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Agenda

» Discussion on what is worst case analysis
« Different types of worst case analysis — i.e.: Extreme value, RSS

 Discussion on electronic component tolerances — resistors, capacitors, and
Inductors, with an inductor saturation example.

« Example 1: Output voltage regulation. UVLO, and OVLO are very similar.
Reference and IC tolerance will be added here.

« Example 2: MOSFET Power dissipation. FET and Diode tolerances will be
added here.

« Example 3 : BJT Transistor Beta
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Worst case analysis definition

« A worst-case analysis is an assessment of a circuits functional
performance, accounting for tolerances, such as Beginning of life (BOL),
environmental (Temperature), aging End of Life (EOL), and, in the case
of Space applications, radiation tolerances.

* Design Parameter
* Tolerances

Worst Case |
| Analysis Tool

Worst Case
Objetives

* Worst Case Parameter:
= Worst Case Behavior

Design Unit under
Test (DUUT)
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Worst case analysis method types

« Extreme Value Analysis (EVA) This is an estimate of the most extreme
limits of the circuit's components and function.

« Root Sum Square (RSS) method works on a statistical "
approach. It assumes that most of the components AY = Z&:
fall to the mid of the tolerance zone rather than at i=1
the extreme ends.

* Monte Carlo analysis, in which parameters are
randomly selected from a distribution,
and the circuit simulated, anywhere
from 1000 to 100000 times.
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Worst case analysis component tolerances

Resistor Tolerances

delT :=75

tol_rd1 bol:=0.1-%
tol rd2 bol=1%
tol_rd3 bol=1%
tol_rd4 bol :=10-%
Variations

or engineering APL

tol_rdl eol :=05%
tol rd2 eol:=0.5%
tol_rd3 eol :=0.5%
tol rd4 eol:=0.5%

k1 := (tol_rd1_bol + tol_rd1_eol + tol_rd1 temp)

k2 .= (tol_rd2_bol + tol_rd2_eol + tol_rd2_temp)

xr23 = 53.6-k
xr23min = xr23-(1 — k1)
xr23max = xr23-(1 + k1)

x23min = 5.318-10"
x23max = 5.402-10%

tol_rd1_temp := 25.10 ® delT
tol_rd2_temp := 100-10 ® delT
tol_rd3_temp := 250-10 ® delT
tol_rd4_temp := 2000-10 °-delT

Kl=787510 °

k2 = 0.023

EOL obtained from component manufacturer,

ppm/C

ppm/C

ppm /C
ppm/C
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Worst case analysis component tolerances

Capacitor Tolerances

delT =75
tol_npo_bol :=5% tol_npo_eol .= 0.5%
tol_bx bol :=10-% tol_bx eol :=21-%
tol X7r_bol .= 10-% tol X7r_eol :=21-%
Variations

k3 := (tol_npo_bol + tol_npo_eol + tol_npo_temp)
k4 := (tol_bx bol + tol_bx eol + tol_bx temp)

k5 = (tol_x7r_bol + tol_X7r_eol + tol_x7r_temp)
alcl2:= 39-p

alcl2min := alc12-(1 — k3)
alcl2max:= alcl2-(1 + k3)

EOL obtained from component manufacturer,
or engineering APL

— 6
tol_npo_temp :=30-10 "-delT BX characteristics are identical

tol_bx temp = 15-%
tol_X7r_temp = 15-%

k3 = 0.057
k4 = 0.46
k5 = 0.46

alc12min = 3.833-10
alcl2max = 3.967-10

11
11

to X7R dielectric, with the added
restriction that the Temperature-
Voltage Coefficient (TVC) is not
to exceed -25% AC at rated
voltage, over the operating
temperature range (-55°C to
125°C).
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Worst case analysis component tolerances

