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Background/Overview

[y i iy Pl fofied P14 [ttt e |t W

e High “altage
Valtage . i i
Signal Current Fiber Coupled b P CoL
Source Diode Laser HV
)
> —C. § R, Detonator
Common Acronyms \

MPA = Miniature Photovoltaic Array
CDU = Capacitive Discharge Unit
HV = High Voltage

LD = Diode Laser

\\\
FS = Firing Set \
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Objective

1. Control the HV output state of the CDU

2. Model the optically powered firing set (electrical, thermal,
optical)

3. Minimize temperature of MPA and LD
4. Adjustment of HV output state

hdn liry f—fp®! liry Pid P FId ot p—fl [t b

e High “altage
Yaltage . i i
Signal Current Fiber Coupled b P CoL
Source Diode Laser
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? Requirements

The system shall regulate the output voltage to a predetermined
level of 1500 V with 3% regulation ripple (1525 V- 1475 V) and a
rise time of less then 5 seconds.

The system shall have the ability to adjust the output voltage
level.

The system shall regulate for a minimum of 5 seconds and a
maximum of 30 seconds.

The system shall minimize thermal heating of the MPA during
regulation.

The system shall minimize thermal heating of the 3 W fiber
coupled laser diode during regulation.

The number of electrical and mechanical components shall be
minimized.

May 8, 2009
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Detonator
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Unique Input Signals

Trigger Signal

Output Signals
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Cable Discharge
Optically Coupled
Laser Ignition
Laser Initiation

Explosive
Ferroelectric

CDhuU

1
2.
Optical

1.

1.
2.
3.

Deliver high power signal to a
Electrical

detonator
3 Types

What is a firing set?
1.
2
3.

1es

| Laborator
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Slim loop Ferroelectric
Compressed Magnetic Field

Ferromagnetic

4.
Initiate detonator in a safe and

3.

2.
reliable manner only when intended
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Components

. HV Voltage Converter
. DC-to-DC
. Flyback converters
. Push-pull converters

2. AC-to-DC
2. CDU
. HV capacitor

E=—CV~’

2. Resistor
3. HV switch

May 8, 2009

Electrical Firing Sets with CDU

Unique Input Signals

Trigger Signal
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Unique Input Signals

Trigger Signal

the light
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energy from the diode laser
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CDU Components

(C; STOM
KMRIX7014SP-2
Lo Y7 T BT VoY, TR

Mass
MPA = 0.45¢g
Small Flyback
XFMR =1.21g
Small Cap = 11.54¢g
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Optically Powered Firing Set
Experimental Sgtup
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mtrical Modeling — Current Source

lir Pl feie] Pl lat ! |t e

Input High “altage
Waltage - Output
Signal Current Fiber Caupled M2 cou

Source Diode Laser

* ILX Lightwave LDX-3565
Precision Current Source

*0-6A

[if] I Lightwave .px3525  PRECISION CURRENT SOURCE

DISPLAY
=5 CURRENT

» Modulation Transfer function

B POWER |
= OVIEW SET |
04 PARAMETER = !
A = W ENBL |
m INTERLOCK OPEN /V UM =P UM
600—— =on NN
V MODULATION RANGE MODE . ourPuT

EOMER £ 200 mA Elew

L | I _\ 20:mh /¥ B 500 mA = | HEW
50 mA [V E SiE

* Transfer function accuracy £10% DL E
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Electrical Modeling
Semiconductor Physics

1. Background
« Schrodinger’s equation describes the motion of a particle

2
f VY +VZ = ih oF
2m ot

« Solving it we can find the wave functions and energy levels of the
system.

2. Each material has a distinct bandgap structure

« When bonds between atoms are formed to make a semiconductor, the
uppermost energy levels of atoms each broaden into bands of levels.
These bands are a collection of different electron energy levels.

« Bands in red dominate the Conduction Band
electrical properties of the Ky
semiconductor Valance Band

May 8, 2009
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Electrical Modeling
Semiconductor Physics

1. How are the bands filled?

Conduction Band D
vilaneeBand L - i

Metals Semiconductor Insulator

2. Semiconductor band structure
« Valance band is almost completely filled
 Conduction is almost empty

 For analysis of practical laser operation we will assume single
band for conduction and valance bands

May 8, 2009
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Electrical Modeling
Semiconductor Physics

Electronic Transitions and interactions with light
1. Spontaneous Emission

2. Absorption

3. Stimulated Emission

Conduction Band

|

=

l

Valence Banc-l-

May 8, 2009

Optical Fiber

Rsp Rz Ro4 Re | R H(o)le
Electron Electron Electron Electron Electron
® o
_____________________________________ ) S IR SNSRI N AR W S
Photon V
Photon Photon Photon
Photon
eI ST e B Y e SLGLCCTTITITE CETETTTLTTETETTE] PR ~EETETErs cecYemeemennen
S o o S5
Hole Hole Hole Hole Hole
Spontaneous Absorption Stimulated Nonradiative Auger
Emission Emission recombination | Recombination
Radiative Transitions Nonradiative Transitions

fl'l Sandia National Laboratories
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Electrical Modeling
Semiconductor Physics

1. Spontaneous Emission Conduction Band E, | @

 Recombination of electron-hole = emission of photon

- LED

 Emission random in direction, phase, time

* Need hole at E, and electron at E, simultaneously

« Transition rate is product of electron density at E, and E,

R, = AD(E,)f(E,,T)D(E)l- f(E,,T)]

/ \ Fermi Function —
Density of

) probability that they are
electronic states occupied by electrons

« Simplified when emission happens in undoped active
region

Valence Band E;

Electron

s —\/\,—>

Photon

Y
Hole

Spontaneous
Emission

Rsp =N ’B -« — Bimolecular recombination

coefficient

May 8, 2009
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Electrical Modeling
Semiconductor Physics

Ri2

Electron

Conduction Band E, ﬂ

2. Absorption

 Photon absorbed in semiconductor material E

« Stimulates generation of an electron to the |
conduction band and leaving hole in valance band Valence Band E o

