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Electro-thermal simulation of an ultra stable quartz oscillator
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Abstract

Ultra Stable quartz Oscillators (USO) which can exhibit relative frequency fluctuations of a feld when the ambient temperature
ranges from 243 K+{30°C) to 343 K (+70°C) should all be ovenized to achieve ultimate performance. Such a result needs a very large
static thermal gain close to 1000 in the vicinity of the quartz resonator case. Basically, the problem consists in regulating a volume with
distributed thermal losses at its edge and internal heat sources whereas just the temperature at one point, the sensor temperature, is known

So, the feedback control system simulation involves a mixture of thermal and electronic functions. To solve this problem we use the
electrical analogy for the thermal part. The thermal mesh is still manually done but a uniqgue computer aided software dedicated to electronic
circuit simulation will efficiently provide a solution.

This choice is discussed and the example of an USO thermal regulator is described as an illustration of this metho2iet@gditions
scientifiques et médicales Elsevier SAS. All rights reserved.

Keywords: Temperature regulator; Oven control; Electro-thermal simulation; Quartz oscillator

1. Introduction level of the resonator case should not fluctuate more than
a few 101 K in steady state when the ambient tempera-
ture change is 100 K whereas a few degrees of tempera-

Ultra Stable quartz Oscillator (USO) are commonly y,re change is acceptable for the remaining volume (about
used in navigation and positioning systems of ships, air- 250% 1076 m?3).

crafts or satellites. In this field, the best oscillators ex-
hibit relative frequency fluctuations of a few 1% when
the ambient temperature ranges from 243 K30°C) to
343 K (+70°C) and a relative frequency stability better

Other constraints often exist such as a limited power
consumption during the warm-up time and/or in steady
state, a specific supply voltage ... Moreover, for space
than 1 1013 can be achieved for measuring times be- applications the oscillator must be able to work under
tween 1 second and 100 seconds [1]. These results caryacuum—in space—as well as into the air—on earth—
be obtained only if the internal structure of the USO is Which means two different boundary conditions for the
precisely ovenized (then we speak about oven-controlled thermal problem and moreover it must withstand vibrations
crystal oscillators OCX0). The most temperature-sensitive @nd accelerations during the launch which also means
element of the USO is its heart, namely the quartz res- interactions between thermal and mechanical designs.
onator, but in fact the influence of ambient temperature  So, in other words the oscillator design involves the
changes must be reduced on the main part of the electronthermal regulation of a volume from the knowledge of the
ics. Roughly this means that the temperature change at theemperature at one point of this volume (usually one point

but sometimes two points or more) by monitoring local heat
fluxes while considering that internal heat sources exist.
© This work is mainly supported by the Centre National d'Etudes AsS a consequence the feedback control system simulation
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Nomenclature

a first order coefficient of the static S surface ... ’m
frequency-temperature relationship.. ... .. K T, To, Te, Tamb... temperatures.................... K

a dynamic frequency-temperature 9 To the mean temperature of the quartz resonator | K
C?effICIednL ........................... }@ V(n), V(m) . eIeCt”C V0|tageS equ'valent tO

¢ plate width. . ... m temperatures in the electrical analogy. . . .. .. \Y2

fo oscillator frequency...................... Hz A trequency change H

fo the resonant frequency of the quartz f quency G€. o ‘
FESONALON . . oo\ e e e e e Hz AT, ATe ATmoy... temperaturechanges.......... h

h convection exchange coefficient .. -My1.m=2 Greek symbols

I, Ly, i (Vimsond - - - eleptrlc current§ equivalent to dimensionless factor
thermal fluxes in the electrical analogy. .. ... A _ 2

l platelength.............................. m ¢ thermal flux per _ur_"t area........... '_'1'W:1

RI[T1, Rlv(in)...] thermal or equivalent electrical A thermal conductivity ............ W("-m
reSIStOrS ..o ve e W-lorQ o Stefan constant 5.670x 1078.. W-m—2.K—*

2. Somefigures considered to take into account the dynamic temperature

sensitivity [2,3].
Fig. 1 shows a basic sketch of a quartz oscillator. Infact  Of course it is convenient to set the operating temperature
the oscillator output frequencyp is not exactly equal to  of the thermal regulator to one of both resonator turn-over

the resonant frequencyo of the quartz crystal resonator  temperatures if possible. Usually the cut angles of the crystal
but is slightly shifted from it (typically a few Hertz at 10 5. adjusted in order to get it close to 353 K (&).