MFP209

25
Inductor Tolerances )
5. DC current at 25°C that causes an inductance drop of 30% (typ) from its value without current. (%) ] - Zon
3 6 26— / \ ‘Q
Inductance2 _DCR (mOhms)®  SRF typ*  Isats Irms (A) o5l 2% 77
Part number! +20% (uH)  typ max (MHz) (A) 20°C rise  40°C rise /// | )Q
XAL7030-161ME_ 0.16 1.15 126 158 60.0 24.9 325 @ Inductance vs Ipeak Current 25°C ambient S
XAL7030-301ME_ 0.30 1.75 192 101 41.0 21.0 276 e 47
XAL7030-601ME_ 0.60 3.00 3.30 72 36.0 18.0 23.0 - -75 /7
XAL7030-102ME_ 1.0 4.55 5.00 52 28.0 16.1 21.8 »]
XAL7030-152ME_ 1.5 7.60 8.36 39 23.5 11.9 15.0 S" e
XAL7030-222ME_ 2.2 13.7 15.07 29 18.0 10.0 12.9 g
XAL7030-272ME_ 27 15.7 17.30 32 12.8 9.2 114 - -12.5
XAL7030-332ME_ 33 19.5 21.45 25 12.3 8.0 10.0 ; 1251
XAL7030-472ME_ 4.7 26.1 30.00 21 101 6.9 9.0 21
XAL7030-562ME_ 5.6 28.1 32.32 17 9.8 53 7.3
XAL7030-682ME_ 6.8 45.0 51.75 15 8.7 4.4 6.8 &1 p 3 % 78 40 20 0 20 40 60 80 100 120
XAL7030-822ME_ 8.2 53.0 60.94 13 8.4 29 59 Curreat (A) T (°C)
XAL7030-103ME_ 10 60.4 69.46 12 7.7 26 5.3
PERMEABILITY vs DC BIAS

PERCENT PERMEABILITY
3

8 8 8 8 8

0 5504

3

2 4 6 810

20
DC MAGNETIZING FORCE  OERSTEDS

40 60

100

400 600 1000

L 4.314-u-tums - (Ae)

le- 108

Fig.2 Initial permeability as a
function of temperature.

Where:

Linductance = Henry’s

i = core permeability

N = number of turns

Ae = core cross-section (mm?)

[e = core magnetic path length (mm)
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Worst case analysis inductance rolloff example

Example of saturation current Now what happens if | push lomax to 60A and reduce the inductance by 30%

Lout = 160nH Lout = 112nH

| peak =45.6A  Peakinductor current | peak = 68.7A

Peak inductor current

Rule of thumb derate Isat by 30 to 40%
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Worst case analysis output regulation example

Problem statement

. Power Stage:
*  Whatis my worst case Vin__|Inductor/Transformer Vour Load
output voltage regulation Power Switches l : !
Modulator ! !
| |
Procedure Ve Vour I | |

* Find tolerances for Vref,
error-amp, and resistor divider.
* Write equation for feedback regulation
» Calculate sensitivity of variables.
» Solve equation

$— Compensation Test L_o__Z.i
Signal

Error

Amp VRer =

W3 TEXAS INSTRUMENTS



Worst case analysis output regulation example

+ Reference Voltage Tolerance at 25°C

Reference tolerance 0.5% (B Grade)

— 1% (A Grade)
— 2% (Standard Grade)

tol _TL431 bol :=0.5% tol TL431 eol :=.25% tol_TL431 temp :=60-10 6~deIT
2600 T T
Via = Vret
2580 [ Iga = 10 mA
> 2560 Vref = 2550 mV
.. —
Reference Variation - e
8 +~
E 2520
8 2500 Vref = 2495 mV
Vref = 2.495 g P —
T 2480 e
TL431vrefmin = Vref-(1 — tol_TL431_bol)-(1 — tol_TL431_eol)-(1 — tol_TL431_temp) T 2450 il
2
TL431vrefmin = 2.465 > a0 Vyes = 2440mV __|
—
2420 .
TL431vrefmax = Vref-(1 + tol_TL431_bol)-(1 + tol_TL431_eol)-(1 + tol_TL431_temp) MU0 s 0 25 50 75 100 125

Ta — Free-Air Temperature - °C
Figure 1. Reference Voltage vs Free-Air Temperature

TL431vrefmax = 2.525
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Worst case analysis output regulation example

O p _am p to I e r an C e OUTPUT VOLTAGE REGULATION CIRCUIT

Op-amp dc error sources include:
* Input offset voltage VOS [
* Input bias current IB

* Input offset current IOS
- Open loop gain ’ S - S I

2.5V REF

From LM158 Data sheet: !
Vos_bol = 7mV from -55c to 125¢ j
Vos _temp = 15uV/c L
Vos_eol = hard to find check with Manufacturer

Ib_bol = 300nA from -55c¢ to 125c,
los_bol = 100nA from -55c to 125c¢
los_temp = 200pA/c, los_eol = hard to find check with Manufacturer

Open loop gain min = 35V/mV =35000 Open loop gain typ = 140V/mV = 140000

Wip TEXAS INSTRUMENTS
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Worst case analysis output regulation example

Below is a sensitivity calculation to show which parts should be minimized or maximized

+ Vbiasnom ...