- 3 particle process Absorption

» Transition rate is product of three densities

R, = BuD<E2>[1—f<E2,T5]D<E1 )f(E,,T)p(hw)

: \

Density of photons

Density of non-occupied
states in conduction band

May 8, 2009
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Electrical Modeling
Semiconductor Physics

3. Stimulated Emission _ Electron
Conduction Band E, )

* Photon disturbs the system and stimulates the |
recombination of an electron and hole. ! —\N\—>

* New photon is generated with same phase and prich | =\
direction of incident photon Valence Band E, Y

* Net of 2 photons - called “optical amplification” Stim:‘['aeted

- Transition rate product of three densities from 3 Emission
particles

R, =B, D(E)|1- f(E,,T)|D(E,) f (E,,T)p(7tw)

May 8, 2009
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Electrical Modeling
Semiconductor Physics

Re [R| FR°

1. Non-radiative transitions
Electron Electron

« Recombination at point defects, surfaces, and Conduction Band E,[ @ ® i
interfaces in active region

Rnrl = AN

Valence Band E; ¢

Hole Hole

 Auger recombination: electron to hole
recombination energy is transferred to an electron Nonraditive | Auger
in the form of kinetic energy

Rnr2 = CN ’
 Total effect

R, =AN+CN’

May 8, 2009
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' Electrical Modeling — Diode Laser

General Info

¥
g
3

win liry Pid laut o o
Input High “oltage
“Waltage

Output

Signal Current Fiber Caupled 9= cou
Source Diode Laser

» 3 Watt Jenoptik & Unique Mode
« 808 nm
* Fiber coupled
- 3Wat43 A
 Broad area edge-emitting

May 8, 2009
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' Electrical Modeling — Diode Laser

Operation
win lin Fld lout P out iy
Input High “oltage
“Waltage . Output
Signal Current Fiber Coupled (K11 cou
Source Diode Laser

Laser Diode Operation
1. Forward bias — Emission of photons (Stimulated Emission)
2. Optical Waveguide and resonator

Electrical
Lead

Metal

- .__-:..-__ : - n“.p.a
Heatsink uhctiun
and

Electrical
Contact

May 8, 2009
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CO—e

Input
“Waltage
Signal Current
Source

 Reservoir model will be
used

* Time variations in N and Np.
* N = carrier density
* N,= photon density

» Arrows represent number of
particles flowing per unit time

* Rate equations can be made
by setting the time rate of
change to equal rates going
into minus rates leaving
reservoir

May 8, 2009

' Electrical Modeling — Diode Laser

Rate Equation Beginnings

lout P ot e

High “oltage
Output

Fiber Coupled hAP2 cou

Diode Laser
Iin
Heat

and Light

Heat

RnV NV
Carrier Reservoir

No(NpVp/Tp

NpVp

P
Photon Reservoir out

(1-n0)(NpV/Tp)

Heat
and Light
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Electrical Modeling — Diode Laser
Rate Equation

i liry PId lout Jout e
Input High “oltage
Waoltage Output

Signal Current Fiber Caupled MPA ou
s Diode Laser

h 4

1. Carrier rate equation (single *'i“
mode model) and Light
* No carrier leakage (R))
* n;= injection efficiency
* V =volume of carrier reservoir

dN 1.
ye = ”lqm ~(R,+R, W —(R, R,V @ S
 Approximations Carrier Decay
Process
(Rsp+Rnr):(BN2)+AN+CN3zﬁ‘/ )
T

lde_ 1 dNP:(RZI_RIZ)

= = (R, —R,,) =
& N, dz v,N, dt v,N, Ry =Ry ) =8V,
dN I N N+N
_ In N—I—NS :nz in _Vggo 11’1 s
£~ & N, +N. dt qV T Ntr-I-NS

May 8, 2009
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Electrical Modeling — Diode Laser
Rate Equation

i liry PId lout o e
Input High “oltage
Waoltage Output

h 4
5

2. Photon rate equation
= >& R'ssV
dN N V H = No(NpVp/1
V E=(R, —-R, )W -——LL+R TV
Poodt T "
p Npr Pout

Photon Reservoir

* Divide out volumes
« Approximations

(1-n0)(NpVp/Tp)

g

Heat
1 dN 1 dN (R,,—R,) and Light
= E = E = S(R,,—R,)= N
Np d= Vng dt Vng (R, 21) 8V IV,
LV
%
g dN N+N 1
N+N d — rvggaln( J j_ Np+rR;p
g:goln—s dt Ntr+Ns Tp
Nt”' +NS
May 8, 2009
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Final Rate Equation

Input
“Waltage

Co—fe

Signal

Total Model

No(NpVp/Tp

Pout

(1-n0)(NpVp/Tp)

Heat
and Light

May 8, 2009

) I ) ) 1 B
urren i &
urce

hAPA cou

Electrical Modeling — Diode Laser

High “oltage

Output

dN nl, N N+N,
= ——=v,g,In
dt qV = N, +N,
dN
r oy g | XNy g
dt ¢ N,+N,) 1, P ?
NV
IDId :nohv —
1 %
Energy per
photon at a
specific A
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' Electrical Modeling — MPA

General Info
udn in in Aid lout g
Input High “oltage
Waoltage Output

Signal Current Fiber Caupled MPA ou
Source Diode Laser

h 4

.U
+

Miniature Photovoltaic Array

 Series connected silicon
photovoltaic array

« Built at Sandia National
Laboratories’ Microelectronics
Development Lab (MDL)

« Use Silicon-On-Insulator (SOI)
technology

How does it work?