MHz) by the amplifier electronics. So, any external physical ¢ iy the usual external temperature range this desired

quantl_ty like temperature that could mod_|fy the electrpnlc temperature can be sustained into the oscillator enclosure by
behaviour as well as the resonator behaviour should disturb.

: o just heating (cooling is not needed). In fact it is impossible

the oscillator output frequency stability. : S ) ; . .

The thermal sensitivity of the loop amplifier can be to lock indefinitely the operating point at the optimum point
evaluated asAf/f)/AT ~ 1010 K-1. Nevertheless the of the frequency-temperature curve: drift always exists due
most temperature sensitive element of a quartz oscillator is0 COmMponent ageing for example and must be taken into
its resonator which exhibits a relative frequency deviation 2CCOUNt. S0, atan operating temperature distant of 0.5 K (see
Afo/fq greater than 2 1075 when its temperaturéq Fig. 1) from the turn-over temperature of the resonator (an
moves from 243 K £30°C) to 343 K (+-70°C). In steady- equivalent temperature drift of 0.5 K is a realistic data for
state conditions the quartz resonant frequefisys related a ten years old oscillator!) the relative resonant frequency
to its temperaturdg according to a third order polynomial ~ deviation versus temperature can be simply expressed as
function. Otherwise an additional terind7g/df must be Afo/fo~ aATq + adTg/dr wherea ~2.5107° K~ and

Z =

Oscillator
Electronics

(AfSNAT, = 1070 K

o

Afff, <1107

Afoffo

\

Turn-over point

| |
Quartz | I

Resonator [ goec -

= =

=30 °C < Tymp < +70 °C

Fig. 1. A quartz oscillator is basically a closed-loop system including the quartz resonator an its amplifier. Both elements are temperatiré lsensiéitive
frequency change of the resonator is typicallyg/fq > 2 x 10-5 when its temperaturgg is between-30°C and+70°C.

So, it is obvious that a thermal processing is necessary in order to reaghfo < 1 x 109 at the oscillator output.
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a~2x 10~" sK~1 for the crystal cuts in which we are heat flux per unit area i&8 = h(T — Te) across its insulated
interested. face (It is the external temperature).

Previous figures point out the importance of the dynamic  In our application the longitudinal heat flux which is
behaviour of the resonator. Fortunately for a BVA resonator flowing across a metallic material, is much greater than the
type [4] the assembly of the crystal in its case performs a lateral one. Hence the temperature distribution is almost
thermal filtering effect, acting like a kind of second order independent of, thatis:
low-pass filter _vvhich e>_<hibit a low cut-off frequency of a ) ) T—To chim(—x)]
few tenths of millihertz (in a few words, the BVA structure— 77 (x, y) ¥ T7(x) = - —— = ]
BVA for “Boitier a Vieillissement Amélioré” in French—is 0~ Te crm
an electrodeless quartz resonator clamped between a couplétherem? = h/ie, i being the plate thermal conductivity.
of quartz lenses which are one-face metallized. This “sand- The mean temperature @{x) along the plate can then be
wich” is sustained by springs into a metallic cylinder inside expressed as (2):
its case under vacuum. Gold is not laid down directly onto =l
the resonator surfaces so ageing is improved). 1

Finally a “natural filtering” of fast thel?mal fluctuations s Mmean= 7 / T dr=Te+ (To—Te)
effective in the case of a BVA resonator structure due to its x=0
thermal inertia. This low-pass filtering is added to the one A criterion of thermal regulation quality could be the
of the overall oscillator insulation and enclosure. Thus, the following gain given by (3), whereA Tiean is the change
main design problem remains the thermal regulator in order of the mean temperatutBnean for an external temperature
to cancel slow thermal drifts. changeATe.