Vonom(Vref,Vos, Vbiasnom, Vbias_gainnom, x23,r7,x10, x6) := (Vref + \Vos ...

d—Vono

dVref

\Vos

d
dVbiasnom

+ Vbias_gainnom

m(Vref,Vos, Vbiasnom, Vbias_gainnom, x23,r7,x10,x6) = 1.321

:—Vonom(Vref,Vos,Vbiasnom,Vbias_gainnom,xr23,r7,xr10,xr6) =1321

Vonom(Vref,Vos, Vbiasnom, Vbias_gainnom, xr23,r7,x10, x6) = 1.321

|

(X23 + 17 + x10 + x6)
x10 + X6

d

——Vonom(Vref, Vos, Vbiasnom, Vbias_gainnom, x23, r7,x10, x6) = 1.321
dVbias_gainnom

3—23Vonom(Vref,Vos,Vbiasnom,Vbias_gainnom,xr23, r7,x10,x6) = 1.504- 10 S
X
3—7Vonom(Vref,Vos,\/oiasnom,\/oias_gainnom,xrzs, r7,xr10,x6) = 1.504-10 S
r
hVonom(Vref,Vos ,Vbiasnom, Vbias_gainnom, xr23,r7,x10, x6) = —4.83-10 6
Xr
d 6

ﬁVonom(Vref,Vos ,Vbiasnom, Vbias_gainnom, xr23,r7,x10,x6) = —4.83-10
X

Wip TEXAS INSTRUMENTS
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Worst case analysis output regulation example

Resistor divider tolerance

Reqmax:= 1 1 Reqmax = 4.074-10° alri5max = 1.503-10
+
xr23max + r’max  xrlOmin + xrémin
R _— 1 4 4
eqmin = 1 1 Regmin = 4.041-10 alrl5min = 1.437-10
+
Xr23min + r7min Xrl0max + xrémax

Wip TEXAS INSTRUMENTS
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Worst case analysis output regulation example

OUTPUT VOLTAGE REGULATION CIRCUIT

3.3V OUTPUT

Voltage error due to the offset current, bias current, A1rl5 and Req

. -
Vbiasmin := Regmin-(lbias — los) — Ibias-(alrl5max + xr52max) Vbiasmin = —6.685-10 4 ] xce
VWbiasmax := Reqmax (Ibias + los) — Ibias-(alrl5min + x52min) \biasmax = 1.748-10 * e . - ey
. . . s L - TOIOS. AMP.
Vbiasnom := Vblasmax; Vbiasmin \biasnom = —2.469.10° 2.5 REF L
. . . ha ’a{:ii it @/ [EE

Voltage error due to the gain in the error amplifier el

Vout = (Vpos - Vneg) x Av Vin = Vpos - Vneg Vbias gain = Vin i ITJ"F I“:;”F

voh:=5 Voh isthe Vdd voltage on the error amp. therefore the maximum ouput voltage on the error

amp.
. . oh . . -
Vhbias__gainmax = V— Vhbias_gainmax = 1.429-10 4
OLGmin o ) )
This is the min. and max. voltage required for op-amp
h _ ti
Vbias_gainmin = _Yon Vbias_gainmin = 3.571-10 5 operation
OLGmax

VWbias_gainmax + Vbias_gainmin 5

VWbias_gainnom = >

Vbias_gainnom = 8.929-10
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Worst case analysis output regulation example