« Current is generated when
illuminated by light source

May 8, 2009
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' Electrical Modeling — MPA

General Info
udn in in Aid lout g
Input High “oltage
Waoltage Output

Signal Current Fiber Caupled MPA ou
Source Diode Laser

h 4

» Uses the principle of absorption to generate current
* Minority Carrier Device

» Metal Grid structure is used to provide pathway for electrons

Metal

May 8, 2009
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' Electrical Modeling — MPA

Operation

h 4

(1

Signal Current Fiber Caupled MPA ou
Source Diode Laser

1. Device is illuminated

n in in Fid lout by
Input High “oltage
Waoltage Output

. x 10°
2. High current/ Low aa Bt
voltage 1 ]
-0.01
3. Low current / High 05+ Jo00s
vo Ita g e . non-illuminated 1
< 1 Power (W)
5 0 J0.006
05 I 1 710.004
-1 / illuminated =0.002
M T a0 a0 6w 800 1000 1200 1400 1600 1800
Voltage (V)
May 8, 2009
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' Electrical Modeling — MPA

Characteristic Equation

Input

i in P lin Pld

-

Waoltage

Signal Fiber Coupled

Source Diode Laser

0
c
=3

1. Single Exponential Model of p-n
junction - single cell

]OUT :IL _ID

+ Shockley ideal diode equation

eV,
I, = [0[8”” —lj

*  Output equation

eV
Loy =1, -1, [e”kT —1)

May 8, 2009

Iom \.hv

cou

Simplification
R,=0

R_p:oo

Iout

o o

Single Exponential Model

II1 Sandia National Laboratories
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Input
Waoltage
Signal

2. Double Exponential Model of p-n

junction - single cell (backup) lm

* Provides better current voltage x
characteristics of solar cells '4() SZ SZ

Loyr =1, —
*  Output Equation

eVd

Loyr =1, =1y | €

Saturation current
due to diffusion
mechanism

May 8, 2009

i in P lin Pld

nlkT _ 1 _

Electrical Modeling — MPA
Characteristic Equation

Iom \.hv

Output

Current Fiber Caupled MPa, cou
Source Diode Laser

High “oltage

Iout

]Dl_]Dz

O

R v

Simplification
R,=0

)

\ D lelmleb & v

Saturation current due
to recombination in

space charge region

Double Exponential Model

i
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' Electrical Modeling — MPA

Characteristic Equation
Corap

e it W Series Connected
Voliage I Hiah voltage Circuit

© Cutput
Signal Current Fiber Caupled 9= cou

A 4

Sourn Diode Laser

Iout

» Series Connection of multiple cells
* 2400 individual cells on 5 mm device | l o
2" conne.cted in series 'LICD B
* Assumptions
— ldentical diode junctions
— All cells are uniformly illuminated

— Single exponential model l I
 Output Equation M 2 ¥ o Vhy
|
eV, y :
NnkT
Loyp =1, — 1| e " —1|——% I
R, l

DN V'Ip

I

May 8, 2009
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' Electrical Modeling — MPA

aracteristic Equation & Temperature Effects

‘uln b |=|‘14.-_.,c,,_rt \.h\r
Increasing T, From p-n junction physics
_qu
........................................................................... » . 3 kT
.................. ]0 — KIT e
thV l
[ _[ _[ eNnkTpv _1 _th 3 &
our L 0 [ — K T e T
R 0 1
/ P
!
" \ ]
K, eV, V
_ 3 T, | NnkT,, Iy
]OUT_]L_KlTpv -1 _R
p
May 8, 2009
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' Electrical Modeling — HV CDU
General Info

\dn P | Pid P Pld lout
* MPA provides |,
. Trigger Signal
» Capacitor stores S
energy -
R,  Switch
R,
. 100M
* Resistors are for . A Cr | §99.9M R,
monitoring and  '°U S1.50F Detonator
bleeding 2 Ry 1o
100k RS
100M
» Switch used to high T T
energy to detonator oV hv(1000:1) Vet J__
May 8, 2009
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lin Pld

L J

Co—e

Input

Waoltage

Signal Current Fibar Coupled

Source Diode Laser

 HV switch and detonator are not modeled

M P2

* Frequency domain — Laplace Transform

' Electrical Modeling - HV CDU

Transfer Function

Qutput

High Woltage

? Q ?
N Chv__ N /N
IO‘“ICD s ;id Viy I"‘““’K) Civs T 2R oy I"“t(S)K) Z Vin()
— >
o o o
] VC(S):IISp(S)Zt
RP
s s C,,s / v 1
t t L
Lt 2 R, + Cl G(s) = ;/((S)) S
HVS Sp A 1
S+———
May 8, 2009 R,Cuy
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A

1. Heat transfer is flow of thermal energy (q) in a medium or
between media when thermal difference is present

Thermal Modeling
Heat Rate Equations

2. Three Modes
1. Conduction
2. Convection
3. Radiation

Radiation

May 8, 2009
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Thermal Modeling
Heat Rate Equations - Conduction

* Fourier’'s Law for heat flux

dT
e
d{\ Ts 1 Ts,
Thermal Ts,z - Ts,l
conductivity L
(W/m*K) T g
* Heat rate (W)
4 dl' kA
q, =— —> =—kA— =—|AT AT =T ,-T,
A QCOI’ld dx L ( ) 1 ,2

May 8, 2009
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|
otV ‘ Thermal Modeling

Heat Rate Equations - Convection

* Newton’s law of cooling for heat flux

T

"o - ’
q"=hT,~T,,) T
~ Moving . 2
_ Substance T
Convection heat - s
transfer coefficient |
(W/ mz*K) Ts = Tamb

* Heat rate (W) h - coefficient

QC’OHV — hA(TS — Tamb) * surface geometry

* Fluid thermodynamic &
transport properties

e Fluid motion

May 8, 2009
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|
P ‘ Thermal Modeling

Heat Rate Equations - Radiation

T

 All objects radiate energy in the
form of electromagnetic waves

0.1 to 100 um wavelength ary \ q
(Thermal radiation) relevant rad1
- Emitted or incident radiation T,
" 4 Qrad2 \\K f/
q =¢ol, | |

* Net rate

q" =eoT, —eol =eo (T, —T")

/

emitted energy absorbed energy

qmd — hrA(T2 _Ti)

* Linearize

h, =eo(T,+ T, +1))