Furthermore it is interesting to keep in mind that the ATe (1 th[ml])l

(1)

th{ml]

ml

()

overall thermal insulation can achieve a maximum value of G = (3)

20 K-W-1 (it is difficult to get better with a 50& 10-6 m3 ATmean ml

oscillator) and that the inner power consumption of the  Applying this relationship (3) with the dimensions and

electronics, with the thermal regulation off, is usually about materials usually used in USO we never gebetter than

1 Watt. This could lead to a temperature offset up to 20 K: 300 whereas we need 1000 at least! Several solutions exist:

this means that the maximum external temperature would be

limited to 333 K with an internal operating temperature set e One of them consists in adding an extra thermal reg-

at 353 K! (on the other hand greater the insulation is, lower ulated enclosure. This solution leads to very good re-

the overall power consumption will be) . ... Note that the use sults once the adjustments were done but these ones are

of insulation foam are often prohibited in space applications. quite difficult. The reference temperature of the added
enclosure surrounding the previous one must be tuned
indeed between the operating point of the latter and the

3. Our choice of simulation tool maximum external temperature. It is set by taking into
account the inner power to be dissipated and according
Simple evaluations must be completed to take into ac-  to the thermal links (or insulation) between both enclo-

count the fact that thermal losses and fluxes are distributed  sures on the one hand and with the external case on
and that they are non-homogeneous. Just a limited number  the other hand. Finally, the feedback parameters must
of typical thermal problems can be analytically solved. be tuned in order to avoid couplings of both regulators
Let us consider an enclosure surrounding our resonator  that easily occurred. In the case of an USO intended
case (or the oscillator electronics) having a temperature  for space applications the thermal regulation problem is

locally set toTp. Its behaviour may be partly described by complicated: this USO must be temperature controlled
a conductive plate fin (see Fig. 2) having widthalong in the air as well as under vacuum and must be vibration-
the y axis, whose temperature &(x, y). Its temperature proof, which involves a reinforced structure and various
is constant, equal t@ at x = 0, and it is adiabatic at the thermal boundary conditions.
other endx = [ (this may be a symmetry condition for a e A second one consists of sharing out the processed
half-enclosure) as well as across its plane 0, while the power. Thus the power part which is taken away from
the temperature sensor—that is, which is set on the ther-
yA h.(T-Te) mal path from the sensor to the ambient temperature—
y=e has the same effect than an increasing of the insula-
=0 tion resistor and as a consequence of the thermal gain.
To T(x,y), —1—> The main difficulty is still there the feedback adjustment

N\ once the optimum heater position was found.
9=0 e A third solution is based on a compensation effect
provided that the temperature disturbance is detected.
Fig. 2. A basic model for a thermal analysis. This needs to send back a second temperature sensor
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information to the regulation monitoring. Compensation
is equivalent to a small reference temperature change
that is a slight positive feedback.

o

Heater Support

Thus, as already mentioned above, in any case the
sensor and power element positions involves matching of the
regulator electronics, first to avoid instabilities and second to
improve the thermal regulation efficiency. Anyway feedback
adjustments are needed.

The analytical calculus is difficult to apply to complex
structures made of an assembly of various elements. The nu
merical simulation of the thermal problem often becomes the
only possible alternative: this is the interest of a computer
program based on finite element or finite difference methods.
Nevertheless they are able to solve the purely thermal as-
pect but cannot process easily the control of a temperature by
monitoring the applied power (every time in transient analy-
sis) in order to lock the sensor temperature at the reference
value whatever the ambient temperature fluctuations are.

