scott D. Sudhofflember, IEEEand James L. DrewnialMember, IEEE

Abstract—A first-order behavioral IGBT/gate drive model is  the total system order becomes very high when every semicon-
proposed together with a procedure for deriving all model param-  ductor in the system is represented in this fashion. A second ap-
eters. Desp.ite. the simplicity of the proposed model, comparison of proach is the use of behavioral models [9]-[11]. For example,
model predictions with hardware measurements demonstrate the . . . .
model to be accurate in predicting turn-on and turn-off transients. a 4th-order behavioral IGBT quel is proposed in [9], and is

shown to compare well to a physics-based model. Nevertheless,
existing behavioral models are still more complex than is desir-
able in a system simulation environment.
l. INTRODUCTION A new behavioral IGBT model especially well suited to
system analysis is proposed herein. This model has several

lectroni ) ¢ tF full t'benefits for system simulations in that; it is dynamically
electronics equipment meant for use in fu Componen}gj-order, and therefore, not computationally intensive, all

Index Terms—Behavioral modeling, IGBT.

systems studies generaily tre_at semicongluctor devices as_i Sttameters are readily measurable, and it provides the noise
or nearly ideal switches in which the se_mi_cond_uct_ors are et urce for excitation of system parasitics so that the EMC/EMI
completely on or compleiely off [1]'. This |deaI|;at|on is mad roblems noted above can be further studied. Although there
for the sake of computational efficiency, and is generally a re disadvantages of this approach such as the model is not as

propriate for the types of studies for which the simul'ations af%nducive to the design of base drive circuitry as other models
meant—Ilow frequency (kHz range and less) harmonic analys[iﬂ_[lz], and spurious turn-on of the IGBT duede/dt effects

transient stability, etc. cannot be predicted; the model is excellent for assessing the

Howev_er, there are a host 9f p_roblem_s also at the Sys"_%bact of the IGBT performance on the rest of the circuit or
level, which are related to switching devices acting as n0|§§

d thereb i itics i lectroni stem. Comparison of simulation results based on the pro-
sources, and hereby exciling parasitics In power-electronic Qfscey model with measurements in a test circuit demonstrates
cuits. These problems include; semiconductor device stres

L . X "Safat the proposed model yields accurate predictions of device
due to switching transients [2], electromagnetic compatib erformance

problems (particularly in regard to common-mode currents
[3]), over-voltages at the machine terminals due to resonance
and transmission-line effects [4], and capacitive effects in the [l. MODEL STRUCTURE

electric machinery such as bearing currents that leads to flutingrp,q proposed behavioral IGBT model is shown in Fig. 1. The

5], _[6]- o _ _ _ model consists of two parallel branches. The first branch is a se-
Time-domain simulation of undesirable high-frequency efios connected ideal diode, time-varying conducta@s, and
fects requires nonideal semiconductor device models, detai eonstant voltage soures;. In the steady-state, with the de-
representations of circuit parasitics, and finally, detailed higljice on G(+) will take on a positive constant value such that this
frequency models of the electric machines. The focus of tig of the circuit will approximate the static I-V characteristic
paper is the development of a suitable semiconductor devig@ne |GBT. Conversely, in the steady state with the device off,
model for the insulated gate bipolar transistor (IGBT). T_herg(t) will go to zero. After the device is turned on or of(t)
are two basic approaches to deriving such a model. Firsty gy yary between steady-state on and off values in such a way as
physics-based approach may be used [7], [8]. However, syghepresent the effects of a changing carrier distribution within
models are complicated and are not computationally conduci, semiconductor. The second branch in the model, a voltage
to system simulation. For example, a 5th order IGBT model hgghandent capacitance and series resistance, represent the ef-

been reported [8], which, while very useful for some analysjg s of the junction capacitance of the back-to-back diodes in
is not conducive to a total system analysis due to the fact thgt gjT portion of the device.