The total output voltage error due to Vref, Vos, Vbias, Req, and Al1rl5

(x23max + r7max + xrl0min + Xxémin)
xrlOmin + xrémin

Vomax = (vrefmax + Vos + Vbiasmax + Vbias_gainmax)- Vomax = 3.37

(xr23min + r7min + xrl0max + Xrémax)
xr10max + xrémax

Vomin := (vrefmin — Vos + Vbiasmin + Vbias_gainmin)- Vomin = 3.236

The percent delta for Vout is as follows Vonom := 3.3

Vomax — Vonom

Vodelta%pos =
Vonom

100 Vodelta%pos = 2.126

Vonom — Vomin

Vodelta%neg := 100 Vodelta%neg = 1.926

Vonom

Wip TEXAS INSTRUMENTS
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Worst case analysis MOSFET power dissipation example

Problem statement

® The FET,S |n my PS UvLD '

. + Slarkes @ 105V ; l‘,] E I L npu
are getting hot @‘i L e =
(]

FE N A P

CSDE7350080

Possible causes e[ 7

y 4
A T 1,2
U ver 5 a
1.0V @ 704
[}
o7 [ ]
nnnnn WOF | i0inT TFE

s
L TFET
=

i

,

* Not enough heat sink St o meddhoer ol

*  Shoot through e ” |—‘: df, e 1
EER P g Ly
Solution i

« WCAon FET power
dissipation

W3 TEXAS INSTRUMENTS
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Worst case analysis MOSFET power dissipation example

PWM Switch

Synchronous
Rectifier

Switch
Current

Synchronous
Rectifier
Current

Switch
Node

Inductor
Current

1

i} iSynchronous

Rectifier

—

»
»

GND

/\
\
|

/ Vin /
/ +———Average Vout— l
| GND P —— .
//\\/ Average lout—
GND >

Procedure

Find tolerances for Rds, Qg total
gate charge, Qgs charge gate to
source, Qgd charge gate to drain,
Qoss output charge, body drain
diode forward voltage, and controller
dead time.

Write equation and Analyze Rds
conducted losses, switching loss,
and gate drive loss for top FET.
Write equation and Analyze Rds
conducted losses, body drain diode
loss, and gate drive loss for bottom
FET

Add up all losses

Wip TEXAS INSTRUMENTS
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Worst case analysis component tolerances

MOSFET tolerance
A |= o

T“Ej'n ‘

g, .

g, N

1 2 3 4 5 6 7 8 9 10
Vgs - Gate-to-Source Voltage (V)

Figure 20. Control MOSFET Rpsg(on) VS Vas

— Tc=25T
1— Te =125C

Ropsany - On-State Resistance (m2)

I I . T ]

2 3 4 bl 6 7 8 9 10
Vgs - Gate-to-Source Voltage (V)

Figure 21. Sync MOSFET Rpg(on) VS Vas

CSD87350Q5D Synchronous Buck NexFET™ Power Block

Rds goes up as temp goes up

Rds_bol = 20% Rds_tempmax = 63% Rds_tempmin = -40%

Rdson_top =510 30

Rdsmin_top = 2.4 x 10 30

Rdsmax_top = 9.78 x 10 30

Rdson_bot == 1.2-10 30

Rdsmin_bot = 5.76 x 10 ‘o

Rdsmax_bot = 2.347 x 10 30

Total gate charge

gtotal top := 8.4nC gtotal_bol := 30% gtotal_bot :=20nC

8

qgtotal_min_top = 5.88x 10 ° gtotal_ min_bot =14x 10 ~C

gtotal_max top = 1.092 x 10 8¢ 8

gtotal max bot =26x 10 ~C
Gate charge gate to drain and gate to source

Qgd_top :=1.6nC Qgd_bol := 30% Qgs_top = 2.6nC
9

_ . -9
Qgd_min_top=112x 10 “C Qgs_min_top =182x 10 “C

9

_ 9
Qgd_max top =208x 10 “C

Qgs_max top =3.38x 10 ~C

Qgs_bol .= 30%

Wip TEXAS INSTRUMENTS
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Worst case analysis component tolerances
MOSFET tolerance

Qoss output charge

- . -8
Qoss bol=30%  Qoss_top=97nC  QoSs_min_top =679x 10 °C Qoss_bot:=28nC  Qoss_min_bot =196 10 ~C