The electronic functions of the temperature regulation are
as essential as the thermal ones. They can be simulated accL
rately with a CAD program dedicated to electronic .CII’CUIt.S. Fig. 3. A simplified mesh of A8 of the structure. The external enclosure is

Consequently the overall temperature control simulation not represented. Each node will be attached to a capacitor and six resistors
would then need an interface between the finite element Soft-in the electrical analogy of the thermal problem. In the actual device the
ware and the electronic simulation one, the data exchange§lectronic components (of the oscillator loop, the intermediate stage and
between both being made at every calculation step. This so-the _o_utput amplifier, the voltage supplies, the temperature regulator) are
lution is not unrealisable but perhaps a little heavy. 2;’?;223?2 on the PCBoards and also on the outer surface gf-thetal

The remarks above led us to process the whole problem
by only one software while bringing back the thermal
part as an electrical network by analogy. Thus using this Cial supports. To illustrate the electrical analogy actually ap-
classical thermal nodal method, volumes are discretized Plied, one sub-part (concerning the internal case) of the cor-
and identified to a set of capacitors, associated to six responding global equivalent electrical network is shown in
resistors per node [5_8] Boundary conditions also leads to Fig. 4: it is obvious that interesting areas could be meshed
link resistors or current generators (temperatures becomegnore accurately. In Fig. 4 for example, the conductive ex-
voltages and heat fluxes are equivalent to electrical currents) change between the inner case and the external case across
Once the analogy is performed (presently this is manually the support are just modelled by the resis®support”. Ra-
done: here is the main limitation of the method), the diative exchanges undervacuum (or by conduction plus con-
electrical equivalent network can be directly associated vection into the air) are also simply modelled by resistor.
with the functional or behavioural models of the electronic They could be generalised with voltage-controlled current
components used for the regulation loop. sources which 00k liké,,, =a - S -0 - [V4(n) — V4(m)], n

Thus, feedback elements can easily be adjusted and fruit-andm denoting nodes of both exchanging surfacebging
ful simulation results can be extracted: they could be ther- the element surface anrda factor depending on the emis-
mal data such a maximum local temperature in the structuresivities of both surfaces and related to their view factor [5].
as well as the maximum current through a specified compo- In the same way, conduction or/and convection could be de-
nent in order to applied derating requirements applicable to scribed by a relationship sudh=+4- S - [V (n) — V(m)].
electronics for instance. One can also notice that the dissipated power of elec-

tronic components can be taken into account (see the cur-
rent sourcdDC in Fig. 4). Ports such those calledrbbel”

u-metal
enclosure

_ Printed
Circuit Board

11 112
Quartz oven ‘:ﬁ)
— .

BVA quartz
resonator

10 mm

Oven heater

4. An example

Fig. 3 illustrates a simplified mesh of an USO structure
(more exactly 18 of the structure because of the symme-
tries) including an oven in which the resonator is adjusted
This oven is fixed between two printed circuit boards posi-
tioned into au-metal enclosure. The latter is hung on the

and “ovenpower” allow to link one layer modelling the ther-
mal structure (Fig. 4) to a second one modelling the elec-
tronic functions. In a first stage this last one is just limited
to the functional model of a simple regulator as shown in

. Fig. 5. In this example the total monitored power is simply
equal to 1000 times the error signal—the difference between
the feedback signal from the sensqrdbel” and the re-

external case (not represented in Fig. 3) by means of spe-ference temperature set to 353 K (8)—up to a maximum
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umetal >l
enclosure
PARAMETERS:
— 0
ES *
Tamb {2.4*Rmy} {2.4*Rmu} 1I 2 I
o Rsul’)vp\"c\)’rt {Rmu} % {Cmw/1.2}
350 I
{Rmu}:%n 13 III 0 IZI 13I
IDC 9
@Vpe rturh {Cmu/2.25} T JCmu/1.2F
R17 g 3 0
3§mW ) 323 21I 221 231 591
_LVamb — w3 T I T T
T {Text} {2*Rmu} {1.8*Rmu} éO
oY {Rrad*k1}
Tamb 9 {Rrad*k1}
resonator oven {Rrad*k1}
111 113 112 {Rrad*k1} >
PARAMETERS: {Rrad*kl ;
Rdural 1 1 2
Cdural 0.35 112 12 13
R79 o—frobel] N f 21 22
{Rdural*1.7} P o {Rrad*k2}
C40 C39 e
PARAMETERS: 101
0 0 kl 1.5 102 114
k2 5