Neither the gate-to-emitter voltage nor the gate current is an
Manuscript received November 5, 1997; revised September 25, 19¢9put to the behavioral model. At first glance, a two-terminal
This work was supported by the University of South Carolina under Grapﬁoda seems inappropriate, since a terminal for tuming the de-

N00014-96-1-0926 with the Office of Naval Research. Recommended VY . . .

Associate Editor, G. Dubey. ce on or off is not provided. In this model, however, the ef-
J. L. Tichenor and J. L. Drewniak are with the Department of Electrical Efect of the gate-drive circuit is captured @(t), including rise

gineering, University of Missouri-Rolla, Rolla, MO 65401-0040 USA.  and fall times, and propagation delays. This greatly facilitates
S. D. Sudhoff is with the School of Electrical and Computer Englneerincst, . . . : . . .

Purdue University, West Lafayette, IN 47907-1285 USA. ystem simulation, since it provides a means for including the
Publisher Item Identifier S 0885-8993(00)02347-4. effects of the gate-drive circuit without simulating it in detail.
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4' . ; whereq.,,, the capacitor charge, is the state variable. The col-
. e F lector-emitter voltage is determined from the conductance and
+ capacitor voltage by
I % v, Ve tere +UssG(t)re +vep .
7 L (el )C < > 58
_ Vee = G(t)7c + 1 e + v ? v (3)
Vee G(t) Tcic + Ucpa icTc + Ucp S VUss-
v N The two expressions in (3) correspond to the ideal diode being
5 —Clagy) v i i
v Vep forward and reverse biased, respectively. The two branch cur-
- rents are then

. Vee — VU
teo = = r =3 (4)
Fig. 1. Behavioral IGBT model. ¢
and
The computational advantages and savings from a system sim- ~ ; { G(t)(vee — vss); '{J’c + Vep > Uss )
ulation perspective are significant. However, there are disad- 0, teTe + Vep < Uss-

vantages in that the model may not be readily used to desigRe o1y state variable in this model is the capacitor charge,
base-drive circuitry, and spurious turn-on of the IGBT canng{nich is related to the branch curreg by
be predicted.

The proposed model is formulated such that the collector cur- dqep . ©)

renti., and the logic switching signal are inputs, and the col- dt e

lector-emitter voltage... is an output as seen from Fig. 1. Al- - Ajthough this model is quite simple, it can nevertheless be
though the switching signal is not indicated in Fig. 1, its effégfseq to accurately portray the switching behavior of the power
is uponG(#) and will be described in a later section. As withsemjiconductor. It is now appropriate to discuss the measure-

any dynamic model, the functional form must be such that thgant procedure by which the parameteys £, 7 7, Grurn_on(t),
model outputs and time derivatives of the state variables canbe

calculated in terms of the input and state variables. The first st(gﬁwn'off(t)’ Gon and/c(ge,) are determined.
in doing this is the calculation of the conductadeég). In order

to specify the conductance, it is convenient to define the turn-on o .
time ,,,, and turn-off timet,,;; as the amount of time it takes The model shovv_n in Fig. 1 is of a form such that the param-
for the IGBT carrier populations to reach steady state after tRErS may be readily measured or extracted from experimental
logic signal to the gate drive circuit has made an on- or off-traf@ta based on a series of four tests—a static I-V_ characterlstlc,
sition, respectively. It is also convenient to define the turn-g¥? Off-state capacitance test, a turn-on characterization test, and
and turn-off switch timest,., ., andt,., ., as the instant in a turn-off characterization test. The procedl_Jre for each of these
time of the last off-to-on and on-to-off transitions of the logidests follows, and example results are provided for a 600 V, 50

input to the gate drive circuitry. With these definitions, the corf* Fuii Electric IMBISOL-060 IGBT driven by a Fuji Electric
ductance is EXB840 gate drive circuit. The test circuit in which the model

is applied used two of these devices with the model parameters
determined for only one particular device.