_ -8
Qoss_max_top = 1.261 x 10 8¢ Qoss_max_bot =364x 10 "C

Body drain diode forward voltage =l | ‘ ==

Vbody = .8V

Vbody_bol := 25% Vbody_temphot :=30% At 125C Vbody_tempcold = 22.5% At -50C

g 0001 s/ | ——]
I ] — Tc=25C
Vbody_max = 1.3V 00001 & ] A —— Tc=125T

0 02 04 06 0.8 1
Wgp - Source-to-Drain Voltage (V)

lgp - Source-to-Drain Current (A)
<
L] I I I il
™ { { { {1
N
N
[ \
N

Vbody_min = 0.42V

Figure 25. Sync MOSFET Body Diode
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Worst case analysis component tolerances
TPS40190 Controller dead time tolerance for body diode PWR calculation

Deadtime_HSoff _LSon := 50ns Deadtime_LSoff HSon := 25ns DT _bol := 20%
Deadtime_HSoff LSon_min = 4x 10 8 Deadtime_LSoff HSon_min =2x 10 8
Deadtime_HSoff_LSon_max=6x 10 8 Deadtime_LSoff HSon_max=3x 10 8

Power block delay time tolerance for body diode PWR calculation

Td_FET_bol := 30% Turnon_dly_HS = 7ns Turnon_dly_LS := 8ns Turnoff_dly_HS = 13ns Turnoff_dly_LS = 33ns

Trise_HS := 17ns Trise_LS := 10ns Tfall_HS = 2.3ns Tfall_LS :=4.7ns
Tumon_dly_HSmin =49 x 10 s Trise_HSmin = 1.19x 10 °s Tumoff_dly_HSmin = 9.1x 10" s Thall_HSmin = 1.61x 10 °s
Turnon_dly_HSmax=9.1x 10 % Trise_HSmax = 221 x 10 8 Turnoff_dly_HSmax =169 x 10 85 Tfall_HSmax = 2.99 x 10 %
Turnon_dly_LSmin =56 x 10 °s Trise_LSmin = 7x 10 °s Tumnoff_dly_LSmin = 231 x 10 °s Tfall_LSmin =329 x 10 °s
Turnon_dly_LSmax = 1.04 x 10 8 Trise_LSmax=1.3x 10 8s Turnoff_dly_LSmax=4.29x 10 85 Tfall_ LSmax=6.11x 10 %

Wip TEXAS INSTRUMENTS
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Worst case analysis MOSFET power dissipation example
1) First calculate conducted loss

Irms_top_fet = 10.462 A Pfet_cond_topmax = Irms_top_fet2~Rdsmax_top Pfet_cond_topmax = 1.07-W (Cond losses)

Pfet_cond_topmin := Irms_top_fet2~Rdsmin_top Pfet_cond_topmin = 0.263-W (Cond losses)

Irms_bot_fet = 38.677A Pfet_cond_botmax = Irms_bot_fet2~Rdsmax_bot Pfet_cond_botmax = 3511W (Cond losses)

Pfet_cond_botmin := Irrns_bot_fet2~Rdsmin_bot Pfet_cond_botmin = 0.862W (Cond losses)

2) Calculate top FET switching loss 9=

Ipfet_top-(Qgd_max top + Qgs_max_top) N Qoss_max_top + Qoss_max _bot

Psw_fet_top = \ﬁnmax~fmax-[ } Psw_fet_top = 1.502W (Switching losses)

Ig 2
Tsw:=18ns Bottom FET has body
. rTsw : t diode voltage across it
PA_SW_FET :=2| — J (\ﬁnmax-mj-[lpfet_top(l - mﬂ dt| Pd_SW_FET = 1517-W (Switching losses) at turn on/off therefore
0 loss is in the body diode

W3 TEXAS INSTRUMENTS
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Worst case analysis MOSFET power dissipation example

3) calculate gate drive losses

PARAMETER

Q1 CONTROL FET

Q2 SYNC FET

TEST CONDITIONS

MIN TYP MAX

UNIT

MIN TYP MAX

Rg

Series gate resistance

1.3 3

08 2| o |

PARAMETER

TEST CONDITIONS

MIN TYP MAX| UNIT

OUTPUT DRIVERS

Ruoni High-side driver pull-up resistance Voot - Vsw = 4.5V, lyprv = -100 mA 3 Q
RupLo High-side driver pull-down resistance Veoot - Vesw = 4.5V, lypry = 100 mA 1.5 Q
Ripmi Low-side driver pull-up resistance lLory = -100 mA 2.5 Q
RipLo Low-side driver pull-down resistance lLory = 100 mA 0.8 1.5 Q
Vgate = 8V
Pg_dr_top = f-qtotal_max top-Vgate Pg_dr_top = 0.028W (Gate losses)