Fig. 4. A sub-part of the equivalent electrical network for the thermal analysis of the structure shown in Ipr@b81™ (corresponding to the thermistor)
“ovenpower” (corresponding to the oven heater of Fig. 3) apdgower” (corresponding to the:-metal heater of Fig. 3) are links with the electronic part of
the thermal regulator (see Fig. 5 or Fig. 6). In this example, when the oscillator operates under vacuum, the non-linear behaviour of radiagsoaxchan
be neglected. Thus, one can writg, =« - S -0 - [V4(n) - V4(m)] ra- (Rrad)_l -[V(n) — V(m)]. This is why radiative exchanges between elemental
surfaces are modelled as resistbrs Rrad wherek; = el with e, - em < < &y cem/[1— (L —ep) - (1—em)l, en ande,, being the emissivity of both
surfaces (the default values &yf are indicated here). The model. Rrad is still used when convection and conduction become predominant for operation in
the air, provided that; is adjusted.

Vovenpowermes

||| -——e+Empower
Y
o~

Vupowermes

||| —#mowen
ov

V(%IN) @

TODC

V(%IN) @
PARAMETERS: 1
0

kp 20

Fig. 5. A functional model of the electronic part. This is the simplest way to implement the feedback loop of the thermal regulator. One can raoegnize so
basic functions such as an error detector, a proportional amplifier (gain 1000) limited from O to 5 W, an two actuators which are just here valiage-contr
sources. The parametis, here with a default value of 20, is the adjustable power ratio between the monitored power applied on the oven and its part applied
on theu-metal can.
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i(Vprobemes)*100e3*exp(4143*(1/(v(%in+)+273.15)-1/298.15)) o 15

010V .
1 V(%IN+, %IN-)*i(Vpowermes)
. Ypowerm =0V Gheater
i i 2 ‘
VprobemeT' ov 2100k 3 Rheater
- Ul |7
3 8 V(%IN){
08, 6 AAR 0
Vo { Ri — | ——eEnDows:
Rset i 2 X1 13——4 1 ov
$ 100k Vovenpowermes
AN—W PARAMETERS:
s Ttget %050
{100e3*exp(4143*(1/(Tset+273.15)-1/298.15)) u 0.
¢ ' =y VG ¢ 0.IuF

Fig. 6. The heart of the electronic part of the thermal regulation. This is one way to perform the upper part of the functional model of Fig. 5. HetebX1 coul
the “oven heater” in Fig. 3. VG is the monitoring voltage of other power sourgepdiver” in Fig. 4). Note the “temperature”-to-resistor input conversion
and the electrical power-to-thermal flux output conversion.

(B) mini2c
3.5W -

. 82V o I -
! 2 v : : L J/ ;
g :

3.0W 4 !

— g : S~

node Volta s |

analog to Temperatures

' mu-metal Power

— :measured by V(Ril: 2) \ J

I

l

i

|

[}

l |

[} |

1 |

70V 4 |

L} [}

1.OW - ' :
|

' Oven Power _ |

L measured by V(Ri:2) !

: : « |

>> | i !

