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WHY IGBT ?

The Insulated Gate Bipolar Transistor (IGBT) is widely used in power
electronics where high dynamic range control with low noise is required. When
designing power electronics circuits, SPICE simulation is used.

The accuracy and reliability of SPICE simulations determines the quality of the
design of such electronic devices. The Hefner model [1] is widely used to simulate
IGBTSs.

This model is built-in to the simulation programs of the leading CAD vendors
[2]. The inability to simulate a device containing an IGBT leads to significant

difficulties in the design of circuits.



Symica Disadvantages
of the source code existing

Open source code Verilog-A from QUCS [6] have several problems for use:

- the occurrence of a convergence problem,
- the description of the temperature behavior of the model does not correspond to

the experimental data for the range from -55C to +175C.

Simulation started: 12.55.00 23/03/20260.
DC analysis started...

Parameter values:
reltol = 0.001
abstol(I) = 1le-12
abstol(V) = 1e-06
temp = 25 C
tnom = 25 C
gmin = le-12

Sweep step # 1: value of sweept parameter = 6.
__error__: convergence problem. Operation Point not calculated.

No DC solution found (no convergence).

Simulation finished: 12.55.00 23/83/2020.
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Mathematical algorithms used in SPICE
simulations demand  continuity  and
smoothness of mathematical expressions [3]
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1. Break of the continuity condition for
functions and their first derivatives.
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The figure shows the charge behavior
= function Qgd.
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2. Calculation of a function of the form:

W=1-+vx—1,
provided that W> 0. To get real part positive values of W, you need to limit x to
values from 1 to 2.
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3. Software implementation of a piecewise continuous function of 2 variables
F(Q1(x); Q2 (x))

IS a non-trivial task.
In this function algorithm chooses Q=max(Q,(x),Q,(x)) and then uses the
numerical value of the maximum variable to calculate the function F(Q).

An incorrect transition between the values of the input variables leads to a
discontinuity in the derivative of function. In this case, the continuity of the function

itself is preserved.

4. There is a problem with simulating IGBTs over an extended temperature range
[4,5]. The use of the temperature dependences of the original model does not

correspond to the experimental data for the temperature range from -55 °C

to +175 °C.
b
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1. The use of the “if” operator =
requires special attention, because it is the *"~_
source of the appearance of breaks in the 7] = ™~
Qgd function and its derivative.
Comparing code fragments of a
piecewise-smooth capacitive model where
“if”” 1s used
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Cgdj = Agd* EPSSI/(Wgdj+ TINY); sl

if (Vds < Vgs - Vtd) Cgd = Coxd:; g

else Cgd = Coxd*Cgdj/(Coxd+Cgdj); |

Qgd = Cgd*Vdg; i e b e Be e
Qad(x1)

and the charge model, where a single expression for the Qgr variable is used (there is
no “if” operator)
Wdgj = sgrt(2.0* Esi_spice*(Vdg + vtd)/( QEL*nb_m));
T1 = COXD*Wdgj/( Esi_spice*agd);
T2 = "QEL*nb_m* Esi_spice*agd*agd/COXD;
Qdg =T2*(T1 - In(1.0 + T1));
Qdg = Qdg - COXD*vtd;
without abnormal behavior.
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2. To eliminate the problems associated with calculating a function of the form W =
1 —+/x — 1, and to ensure that real part positive values are obtained, it is proposed to use

the procedure

MINA_MAXA(val, min, max, a),
where, val - is the current value of the variable x, min - is the minimum x limit, max - is
the maximum x limit, a - is the smoothing factor that controls the smoothness of the
transition to min and max values. The use of this procedure for smoothing the Whcj

function is shown in the figures below.

“define MINA_MAXA(val,min,max,a) \

0.5*((0.5*(val + min + sqrt((val - min)*(val - min) + a) ) + max)\
-sgrt((0.5*(val + min + sqrt((val - min)*(val - min) + a)) - max)\
*(0.5*(val + min + sgrt((val - min)*(val - min) + a)) - max) + a))
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Whcj.
Derivative Whcj

Function
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3. The problem of obtaining the continuous derivative of a piecewise linear function
has been known for a long time. Its solution is based on the condition of equality of the

function and its derivative to the left and right at the transition point x,:

F; (x| ) = F, (x ), Fl'(x| ) =F2'(x )
x<xo X2Xq x<x0 XZXO

In our case, when programming a piecewise continuous function of 2-variables, the
transition point must be determined dynamically at runtime (the position of the point x, is
not predefined).

With mathematical smoothing, it is necessary to perform a smooth transition from the
maximum value on the “right” to another maximum value on the “left”. To do this, select

a function so that the following conditions are met:

i J!E}TCIOF(QKX); Qz(x)) = Q,(x)
F(Q1(X); Q2 (X)) = glgclo F(Q1(x); Q2 (x)) = Q1(x)
LF(Q1(X); Qz(x)) =0, when Q;(xo) = Q2(x¢) = Q
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To smooth the function of 2 variables, it is proposed to use the expression below:

n+1 n+1
F&) = F(@u(,0:00) = L B8 20

where n — even. If the values of the function Q,(x) on the (-, X,) are greater than the

function Q,(x), on the (x,, +o0) or vice versa Q,(x) > Q(x), then we obtain the desired
result satisfying conditions above. The function is applicable if Q,(x) and Q,(x) both

have either positive or negative values at the same time:

R + 030 _
R O E O A
3 3
lim U )+ N 0 — Ql(X), x < Xg.

x>-00 Q7 (x) + Q3 (x)
If the values of the function Q,(x) or Q,(x) reverse the sign, then the expression
requires additional modification.
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o L N AT Let Q;(X) =1+ X, Q,(x) =1-x,x=1[-1,1].
TN T The program implements the following
- TT"7TI7777% "':’"' "T"":""I""F'_Qz
----- o S e algorithm:
I e [ 2(=4)
o T N - Q,(x), x <0
5 S R S S s NG S=5(x) =
5 S N . {le, x20
108 06 04 02 0 02 04 06 08 1 The plot of S(x) (black line) — is a
piecewise continuous function that always has a
R R R SRR discontinuity in the derivative at the point x=0.
A0 S S S S 92 The derivative value changes from -1 to +1.
| . I . f | | | 1 ——d01/dx . .. . .
05 fommbemcboecboei WAL WhHeN replacing the original function S(x) with
ol —ee F(x), we obtain a smooth derivative with a
I I 1 I 1 1 I I I | | 2/dx . - . .
okl g slight deviation of the values of the function
A near the break point. The deviation is regulated
N by the exponent n. In the figures, the green line
1 08 06 04 02 0 02 04 06 08 1 corresponds to n = 2, the orange line

corresponds to n = 4.
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Consider the behavior of the
model variables QQ, Qg Q_old, Q.

Original value of Q_old (green
line) calculate like maximum value
between the input variables QQ(red
line) and Qg,, (lilac line). The new
... variable Q was calculated at two
b e o+ values of the exponentn =2 and n =

©£1:00 | ¥ f1:0dop | % E1:0_old | A E1:0pow3 | 7 EL:Opows

- 4. It can be seen from the Figures 6a
ey that at n = 2 the plot of the variable Q
oot (blue line) deviates more strongly near
bbb L) the transition point from the line

Q_old than the line Q for case n = 4
(magenta line). Analyzing the
behavior of the derivatives, it can be
noted that dQ/dt at n = 2 (blue line)

2.5n 27n 3.3n 3.6n 3.9n 4.2n 4.5n 4.3n 5.1n 5.4n

SIS, G e smoother than at n = 4 (magenta line).
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4. The Hefner model uses the following physical characteristics to describe the thermal
properties of silicon [8].

Grg="" Thermal voltage at T,=27°C,
0, = "q—T Thermal voltage,
_ 7.02X107%.T,? —n70
Eg(Ty) = 1.16 — T T1108 Band gap at T,=27°C,
7.02x10~%.T?

Eg(T) =1.16 — rit0s Band gap,
n; = 1.45x 1010 . (Ti) . e(Bgeo/9eo=Ege/9e) |ntrinsic carrier concentration,

T\ 25 ° o
w, (T) = py, - (?0) Electron mobility,

T\ 25 o
y(T) = pyy - (;") Hole mobility,

0.35 ..
BVk, = 5.34 x 1013 . (Ti) Break-down voltage coefficien,
0

o(T) =1 (Tlo)“ Lifetime,
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To describe the temperature behavior of the -V characteristic of a transistor,
expressions are used:

T\Jsne1
IJsne'A-\ == . -
Jone(T) = (T"l) - Emitter saturation current for electrons,
sne 614000-(T—ﬁ)
Ve(T) =V + Vpy - (T —Tp) Threshold voltage,
Kp1l
Kp(T) = Kp - (2) Transconductance,

where 74, Jg.e1, V11 Kpl —temperature coefficients.

For a more accurate IGBT simulation over a temperature range from -55°C to
+175°C the above system of equations has been improved. So the expressions for n,

pn (T), pp (T) 1 T(T) replaced with:

T N1
n; = 1.45 X 1010 . <T_> . e(Egto/q)to—Egt/‘Pt)niz,
0

Un(T) = pp = (L + png - (T = Tp) + ppy - (T — Tp)?),
up(T) = 1ty - (1 + Upy + (T —To) + ppp - (T — To)z),
(M) =7-(1+71 - (T—Ty) + 15 (T —Ty?),

where n;q, iz, Un1, Unzs Hp1, Hp2 aNd T, — additional temperature coefficients.
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IGBT In temperature range
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Results of comparison of experimental [7] and model characteristics in a wide
temperature range. a) linear, b) semilogarithmic scales.
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The improved IGBT model is based on the well-known Hefner model. It is suitable for both
transient (TRAN) simulation and .DC circuit design. The identified convergence problem was
eliminated in the model. The model allows for circuit simulation of electronic circuits containing
IGBTs in a wide temperature range from —55°C to +175°C.

New points are:

- The use of a specially developed function of smoothing of 2 variables. This function meets the
requirement of dynamically determining the inflection point and allows you to control the
amount of smoothing by changing the exponent.

- The use of temperature dependences that differ from the known expressions makes it possible
to increase the accuracy of modeling circuits in a wide temperature range.

- The use of a charge model allows one to describe a single continuous function Qgd for the
entire range of input values.

The improved model embedded into the SymSpice circuit simulation program. The study was

supported by The Foundation for Assistance to Small Innovative Enterprises (FASIE).
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Thank you for attention!

WWW.Symica.com



http://www.symica.com/