I1l. PARAMETER MEASUREMENT

4

t 2 tsw_off +toff

0 {andtsw_of £ > tswon  A. Static I-V Characterization
Grurn_on(t =Tswon)  Tswon +lton The static I-V characteristic of the IGBT is determined first.
G(t) = =t >>ttsw—on . It is important to conduct the test quickly, and at an appropriate
Gon { —dtsw-"" * ‘;" temperature if the model is being used to determine conduction
aNndlswon > tswoff  |ogses. For the sample device, the I-V curve is shown in Fig. 2.
Grurn_op(t = tswoss t;’“’—of f ¥ tory For large values o¥’, the characteristic becomes approximately
. 2t > tawofs ) linear and can be represented by
ic = Gon(vce - Uss)- (7)

whereGyypn_on(t) @andGyurn_o s £(t) are the transient conduc- _ ) o
tance after turn-on and turn-off relative to the time at which théhereG.,, is the slope, and, is thev...-axis intercept. For the
logic input to the gate drive module has undergone an off-to-§8Mple Fuji IGBTv,; = 1.91 VandG,, = 55.8 Q.

or on-to-off transition, andr,,,, is the on-state conductance afte
the switching transient is over.

The next step is calculation of the capacitor voltage In the on state, the current is predominantly througft).
Therefore, the capacitive branch of the equivalent circuit is char-

acterized with the IGBT in the off-state. A test circuit for this
Vep = follep)- (2) characterization is depicted in Fig. 3. The device Q1 acts as a

E. Capacitance Characterization
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switch in order to conduct the test, and Q2 is the device under 40 groeeeeee - :
test. The resistaR; limits the current to the operating range of 35 Ff-
the semiconductors. The resisi® is chosen small enough so 30 /
as to pull the collector-emitter voltage of the device under test SYE U f
to zero when Q1 is off but large enough that the final Q2 col-
lector-emitter voltage after Q1 is turned on is reasonably close 20 o
to v4.. The test itself consists of running a number of trials in i A 15 T
which the Q2 collector current and collector-emitter voltage are 10 - /
measured as Q1 is turned on with various valueg;of 5 o AN
The procedure for each trial is as follows. First, a small nega- 08 - /
tive voltagew,. consistent with the turn-off voltage of the base 5 ____________ 3 ;: ConlVepvss)
drive circuit is applied to the gate of the device under test. Ini- ; ‘ i
tially, Q1 is also turned off so that the collector-emitter voltage '10(; 05 ) 15 ) 9s 3

and collector current of the device under test is zero. Next Q1 ' vV
is turned on and the Q2 collector-emitter voltage and collector
current are measured through the turn on transient of Q1 8§ o static I-v characteristic.
each test value of dc source voltage. In these tests a Tektronix
A6302 current probe was used. The capacitor chaiges de-
termined by integrating the collector current. When performing
this integration, any dc offset from the collector current mea-
surement must be removed prior to the integration. Next, the
: ) . +

Q2 collector-emitter voltage.. is plotted versus the capacitor Vde <_>
chargey,,, during the turn-on transient of Q1. In the steady-state,
the collector-emitter voltage is equal to the nonlinear capacitor
voltage. Therefore, the endpoint of the transient charge-voltage
trajectory represents one point of the capacitor voltage versus
charge characteristic.

This process is repeated for several values of the dc sourag3. Test circuit to determing. (¢.,) andr..
voltage in order to construct a family of collector-emitter

voltage versus charge characteristics as illustrated in Fig. 4. 450 .

Measurements were conducted on the sample device for 400 SSB-V_TC“___

equal to 25, 50, 100, 200, 300, 400, 500, and 550 V. For this 500V Test /«7

test, R; and R, were 1802 and 470%2, respectively. Using 350 4 /’

curve-fitting techniques, the end-points were used to construct 300 / oo Tes

an approximation to the nonlinear capacitor voltage versus 250 : 4

charge characteristic (which is also superimposed on Fig. 4). A Veer V 200 : 300V, Test

functional form approximating this relationship that is nearly }/

linear for small and large values of its argument, and having a 150 7/ 200V Test

tailorable transition in between was chosen. In particular, the 100 r "/io'(fvmt Ao

voltage-charge characteristic was approximated by 50 = STOVt Fost T
et ] S

Fae) = 22 (gep — ar) tan Ty — )