May 8, 2009
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Thermal Modeling
Heat Rate Equations - Simplification

- Lump thermal properties together as thermal  , _ Vo=V, L
resistance/conductance elec )i oA
Ohm’s Law
T,-T., L 1 k4 kA
-5 52— > A = = = — =
Rthermal q k A thermal Rthermal L — qcond L (AT) l cond (AT)
conduction
R ! e oL g — =hA(T. -T _)=A_(T.-T. )
conv h A thermal Rthe,,mal qconv s amb conv \* g amb
convection
May 8, 2009
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Thermal Modeling
Heat Rate Equations — Nodal Analysis

* First Law of Thermodynamics
(Law of Conservation of Energy)

Est — Ein _Eout +Eg

E i * Energy storage rate due to temperature change (ES t)
. du' d dT,
Lk, = g di (pCVldTld ) = dtld Cu

« Energy rate into control volume ( E )

* Energy rate out control volume ( E )
out

* Energy generation rate in control volume (Eg)

May 8, 2009
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} Thermal Modeling — Diode Laser

R ! Pid Tout F—e] lout wh
bt High “oltage
Waoltage - Dutput
Signal Current Fiber Caupled MPA ou
Source Diode Laser

May 8, 2009
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Thermal Modeling — Diode Laser

> Iom \.hv

Nodal Analysis:
,,,,, - _> < L]
PNIREN Assumptions:
| o = . .
S . Temperature at (t) in material
N 1s uniform
~~~~~~~~~~
. Aeaof 1-D heat transfer
5§  emission T
o . .
R posarodaat e : Constant material properties
Qgene - '
i ™| Contact ' —
: ontac < : TO — Too
! |p-cladding 'é% E
Node 1 ------ E p-waveguid 5 '_ Active Area
i n-waveguid T E T,
i n-cladding S ;

Node

May 8, 2009
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il
}_ ermal Modeling — Diode Laser: Node 1

Est :Ein _Eout +Eg - (Eout)
1 E out qconv + qcond + qmd + qmd ,optical
E = E —F — EOW = ll,conv (Tld o Too ) + A’I,cond (ATI) + hrA(Tabs o Tsur) + Pld
st g out .
Eout - A’l,cond (A]—'l ) + })ld
T A -
AT ( : ) ( : )
G Ee E,
\w‘:\ - W/_> . . . . 2 .
N Eg o qgen _ })m _ ]inl/ld _]in Rcable E = dU :dTld C
odt odr "

/ $ Ta
qgen :. ........... O, e ] k J

—+ > Contact i
E p-cladding \% i Y
- il
E n-waveguid i gi i _ /”L ;L
i n-cladding o3 ; dT}d = Lcond T}d + eond. T; + L ])total
dt Cy, Cu o
May 8, 2009 \j
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JFhermal Modeling — Diode Laser: Node 2

=D

High “oltage
Output

=%
) i
=
£
5

Waoltage

Ts
E,)
Node ( st
: dU' dT
E,= =0 Cua
dt dt
v i)
_ out
Est _Ein _Eout ;

Eout - qconv + qcond + qmd
E ut = A’Z,conv (Ts - Too) + A’2,cond (AT2) + hrA(Tabs - Tsur)
Eo t - A’Z,cond (ATZ) - A’Z,cond (T; o TE))

u

1 (E in )

' ' A —A —A A T
El,n = ﬂ,l’con p (ATI) — EOW (Node-1) dT, :{ 1,cond :|Tld +{( 1,cond 2,cond):|]-; L 2cond o

C C

N N

May 8, 2009
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May 8, 2009

modeling — Diode Laser: Final Equation

bt High “oltage
Waoltage - Dutput
Signal [ t Fiber Caupled MPA ou

Source Diode Laser

Input 1 Output 1

Pld Ts—»(2)

Input 2 Output 2
Diode Laser

Thermal Model

dT, | =2 | A
Id — |: 1,cond Tld 4 |: 1,cond :|TS 4 |:1:|])tmal
dt Cld _ Cld Cld

)'2,cond TO

d]-; — |:)'l,cond :|]—vld 4 _(_)'l,cond - )'2,cond):|T 4

N
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‘
}. Thermal Modeling — MPA

et High “oltage
“Woltage - Dutput
Signal Current Fiber Caupled 9= cou
Source Diode Laser

»

L T R A

»

0.400” square

b 2
N
u
-
»
.
E 4
-
7
’
4

# 7 77 80V AUNNN

PRV IV B B T T N

{2

May 8, 2009
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Thermal Modeling — MPA

n in in Pld lout hy
Input High “oltage
“Waltage Output

Signal Current Fiber Caupled 9= cou

<
A 4

Assumptions:

1. Temperature at (t) in
material is uniform

2. 1-D heat transfer
3. Constant material properties
TO=Te

SiON-filled
isolation

* Process 1s similar to diode laser
thermal model

May 8, 2009
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A 4

o

Signal Current Fiber Caupled 9=
Source Diode Laser

Est :Ein _Eout +Eg — Est — Ein _Eout -

Thermal Modeling — MPA: Node-1

n in lin Pld loust b
Input
“Waltage

High “oltage

Output

cou

(E ) (Est )
. in E dUt dTpv
I Ein: (1 o Rmat (ﬂ’))PId st dt B dt .
_—
. (Eout)
Qrad Eout = qconv + qcond + qrad
Node 1 q Ga.conv.1 Ja,conv,2 Eout = A‘a conv (Tpv o Too) + A‘a cond (ATa) + hrA(Tabs o Tsur)
v rad > >
Eout - )'a,cond (ATa)
SiON-filled | ; dT i i
isolation : . — Ay con a.con 1-R A
E = — Tpv+ Lo ]-;ub+ ( mat( )) Pld
dt C, . C,

May 8, 2009
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ermal Modeling — MPA: Node-2

Co—fe

Input
“Waltage

A 4

Pld

D

High “oltage

-

Signal Current
urce

Fiber Coupled
Diode Laser

Output

hAPA cou

(£,)

t
g4V _dT
dt  dt

B, -E, -E,
s in ou > .
) (Eout )
E = qconv + qcond + qrad
(Em ) = A‘b conv( sub T ) + A‘b cond (AT ) + h A( abs sur)
Eii’l a cond (AT ) E = A‘b cond (AT ) A‘b cond( sub 0)
deub _ A’a,cond T + (_ka,cond _A’b,cond) Tsub " A’b,condTO
dt Csub i Csub Csub

qcond,2

May 8, 2009
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ermal Modeling — MPA: Final Equation