Act_gate_drive_pwr_top = 1—33 -Pg_dr_top

Pa dr bot = f-atotal max bot-Voate

Act_gate_drive_pwr_LS = 2—85 -Pg_dr_bot

Act_gate_drive_pwr_top = 0.012W

Pa dr bot = 0.068 W (Gate losses)

Act_gate_drive_pwr_LS = 0.022W

Wip TEXAS INSTRUMENTS
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Worst case analysis MOSFET power dissipation example

3) Calculate body diode losses Used maximum
PWM times for WC
: Top off Sync on Top on Sync off power dissipation
dead time T Dead time = 30
Dead time = 60ns o\ ead time = 30ns
Top \ o\
drive 7\ — Falltime = 3ns Turn on delay time
Turn off delay time =9.1ns <~ Rise time = 22.1ns
=17ns , I | '
o I |
Rise time = 13ns
Sync . ™ | 7\ . — Falltime =6.1ns
drive Turn on delay time = 10.4nsl\ Turn off delay time
| | =42.9ns |
Actual body diode
conduction time 63.5ns 12.2ns
Tdelayl := Deadtime_HSoff LSon_max — Turnoff_dly_HSmax — Tfall_HSmax + Turnon_dly_LSmax + Trise_LSmax Tdelayl = 6.351 x 10 83
Tdelay?2 := Deadtime_LSoff HSon_max — Turnoff_dly_LSmax — Tfall_LSmax + Turnon_dly_HSmax + Trise_HSmax Tdelay2 = 1.219 x 10 85

Tdelayl + Tdelay?2
Tmin

Pbody_diode_max:= Vbody_min-lomax Pbody_diode_max = 0.475W
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Worst case analysis MOSFET power dissipation example
4) Add up all the top and bottom FET losses

Pfet_tot_top_min := Pfet_cond_topmin + Psw_fet_top + Act_gate_drive_pwr_top

Pfet_tot_top_min = 1.777W (Total top FET losses Cond min)

Pfet_tot_top_max:= Pfet_cond_topmax + Psw_fet_top + Act_gate_drive_pwr_top

Pfet_tot_top_ max = 2.584W (Total top FET losses max)

Pfet_tot_bot_min := Pfet_cond_botmin + Act_gate_drive_pwr_LS + Pbody_diode_max

Pfet_tot_bot_min = 1.359 W (Total bottom FET losses cond min)

Pfet_tot_bot_max:= Pfet_cond_botmax + Act_gate_drive_pwr_LS + Pbody_diode_max

Pfet_tot _bot_max = 4.008 W (Total bottom FET losses max)

Wip TEXAS INSTRUMENTS
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Worst case analysis MOSFET

Cross conduction and Timing issues

PWM
dead time

Top off Sync on
Dead time = 40ns

\

Look at what happens
when dead time is minimum
and delay times are maximum

Top on Sync off

Turn off delay time

Top
drive 7\ — Fall time = 3ns
=17ns

Sync
drive

\

=9.1ns

Dead time = 20ns

Turn on delay time
F S— Rise time = 22.1ns
I

Rise time = 13ns ~

Turn on delay time = 10.4ns
: N

Actual body diode
conduction time

43.4ns

I |
I L
7\ — Fall time = 6.11ns

Turn off delay time

=42.9ns |

2.2ns

Wip TEXAS INSTRUMENTS
25



Worst case analysis BJT transistor example

Problem statement  wauwfid -
h + g I 3.3uF I?;SJ j;_,ggi D100
« My PS wont turn on ' ] . S u
at cold temperature . %‘_S\%f e
e o= 0183 10k Q3 C14 Dz
wvET22228 L rF280723—} MBR22120
P .bl CJJ_ BT2222 = \ﬂi% j.hlilr | T;5
ossible causes ST j L | f o]z 2o
e . @ 5> S A S I
«  Not enough start up e || . P T L0
voltage/current o oomfe——] ) < e
«  Enable circuit oty WL
* Not enough gate drive E
46.4k - P9 :;jg -
Solution