—4qr tan_l(TQT)) + Xalcp

0 0.2 0.4 0.6 0.8 1.0 1.2

9 € x 10

(a4
+ W—i[ln(l +1%¢2) — In(1+T%(qp — qr)?)] (8) Fig. 4. Voltage-charge characteristic.

wherea, anda, are the difference and sum of the initial andy; 5y point in time, and the relationship between the capacitor
final slopes of the voltage charge characteristic divided by tWgg|tage and charge has been obtained, it is possible to determine
respectivelygr is the charge about which the change in slopge capacitor voltagé- (g, (as shown in Fig. 4) at any point in

is centered, and” is related to the tightness of the transitioqime quring the trial, from which the voltage across the resistor
between the region with the initial slope and the region Wltpp may be found as

the final slope. For the sample deviee;, oy, g7, andT” have
values of 1.86e9 ¥, 2.73e9 F!, 31.7 nC, and 2.07e8 nC, Up = Vee — felep). 9)
respectively.

The series resistaneg, is determined next with the same tesThe resistor voltage is plotted as a function of the curignt
data that was used to generate the capacitor voltage relatitmeughout the transient of the trial in Fig. 5. Since the model is
ship, although only data for one trial, typically the one with thenly approximate, the characteristic is not a straight line. How-
highest dc voltage is used. Since the charge may be determieedr, it may be numerically fitted to a straight line with zero
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intercept as an approximation. Performing such a fit in the case 16 ;- .
of the sample device yields = 77.8 . 14 bereeerderes /.

C. Turn-On and Turn-Off Characterization Test 12 - ; B 4

The test circuit for the turn-on characterization test used to de- 10
terminet,,, andGy..-._o»(t) during the turn-on transient of the v,V 8
IGBT is shown in Fig. 6. The IGBT is used to switch on and off 6
aresistive load; with parasitic inductancg,. The load value is
selected so as to exercise the full operating range of the device. 4 /{

5 P,
0

X

An RC snubber of resistanag, capacitanc&’,, and parasitic
inductanceL; is used to prevent an overly large voltage spike P :
when the IGBT is turned off. The voltage source represented 0 0.04 0.08  0.12 0.16 0.2
by v4. should be the entire gate drive circuit that will be used ;
in conjunction with the IGBT. The IGBT is turned on using the K
gate-drive circuit, and the logic signal into the base-drive circui;-,g
denoted byS. The collector current and the collector-emitter
voltage are recorded. These measured collector current and col-
lector-emitter voltage waveforms will be denotgd,,..s and
Vee_meas, FeSpectively.

The first step in processing this data is to remove any dc off- Load
sets from the waveforms resulting from the voltage and current
probes. In order to remove the dc offset from the current wave-
form, the current waveform during a brief period before the de-  vu C'D
vice is turned on is averaged in order to determine the offset
value. This offset is then subtracted from the measured current
waveform. The voltage offset is removed by subtracting the av-
erage voltage after the turn on transient is over from the voltage Vee
waveform, and adding the on-state voltage determined from the
static |-V characteristic. i o ]

Once the dc offsets in the voltage and current measuremerifs®  Test circuit to determingi(z).
have been determined, the measured wavefaims.,; and
Vee_meas are injected into the proposed model in order to de-
termineGi...._on(t), wheret is relative to the logic input com-
mand signal off-to-on transition. The first step in doing thisis to
determine the current into the capacitive branch, which is deter-
mined using (4) Withvee_meqs andu,, as calculated from (4),

(6), and (8). From the behavioral modé,,..,_.. (t) can be ex- G
pressed in terms of the calculated capacitive branch curggnt

the measured collector emitter voltage ..., and measured
collector current, _,,cqs aS

. 5. Determination of..

trn-om O K s A S e B S

o meas — i
Gturn_on(t) = %_CP. (10) 0: : : : : / L :
Vee_meas — Vss 0 05 10 15 20 25 30 35 40
The turn on time,,, is determined as the amount of time nec- f, ps

essary foiG,n_on(t) to reachG,,,.