win lin P lin Fld lout iy

et High “oltage
“Woltage - Dutput
Signal Current Fiber Caupled 9= cou

Source Diode Laser

Pid Output 1
Input Tsub —}

Output 2
MPA
Thermal Model

2-Node Equation 3-Node Equation

_ _ dT - A —
dTpv _ A’a,cond T ! n A‘a,cond Tmb + (1 Rmat (A‘)) P ) pv — a,cond Tpv + a,cond Tmb + (1 Rmat (A,)) va
dt C i C C b dt C C C

pv pv pv

pv pv pv
devub A’a cond T (_A‘a cond A‘b cond) T A‘b condTE) dT:Vub — |:A’a,cond :|T + |: (_A‘a,cond B A‘b,m"d ) :|T + A‘b,m"dTpaCk
- , + , , + , - v sub
dt Csub " Cmb b Cmb dt Csub g Csub Csu b

Output = TpV dTpaCk _ /lb,cond T + (_/lb,cond _/lc,conv) T + /lc,coanoo
- sub pack
dt C C C

pack pack pack

Output =T,

May 8, 2009
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Model Verification Process

1. Calculate/estimate equation parameters

« based on previous work, educated guesses, calculations from
experimental data

2. Solve ODE’s with MATLAB
 m-files were created for each component
« Check for basic output response characteristics
3. Create a block for each component in Simulink
« s-functions used
* Created subsystem for each component
 Created menu for component parameters
4. Simulate blocks and compare to experimental data
« Adjust unknown parameters to fit experimental data

May 8, 2009
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May 8, 2009

el Verification Process — Creating Blocks in

SiM_photocell_slect_model

\

S-Function

Simulink

O

Wh

Fld

Fld

lourt:
B Poptical lout
P Tpow 4

HY Photocell Electri @ Model1

Teub

Tpack

hFA
Thermal Model1

Function Block Parameters: HV Photocell Electrial Model1

Subsystem (mask)

Parameters

Enter: Rp

Enter: Io

|80.874e-12 |

Erter: n

|

Enter: k2
[0.0t40 |

Enter: K5

|-1.8221e4

oK ][ Cancel J[ Help Apply
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%trical Model Verification — Diode Laser

Fundamental Pl response

- Experimental Data CO——pm )

« JOLD-3-BAFC-11 S/N#: L
EK-08211

« 53 input current levels

 Scientech AC 2501H 3t
Power Head

* Simulated Data
« 53 input current levels
« Solver: Ode23s
* 1 second for each
simulation N
* Results

« 97 mW at 2700 mA (5.6%
error) .

3.5

Experimental Data
Simulated Data

2.5¢

1.5

Optical Output Power (W)

0.5r

L [ [ [ | [ [ [
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Current (mA)

May 8, 2009
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%cal Model Verification — Diode Laser
Ramp Input response

= .—I- in Fld—@
« Experimental Data |

« JOLD-3-BAFC-11 S/N#: Elachioal Model
EK-08211 12

 800mA injected current

- det210 photodiode T

Experimental Data
Simulated Data

0.8+

 Simulated Data

« Estimated input current
from measured output
current

* Results j

 Rise time match

0.6+

0.4+

Normalized Output

-0.2

Time (s)

May 8, 2009
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%ctrical Model Verification — MPA

1. Active optical alignment

« Entire semi-circular area
of active cells need
illumination

* Provide maximum
illumination current

2. Non-illuminated curve
« Check for correct

operation
« llluminated curve is just
shifted
May 8, 2009
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Calculation and Estimation of Parameters

Curve Fit Plotted Against Test Data
0 | | |
» Could develop equations from p-n
junction physics for each
parameter that is a function of 2
semiconductor material constants | - .
and manufacturing variables S
 Most semiconductor constants
vary with production spread
» Curve fitting is therefore used to : - o —
determine these parameters Volage (V)
m— Data
ewse Curve Fit
Parameter Descriofi Initial Final Tuned el Ivmee) EITE i .
ption value Value Temperature included in Units
model
Reverse
lo Saturation 2.57E-11 1.59E-11 NA A
Current
n Diofziccfg‘f"ty 1.864 1.94 0.7 none
Rp R::;g?:ﬁ'ce 7.85E+07 | 1.00E+09 1.00E+09 Q

May 8, 2009
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%ctrical Model Verification — MPA
Calculation and Estimation of Parameters

5
x 10

lllumination current 1

» function of input optical 0
power

- experimental data was
taken at different
illumination powers

« R?=0.9985

* Itis dependant on
uniformity of illumination

» Variation of temperature not
conducted 2

Experimental Data
— Linear fit

Ilumination Current (A)

y =-2.2569¢e-005*x + 1.2334e-007

[ [ [ [ [ [
0 0.5 1 1.5 2 2.5 3 3.5
Output Optical Power (W)

May 8, 2009
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i Electrical Model Verification — MPA
Simulated vs. Experimental Data

 Experimental Data

« Tektronix 370B curve 0™
tracer

— Simulated Data
- AC sweeping used Al

Experimental Data

 Simulated Data

* Input ramp signal 0 to
1800 V

 Model followed trend of
experimental data

Current (A)

[
L

To Filed

/Vl/“ Ph laut 3 iout -8 I I i i I I I I
Repeating _ 0 200 400 600 800 1000 1200 1400 1600 1800
Sequence [ Poie i Voltage (V)
E: HY Photocell Electrial Madeld b sk Further Verlﬁcatlon was
conducted when connected to CDU
May 8, 2009