« WCA Enable circuit - )

24V@2.5A SEPIC

Tl Information — Selective Disclosure

Wip TEXAS INSTRUMENTS
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Worst case analysis BJT transistor example

20 TTTI 0.5 T TT s 10 I
Procedure 5 vo| T T 20 I

E 16 I = 10mA H | o 04 E ’ )

[t I = 100mA ps o o Ta=-80°C T
« Calculate base current H =8 e z [

w12 b 45 z 07 —— T, =25°C =TT
» Calculate collector current Bg o ARl : A S

& 13 ' o g
» Calculate necessary Beta 3% o2 . B sl LT | I

. . . . H 06 -5 E Ta=180°C //—’
to maintain transistor In on state =z.. 1 / N W04 T
S0z b =7 o A 3 T
= '0 L ::%_ :ﬁ&_ TA=-50°C §0.3 //”
0.001 001 01 1 10 100 o L L LLLU = 02—
ReSIStor Varl at|0ns Figure 6 !R;p?cJ\alsgj:S(:Ega‘[L:rr::c:n Region ! Ic, COL“LDECTOR CURR‘]EOP?T (mA) 1,000 ot le. COLCECTDR CURREI?IT (mA) 0w
Figure 2 Typical Collector-Emitter Saturation Voltage Figure 3 Basg—E"mit:Ergum-Otn Voltage
_6 vs. Collector Current vs. Lollector Curren
tol_res_bol :=1-% tol_res_eol :=0.5-% tol_res_temp :=100-10 ~-delT
Voltage tolorances
R101 := 10-KQ2 R102 := 10-KQ2 R103 := 40.2-KQ
. 3 3 4 Vinmin2 = 18V Vinmax2 := 36V Vbesatmin := .6V Vbesatmax .= 1.2V
R101min = 9.8 x 10™ Q R102min = 9.8 x 10° Q R103min =3.94x 10 Q
R101max = 1.02 x 104 Q R102max = 1.02 x 104 Q  R103max = 4.1 x 104 O Veesatmax = .3V VD100max = 12.6V
. Vinmin2 — VD100max — VVbesatmax . —
Ibmin = Ibmin = 4.118 x 10 4A
R102max
|Crrax — Vinmin2 — Vcesatmax 4
o R103min ICmax =4.493x 10 A

Wip TEXAS INSTRUMENTS
27



Worst case analysis BJT transistor example

Electrical Characteristics (@ta = +25°C, unless othenwise specified.)

Characteristic I Symbol I Min I Max I Unit I Test Condition
ON CHARACTERISTICS (Note 10)
35 _ Ic = 100pA, Vce = 10V
50 - Ic = 1.0mA, Vce = 10V
75 - Ic = 10mA, Vg = 10V
DC Current Gain hee 100 300 — le = 150mA, Vg = 10V
40 lc = 500mA, Vce = 10V
50 — Ic = 10mA, Vice = 10V, Ta = -55°C
35 — Ic = 150mA. Veg = 1.0V
‘ ! 0.3 le = 150mA, Ig = 15mA
llector-Emitter Saturation Vol —_ \
Collector-Emitter Saturation Voltage VeE(saT) 10 Ic = 500mA. Is = 50mA
Base-Emitter Saturation Voltage VBE(SAT) {Ls ;g \ :2 z ;ggx: :: z ;g;ﬁ
ICmax
= - B =1.091
Ibmin

1,000 " ——"FHFF——F—————
Tp=125°C
z L
< r L \ T
Q
— 100 4 BBk Q\ g
il ! Tp=25°C P
o [ Ta=-25°C Sl
o I
=) | | Il
O
Q
a
~ 10
<
Ve =10V
1L | . | 1[I
0.1 1 10 100 1,000

lc, COLLECTOR CURRENT (mA)
Figure 1 Typical DC Current Gain vs. Collector Current
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Summary

» Analyze the circuit to determine potential issues in the design

» Decide what type of analysis needs to be performed - EV, RSS, Monte Carlo
» Write an equation for the potential issues you found

« Determine the variables in each equation

» Determine the BOL, EOL, and temp tolerances for each variable from the
manufactures DS or company APL

» Calculate the tolerances for each

 Calculate the behavioral equations using the variable tolerances to determine
the worst case parameters for your design
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