Fig. 7 illustrates?.,,_on (t) for the sample device using the
test circuit depicted in Fig. 4 with; = 24.4 Q, L; = 2.22 pH,
ry = 249 Q, Cy, = 0.81 nF, L, = 2.63 uH andvg. = 300 As in the case of the turn-on test, it is important to remove dc
V (the approximation is due to the voltage distortion arisingffsets from the voltage and current measurements. In this case,
from the source impedance). In this figutes referenced from however, the voltage offset is calculated prior to turn-off and
the point where the logic signal swings from LO to HI. Oncéhe current offset after turn-off. In addition, in performing this
Grrn_on(t) IS determined, it is stored in a table and calculate@st, time is referenced relative to the point where the device
as an interpolated function when using the model. The turn-anturned off. The same procedure applies to the calculation of
time of 3.3us can be determined by looking for the point wheré:,.,... .;;(¢) as in the case of the turn-on test, and the same test
Gurn_on(t) becomes sufficiently close t&,,, to be approxi- circuit and source voltage were used. The resulting conductance
mated by that value. profile for the sample device is shown in Fig. 8, from whigh;

The turn-off test is essentially identical to the turn-on te$$ determined to be 2)8s. Itis interesting to observe that the rate
with the exception that the device is turned off rather than oof decay ofG,.._.ss(t) decreases considerably as the device

Fig. 7. G(¢) during turn-on.
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turns off—this is a direct result of the current-tail phenomenon GO0 1oveeeegeeeeeeenporeeees e
which is in this way incorporated into the model. i : : : : i : :

IV. M ODEL VALIDATION

The circuit shown in Fig. 9 was used to validate the proposed g
model. This circuit was chosen because it contains two devices,
only one of which is characterized. Further, the circuit allows an
alternating current to be drawn, as is the case with motor drives.
The upper IGBT is the same device used to illustrate the char-
acterization procedure given above, while the parameters of the . : : : P i
lower device were assumed to be the same as that of the device 0 05 10 15 20 25 30 35 40
under test in order to demonstrate that part-to-part variations do L us
not critically change the parameters. Parameter values for the
load, snubbers, and parasitics were measured to 10 MHz wfité 8- G(#) during turn-off.
an HP4193A Vector Impedance Meter and are given in Table I.

Based on (1)-(6) and the circuit elements of Fig. 9 a state o
space system model for the test circuit was developed and im- r,, Snubber
DUT

wrn-offp U

su
plemented in advanced continuous simulation language (ACSL) +>
[13]. In this model the collector current and TTL level switching v =
signal were inputs, and the collector-emitter voltage was the dew rnooL Vge

output. The time varying conductand&(t) was implemented L AT

using a table in which the independent variabtean be defined. Load
This is a useful feature in that after each switching transition, a