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- PWB was designed to hold
MPA and bleeder resistors

* HV capacitor, HV switch,
and detonator mounted on a
strip line cable

/51 Se-0
SHANEE. 7 6751 Se-07)

HY CLU Electrial Model

May 8, 2009
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« Experimental Data of the
HV CDU subsystem could
not be obtained

* MPA was added as the
current source

38 different levels of
optical illumination were
injected

May 8, 2009

ﬂctrical Model Verification — CDU

Experimental Data

2.96

1851.5e-0

Fuoptical

Electrial Model

S AEE T o751,

Se-O7)

HW COU Electrial Model

Sandia National Laboratories



« Charge time is a function
of illuminated input power,
capacitance, and resistance

- At 2.96 W CDU will charge
to 1560 V in 1.7 seconds

« At input optical power
below 1.22 W will take more
than 20 seconds to reach
1500V

May 8, 2009

Voltage(V)

‘ Electrical Model Verification — CDU
Experimental vs. Simulated Data

8 10 12 14 16 18 20
Time(s)
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Electrical Model Verification — CDU
Experimental vs. Simulated Data

1600 1600 T T T
1400+ 1400+ ]
Experimental V, |
1200( 1200 —— Simulated V,,
Experimental V, |
1000 — Simulated V,,, )y 10007 ]
£ 800 . & soof 1
I [
5 5
S 8
>° 600 N >° 600 1
400 2.98 W b 400 1.98 W 1
200 g 200t ]
0 N or 1
2200 . . . . . . . . . R . . . . .
0 2 4 6 8 10 12 14 16 18 20 20(—)5 0 5 10 15 20 25
Time (s) Time (s)
1600 0.8 T T
1400+ 0.7} ]
1200 Experimental V| 0.6 —— Experimental V, data ]
—— Simulated V, —— Simulated V,, data
1000f 1 0.5r ]
S 800f B €0A4 b i
o 5]
g g
S 600F 1 13 ‘Nl N ;50‘3’ O 51 ‘N? i
4001 N 0.2 i
2001 R 0.1} ]
or N or 7
2200 . . . . 01 . . . . .
-5 0 5 10 15 20 -5 0 5 10 15 20 25

May 8, 2009 e e
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mal Model Verification — Diode Laser
Experimental Setup

Input 1 Output 1
Input 2 Cutput 2

Diode Laser

Thermal Model

May 8, 2009
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mal Model Verification — Diode Laser
Experimental Data

325

« Experimental Data

Experimental T,

. Experimental T
* 11 input current values ol T
for 200 seconds \
 Temperature data was s e cne

gathered at 1 second
sampling rate

Steadl State .

305 N

Temperature (K)
w
=
1

Cooling Curve
Input 1 Cutput 1 300+ -
Input 2 Output 2 I —
Diode Laser
295 [ [ [ [ [
Thermal hodel 0 50 100 150 200 250 300
Time (s)

Experimental Heating Curve

May 8, 2009
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- Cable resistance

« Measured on calibrated digital
ohmmeter

0.134 Q

* Thermal Conductance for
Node 1

* Three additional parameters
cannot be experimentally
calculated — used initial values
from [2]

May 8, 2009

T
S

=Tq

delta T

14

12r-

10-

[

y=3.4257*x - 1.6666

mal Model Verification — Diode Laser
Calculation and Estimation of Parameters

Experimental Data _~|

— Linear Curve Fit

I I
1.5 2 25

3 35 4
Thermal Power (W)
Parameter Description Initial value [ Final Tuned Value | Units
M cong thermal conductance between 0.292 0.36 WIK
' laser and substrate
thermal conductance between
A2,cond substrate and heat sink 0192 0.34 WIK
Cu thermal capacitance of laser 0.1396 03 JK
[C]
thermal capacitance of
Cs substrate [C] 0.1819 0.5 JIK

4.5

fl'l Sandia National Laboratories




Thermal Model Verification — Diode Laser
Simulated vs. Experimental Data

325 —+— Experimental T, 325
—+— Experimental T, —+— Experimental T
Simulated T, —+— Experimental T,
320F d 320F )
Simulated T, Simulated T,
Simulated T
3151 b 3151
) )
=1 o
2310 : L ——— ] 2310
é‘ AR ._\ é Laser
. s Temperature
e +  Substrate et P
305 i Temperature i 305
3001 3001
& Substrate
WW Temperature e
295 I I L L I 295 " " i L L I I
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)
mnput input
May 8, 2009
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mal Model Verification — Diode Laser
Simulated vs. Experimental Data

* Results e | |
. Experi 1D
- Diode Laser Temperature Experimental Duta
- 1.8 K at 800 mA S f
» Substrate Temperature
— 0.9 Kat4300 mA 315 .
« Heating curve matches ¢ Laser
95’ Temperature (T,;)
well £ 310 .
o
° i g
Cooling curve 5
— Possibly due to 3051 s
assumptions in thermal Substrate
eq u ati on I Temperature (T,) |
300
29gOO 10‘00 15[00 20[00 25‘00 30[00 35‘00 40[00 4500
Input Current (mA)
May 8, 2009
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5
‘ Thermal Model Verification — MPA
Experimental Setup

11 different optical power levels
were used

* Fine wire thermocouples were
used

* Input levels above 2.75 W saw
excessive heating

Y. {.

4 ‘»!

N
LAY

« At 2.96 W — MPA reached 435 K
(324.41 F) after 100 seconds

. » R A g & &
R —

May 8, 2009
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* MPA was illuminated
between 200 and 100
seconds

* No steady state condition
due to testing geometry

May 8, 2009

Thermal Model Verification — MPA
Experimental Data

440
Experimental T
420 Experimental T~ 7
4001
%)
- 380r
E
i Cooling Curve
£ 360
(]