OWA 60V fomomm - S —— - Fm———ooT= -
-20 0 20 40 60
1] = VRi2) . V(Ril:2) [Z] « V(111) « V(114) + V(23) . V(22) . V(1)
Text

Fig. 7. Graphical output of the electronic circuit simulator SPICE after a DC analysis, i.e., in steady state (Volts are equivalent to Celsius thegrees
electrical analogy). Th& axis #1 (from 0 W to 3.5 W) gives scales of monitored powers versus the external temp@estythe nodeTymp in Fig. 4 has

the valueText from —20 to+60). Here the thermal regulator turns off when the ambient temperature reaches a little bit more®@gB8B®K). TheY axis

#2 (increasing from 60 V to 82V, i.e., from 8C = 333 K to 82°C = 355 K) gives scales of some node voltages (i.e., temperatures). As an illustration of
the regulator efficiency the node #111 (see Fig. 4) close to the thermistor location (node #112 in Fig. 4) does not move significantly becausesit iksdocked
reference temperature (80 V 9€) whereas the node #22 is more sensitiv@ex. A zoom on the node #111 trace would exhibit a static gain of about 1000.

value here limited to 5 Watts. This first simulation gives the The second stage is probably the most important one. It
orders of magnitude of the temperature changes, and loopconsists in converting the previous functional model in a
adjustments can be carried out in static and dynamic condi-more realistic way. Thereby the upper part of Fig. 5 could
tions. In a second stage the system performances can everbe implemented as in Fig. 6. Let us focus our attention on
tually be improved using multiple regulation and/or distri- the input and output of this electronic module.

bution of powers and/or compensation (in Fig. 5 the mon- At the input of the electronic function of the thermal reg-
itored power is shared in one pariogenpower”) close to ulator there is the thermal sensor equivalent to a tempera-
the sensor (robel”) and an other part more far from it g' ture converter into an electrical quantity. Here the tempera-
power”). ture sensor is a thermistor modelled by a voltage-controlled
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(E) mini2ac

SEL>>!
-200 +
1.0uHz 10u 100uHz 1.0mHz 10mHz 100mHz 1.0Hz 10Hz

a o v DB(V(l IZ)N (Tamb))

S

Frequency

Fig. 8. AC analysis at node #112 (i.e., frequency response) when the ambient tempEatui® disturbed according to a sine way with a frequency swept
from 1 p Hz to 10 Hz (see the X axis variable), for three different valuas(s&e Fig. 6). Phase responses are the upper curves and amplitude responses the
lower ones. The primary use of this analysis is to determine the stable and unstable conditions of the practical regulator (Nyquist’s criterion).

voltage sourc&sensor expressed as a function of the current more far away from it . Thus the static thermal gain and the

flowing across itself: operating range of the thermal regulation can easily be cal-
V(oub = i(V. RIV i 4 culated. In the present case the regulator turns off at a little
(0Uh =i (Vprobemes x RV (in)] 4) bit more than 323 K (56C). This is obviously the conse-

wherei (Vprobeme is measured by the zero-voltage generator guence of the existence of the internal power dissipated by
Vorobemesin series withEsensor and whereR[T] is the the electronic components. This operating limit could be es-
non-linear expression of the thermistor resistance versus thefimated by taking into account the overall thermal resistance
temperaturg” here equal to the sensor-node voltage. In the between the heart of the device and the external case when

same way the reference resistor vaRig; is set toR[Tsed, the reference temperature is set to 353 K98)(because of
Tset being the reference temperature 353 K {89 of the the quartz turn-over temperature).
feedback system. Fig. 8 shows an example of the amplitude and phase re-