Snubber
‘dummy’ time variable can be reset to zero so that the model f) Cu
will be ready for the next switching event, and the cor@¢t), Vel
(Grurn_on(t) OF Grur—ors(t)) can be invoked. s
Due to distortion of the source voltages arising from the
source impedance, the measured source voltages were iNplis. Model validation circuit.
to the simulation. In this way, the critical comparison can be
made without characterizing the source. Care must be taken TABLE |
in that the timing of the source voltages;.; and vy, must VALIDATION CIRCUIT
coincide with the switching signals, collector-emitter voltages, PARAMETERS
and collector currents of the IGBT’s. For this comparison, two
four-channel Tektronix 420A oscilloscopes were both triggered =950 W Cy,=0.955 nF
with the same signal (upper transistor switching signal) through L~2.62 mH L,=230mH
the external trigger port, and all scope settings were identical.
These waveforms were then brought into the simulation where L,=954nH 7255 W
the source voltages were utilized for excitation, the switching 1,954 nH C,~0.967 nF
signals for turning the devices on and off, and the other
waveforms for comparison. Since the ripple on the source rom254W L~2.36 mH
voltage decayed rapidly, and was not more than 12% of the
mean value, simulations for constant source voltages were also
performed. The level of the constant source voltages appliedveforms are shown. The simple first-order model predicts
was determined from the mean of the measured source voltatiesover-voltage in collector-emitter voltage well. In particular,
during circuit steady-state conditions, with both devices off anle model predicts the over-voltage to less than 1% with
all transients settled out. The applied voltages were determinadasured source voltages as inputs, and 1.8% for constant
to bewvyy = 152.0 V, andwg., = 143.0 V. Fig. 10 depicts the source voltages.
turn-on transient for the upper transistor. The traces depictedrigs. 12 and 13 depict the turn-on and turn-off transients for
are the upper and lower measured source voltaggsand the lower transistor, respectively. Although, the agreement is
V4eu, UPPEr transistor collector-emitter voltage .., and upper not as good as in Figs. 10 and 11 since the lower device was
transistor collector current.,,. The agreement between thenot characterized, the simple model again predicts the dynamics
measured and simulated collector-emitter voltage and collectegll. During turn-off the model predicts the over-voltage of
current is good. The constant source voltage simulation is time lower transistor collector-emitter voltage to 8.5% with mea-
good agreement as well. sured source voltages as inputs, and to 13.2% for constant source
The upper transistor turn-off transient is shown in Fig. 11/oltages.
Again, the measured source voltages, upper transistor colAlthough not shown for brevity, this study was repeated with
lector-emitter voltage, and upper transistor collector curreatotal DC rail voltag€wg.., +v.q, approximately even split) of
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200 -
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Vach ¥
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Fig. 10. Upper transistor turn-on transient; (a) measured, (b) simulated witly. 12.
measured source input, (c) simulated with constant source input.

200 4

Yaew ¥

Vaer V

200 1

0.8 ms

b,c

Fig. 11. Upper transistor turn-off transient; (a) measured, (b) simulated wi
measured source input, (c) simulated with constant source input.

75V, 150V, and 225 V, thereby varying the on state current over
a considerable range. In each case, the agreement between the

200 1

Vicw v

200 -

Vacr ¥

3501

0.8 ms
Vees ¥

icl’ A

measured source input, (c) simulated with constant source input.

200 q

Vdew v

200 -

Vach ¥

350 1

Veel v

e

Eﬂg. 13. Lower transistor turn-off transient; (a) measured, (b) simulated with
measured source input, (c) simulated with constant source input.

V. CONCLUSION

simulated and measured results were consistent with the study simple behavioral model of an IGBT with its associated

shown herein.

gate drive circuitry was proposed and experimentally verified.

Lower transistor turn-on transient; (a) measured, (b) simulated with
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The model is considerably simpler than previous behaviorafti2] H.Kim, Y. Cho, S. Kim, Y. Choi, and M. Han, “Parameter extraction for
models, and all parameters are readily derived experimentally. ~ the static and dynamic model of IGBT,” ffroc. IEEE Power Electron.

=, a1 . . Spec. Conf.—PESC'92993, pp. 71-74.
The simplicity of the proposed model makes it particularly[13 ~agvanced Continuous Simulation Language Reference Manual

appropriate for system simulation of high frequency effects in ~ Mitchell and Gauthier Associates, Concord, MA, 1993.
power electronic circuits and motor drives. One aspect of th€4l S- D. Sudhoff, J. L. Tichenor, and J. L. Drewniak, "Wide-bandwidth
model which has not been explored is the ability to accuratel multl-resolutlonal analysis of a PM synchronous machifteEE Trans.
- ‘ p ) Yy 1 Y Energy Conversianvol. 14, pp. 1011-1018, Dec. 1999.
predict the device performance under soft-switched conditions.
However, in this case it is likely that the dynamics will be
dominated by the resonant circuitry rather than the IGBT.
Additional future work which is needed is to combine thiderry L. Tichenor received the B.S. (with high honors) and M.S. degrees in

model with a suitable diode and machine models [14] in Ord%l(r;(;télézt?l;;gmeenng from the University of Missouri-Rolla, in 1994 and 1996,

to represent complete motor drives. He is currently employed as a Research Engineer at the University of Mis-
souri-Rolla. His research interests include power electronics and motor drives.
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