I
3401
3201
300 [ [ [ [ | [ [ [ [ [
0 20 40 60 80 100 120 140 160 180 200
Time (s)
Input of 2.96 W

i
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Thermal Model Verification — MPA
Calculation and Estimation of Parameters

Reflectivity R .;(A) of device
« Dependant on wavelength

« Cary spectrophotometer was used
to measure reflectance

50

« 810 um - 30.92% reflection l
« Parameter related to efficiency of
device = 40+ e Ty,
é
B
?3 Diode Laser Operating
% Wavelength
causes S 35t i
TR (M) >4 P

thermal
. X:810
;1 Y:30.92
-
307,

TR (A)—2= 5 | Efficiency

25 [ [ [ [ [ [ [ [ [
700 720 740 760 780 800 820 840 860 880 900

Wavelength (nm)

May 8, 2009
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i Thermal Model Verification — MPA

Calculation and Estimation

45

* Thermal Conductance for |
Node 1

357

1 AT :

—_ = 251

P 2

A

a,cond

* Three additional parameters
cannot be experimentally 1o
calculated — used initial values
from [2] 0

y=17.515*%x-0.19452

of Parameters

Experimental Data
— Linear Fit

[ [

1.5 2 2.5

0 0.5 1
Absorbed Thermal Power (W)
Parameter Description Initial value | Final Tuned Value | Units
thermal conductance between
A2, cond MPA die and metalized 0.0571 0.058 W/K
substrate
thermal conductance between
Ab,cond metalized substrate and 0.0471 0.029 W/K
package
Coy thermal capac.itance of MPA 0.1396 0.11 JK
May 8, 2009 die _
Cous thermal capacitance of 0.1819 0.2 JK
substrate
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Temperature (K)

Thermal Model Verification — MPA

Simulated vs. Experimental Data

440 T T T T
—+— Measured T
4201 —+— Measured T,
MPA Die Simulated TpV
Temperature .
4001 Simulated T, |
3801 7
3601 " Substrate ]
Temperature
3401
3201

300 20 4‘0 éO 8’0 160 1&0 1210 1‘60 1%50 260 220
Time (s)
2.96 W Input
May 8, 2009

360

350

340+

Temperature (K)

3101

3001

3301

290

MPA Die
Temperature

Substrate
Temperature

T

—+— Measured TpV

—+— Measured T,

Simulated TpV

Simulated T,

I 1 L
100 150 200 250 300 350
Time (s)

1.13 W Input

Sandia National Laboratories




\

- Thermal Model Verification — MPA
Simulated vs. Experimental Data

440 x ‘ x x
—+— Measured T
sub
4201 —+ Measured TpV 7
Simulated TpV
400+ Simulated T, i
) s Simulated (3-node) T |

g //’ Simulated (3-node) T
- 380 / 7
El [ 3-node model
= /
(9]
o
g 3601 7
o s
= _1,\’"

400 {7 ]

3200 |f / 7

| ,,, 2-node model
300 S [ ‘ | ;
50 100 150 200 250
Time (s)
2.96 W Input

May 8, 2009
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Control Solution
Optical Powered Firing Set

lowst
Poptical - Fid L
Optical Qutput Power
o Tpw —P.-T:W > 1/51.528 o= o 5
np ume . SHANE00.7 8751 Se-07)
1 GO0 e-3 lin Tid
- ks s Teub ({3 ) Why1000:1]
Input Valtage h Tsub A000:1 Divider
Current Source = —@ Tpack
LDX-3536 Ts MFA Model Tpask HW CDU Elactrial Madel
20 Diode Laser
hodel

A S
* nonlinear ODE’s I

were not linearized Tore f—te_1)
af—(2 )

Inpist Sbitage Ty
Input Woltage = —@

Wb (1000:1) ——p(_ 5 )

Yhar1000: 1)

Tpack

Flant -
Optical Powered
Firing Set

May 8, 2009
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«ntrol Solution - Optical Powered FS
Simulated open loop response

310 ‘ : : ‘ : 340
* Experimental data sl
showed that at 2100 mA 25 lg
. . . o o 320
injected to diode laser Tomperature of femperature of
would provide an output £ the diode laser =0 the MPA device
of about 1510 V e
295
0 5 1‘0 1'5 iO 25 30 2900 5 1‘0 1'5 iO 2'5 30
. . Time (S) Time (s)
* Plant was simulated with e LU
1.6 -~ Vhv (max ; *
3.5V (2100 mA) e e —
L4T Vhy (min :
1.2+ \ \ B
« Varied Rp and input = Rp = 500 Mohm RP ~ 667 Mohm ]

Vhv(1000:1)
[«
oo

voltage but requirements I |
could not be met |

021 i Max Rise Time 1

0 [ [ 1 [ [ [ [ | | | [ [ [ [

0O 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time (S)

()

May 8, 2009
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\

Control Solution
Closed loop feedback

- Keep output state
at desired level

- output voltage will
be feedback signal

* PID controller was
chosen

Plant

May 8, 2009
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' Control Solution

roportional-plus-Integral-plus-Derivative (PID)

Controller
- Chosen for easy SC5
implementation on a i
nonlinear plant D = Wi )
- Adjusts both T | o2

K

transient and steady-
state response

* Three tunable
parameters — Kp, Kd,

Ki
PID Transient Response ..
- E
Tuning Rise time Settling Time Overshoot Steady-State Error | - Stability .
. l
Kp Reduces Slight Increase Increase Reduces Degrade C (S ) = K » -|— -|— K d S
5 S
g Ki| Slight Reduction Increase Increase Large Reduction | Degrade
9 PID Transfer
B .
% IKd| Slight Reduction Reduces Reduces Very slight change | Improve function
May 8, 2009
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Step Input

ation Progress

Iter S-count
[:} 1
1 10
2 15
3 20
4 z5
s 30

Successful termination,

Ki =

0.7178

Kp =

2.1887

£(x)

cooooo

Tunable Variable are PID gains:kKp,Kl, and Kd

Control Solution
PID Implementation

FID

FPIC Contraller

el Ipt MMtagE

S 1000:17

Tpw

Td g

Tsub f»

T=p

whoe1000: 17
Tpack
Flant-
Cptical Powered
Firing Set

Tax Directional

constraint Step-size derivative
141

54.05 z.04 o

6.837 0.3 [z}

0.02294 0.422 [z}

0.003286 z.99 a

o 0.168 o

First-order
optimality

1

1

i
0.000173
0.0101

Found 2 feasible or optimal solution within the specified tolerances.

Procedure

infeasible
infeasible
Hessian modified;  infeasihble
Hessian modified tvice
Hessian modified twice

A 4

Signal Colstraint

Signal h{ 000 1)

May 8, 2009

[

bounds ] Track

h

s
Time (sec)
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Control Solution
PID Implementation — Simulated Data

* PID parameters used to

. 310 310
meet requirements
Kp = 2.1887 2 s |2 s
e e
£ it ture of £ Temperature of
LI g emperal g
Kl — 0-71 78 g 300F the diode laser 1 & 1300 the MPA device
Kd =0 ] !
295
Initial Open Loop | Final System 0 5 0 15 20 25 30 2 5 10 15 20 25 30
Requirements Response Response Time (S) Time (s)
(a)
Rise Time 5 2.633 3.7 ‘ ‘ !
1.6 - Vhv (max)
Settling Time NA 9.61 4.778 LAE Vhy (miny /| 1
i 1.2} i
BN o 1525 1574* 1525 s
Votlage =t : i
. . (=]
Lo 1475 1485 1475 S sl : i
Voltage z :
i > L : i
Max Diode Laser Minimi 3082 303.7 0.6 i
Temperature 04L : 4
Max MPA Minimize 333.2 304.8 -
Temperature 0.2+ i Max Rise Time 7
. B I [ ; [ [ [ [ I I I | | | |
Adjustable Output Desired No* Yes % 2 4 6 s 10 12 14 16 18 20 22 24 26 28 30
* did not meet requirements Time (S)
(c)
May 8, 2009
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\

PID parameters when
margin is added (Set for
fastest rise time)

Kp=5
Ki=1.445
Kd=0

May 8, 2009

Temperature (K)

Vhv (1000:1)

Control Solution
PID Implementation — Simulated Data

304

302

300

296

294

[

Temperature of
the diode laser

Temperature (K)

10 20

Time (s)

30

310

305

300

295
0

Temperature of
the MPA device

5 10 15 20 25 30

Time (s)

Rise time = 1.939 seconds
Steady State = 10V

L L |

Vhv(1000:1)

5 10 15

Time (s)

20 25 30
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' Control Solution

- PID Implementation — Simulated Data

306 : : 310 ‘ ‘
304 f\ 1

302 1 305 [\
300 Temperature of

208 so]  the MPA device

296

Temperature of
the diode laser

Temperature (K)
Temperature (K)

294 : : 295 ‘ : : : :
0 100 200 300 0 50 100 150 200 250 300

Time (s) Time (s)
1.6

T T T T T
1.4*’ =

1.2+ =

M Vhv(1000:1) :

0.8 _

Voltage (V)

0.6 .
0.4 .
0.2 .

0 50 100 150 200 250 300
Time (s)

May 8, 2009
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Control Solution
Simulated Data w/ Disturbances

e Worse case with 0.5V
noise signal

* Noise is usually 10°’s mV

easurement noise signal and load disturbance signal

0 5 10 15 20 25 30
16 \ \ Time (<) \ \
| |

X:7.19
1.4 Y:1.527

voltage (V)
o
0
T
1

Vhv(1000:1)

0 L L L L L
0 5 10 15 20 25 30

Time (s)

May 8, 2009
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» one of the simplest controllers

— umaX ifve>0
U= {um- if e<0

m

- added hysteresis

- embedded code controls GPIO
connected to voltage controlled
voltage source

u

u(max)=7.2V

May 8, 2009

Control Solution
On-Off Control — Experimental Setup

voltage controlled
voltage source

uprocessor board

h

MCS56F8322
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Control Solution
On-Off Control — Experimental Data

8 \

_ "laser Off' s sy s i o o
s Period =0.170 sec. |
R Frequency = 5.87 Hz.
> — )

s 4r Duty Cycle = 33.5% i
3

> oL i

! ! ! "laser on" !
15 -1 0.5 0 0.5 1 15 2
Time (seconds)
1 500 / ! '| L L L u e nlmn""‘m'l"‘"'vnmn' """" AT 'l'l‘um'wl""‘mnmw I
1500V
1000 - 10% - 90% Charge .
% Time = 0.8296 sec

8

S 500+ ]
>

0 by i

[ [ [ [ [ [
15 -1 0.5 0 0.5 1 15 2
Time (Seconds)
May 8, 2009
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\

* Temperature of MPA at
3W running On-Off
controller

« at 100 seconds, HV
output begins to fall off

Temperature (K)

* Initial dip occurs after
HV output hits regulation
voltage

May 8, 2009

400

380 -

360 -

340

320 -

300 (-

280

Control Solution

On-Off Control — Experimental Data

I
0 50

Time (s)

I
100

150
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v

v

Input “bltage

Tpw

Td

Teut

=

“hor(1000:1)

Tpacd

Control Solution
On-Off Control — Simulation Data

Optical Powered
Firing Set

May 8, 2009

Voltage (V)

450
—~ 400+
3
§ 350
T freof 2
emperature of] *
0 crl) de laser] 30 Temperature of]
e diode laser :
, 250 the MPA device
50 100 0 20 40 60 80 100
Time (s) Time (s)
Vhv(1000:1) |
1[0 2[0 3[0 4[0 éO 7‘0 8[0 50 100
Time (s)

h
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Conclusion & Recommendations

Develop accurate models

Create flexible models

Linearize non-linear systems

Add temperature effects to diode laser
Refine MPA model

1.
2.
3.
4,
S.
6.
7.

May 8, 2009

Analyze and understand experimental data for model validation

Check effect of illumination wavelength and efficiency
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