At the output of the electronic function of the thermal reg- sponse of the thermal regulator to an external temperature
ulator the electrical power dissipated by heaters is converteddisturbance for various adjustments of the regulator integra-
into a thermal flux. This is the right end of the block in Fig. 6 tion time constant. The simulated disturbance is a sine volt-
where the power conversion (here the heaters are the resisageV (Tamp) equivalentto a sine temperature deviation in the
tor Rheater and the transistaX1) is analytically performed  electrical analogy. Itis the input stimulus for the basic analy-
by the voltage-controlled current sourtGheater and the ex- sis of the frequency response of the servo system whose pri-
tra voltage-to-current converter which matches it & bf mary requirementis to be stable. Then the Nyquist's stability
the structure. Then simulation possibilities lead to a rather criterion can be applied to this closed loop system containing
exhaustive analysis. In addition to the steady state analysisa mixture of thermal and electronic transfer functions. The
versus the ambient temperature (the results of which coulddetailed analysis of these curves is beyond our paper’s sub-
be displayed on the schematic), it is possible to get realistic ject but one can easily guess that the relative location of the
information about the system stability as well as its transient sensor (seepfobel” in Fig. 4) versus the monitored power
behaviour. As an example, Fig. 7 illustrates results of a “DC (see ‘bvenpower” and “u power”) is also greatly as im-
analysis” that is to say a time-invariant analysis. As expected portant as the integration time constant in the stability con-
one can notice that nodes close to the quartz oven are lesslitions. As an illustration of the simulation capabilities in
sensitive to the external temperature than those which aretransient analysis, Fig. 9 shows the behaviour of monitored
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(F) mini2b
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! Node Voltages analog to Temperatures :
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I [}
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60V 4 :
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2.0W | : . . . !
| 1
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40V 4 :
| !
| I
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0s 0.5Ks 1.0Ks 1.5Ks 2.0Ks 2.5Ks  3.0Ks
[ = VRi2) .« VRiL2) [Z] = V(111) « V(114 + V(23) . V(11)
Time

Fig. 9. Transient analysis results (warm-up).Thexis #1 is the power axis, thé axis #2 is the voltage axis where node voltages are still equivalent to node
temperatures. Afime = 0 the overall structure is at the ambient temperature (he?€2% V'!) when the electronic supply is turned on. The thermal regulator

first saturates (the oven power has been limited to 1.5 W and thetal power to 4.5 W) before working in a linear mode and reaching its steady state (the
monitoring powers are then equal to those given in Fig. Tegt= 25°C in this case). As long as the thermistor temperature has not reached the reference
temperature (353 K= 80°C , here 80 V in the electrical analogy!) the system is working in such a transient period. Here are shown the temperature behaviours
of the nodes already selected in Fig. 7.

powers when the device is turned on (the total available ulation is easy to use and has been thoroughly debugged an
power must often be limited) and gives the warm-up time improved for years. Therefore our approach yields a very
(here at the ambient temperatufgn, = 298 K= 25°C). fast and reliable model in the first stage of a thermal design
In this example local temperatures may reach inappropriatefor any kind of oscillator. For space applications the over-
values (see/(11) in Fig. 9) since the controlled power is  all design of an ultra stable oscillator also needs mechanical
shared between three areas of the structure. All these i”US'anaIysis usually performed with a finite element software.
trations show how convenient the simulation is to quickly Thys a finite element thermal analysis can also be derived
anticipate and correct any potential flaws of the thermal reg- from the mesh of elements built for mechanical analysis and

ulator design! _ _ compared to the electro-thermal “SPICE” simulation for mu-
The above results just concern the thermal point of ; i\ aiidation.

view but one cannot forget that the electronic functions
can obviously be simulated (this is the major use of this
Electronic Design Aided software!). For space applications
severe part-stress rules exist for instance and simulations
give the opportunity to guarantee them.

The advantages of the methodology described in this pa-
per come from its multiple capabilities which are listed here.

e The feedback control system stability and its efficiency
over a large external temperature range, versus the sen-
sor and power element positioning. The behaviour of the
open-loop and closed-loop transfer functions in a linear
process and the effect of various disturbances (external

5. Conclusion

As mentioned, the analysed structure is manually dis-  temperature, supply voltage, component limitationg
cretized. this is a limitation of this methodology. Otherwise including non-linear effects can be easily performed.
it is just a matter of a trade off between the accuracy related e The effects of various thermal boundary conditions (air,
to the mesh thinness and the computation time. vacuum) according to the material properties (thermal

We are using a standard of the electronic simulation conductivity, emissivity. .. ).
(“SPICE"). This widespread tool in electronic circuit sim- e Component deratings and part stress.
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Thereby, since many years this methodology is con- [2] A. Ballato, J.R. Vig, Static and dynamic frequency-temperature behav-
stantly refined and systematically exploited in all our ior of singly and doubly rotated, oven-controlled quartz resonators, in:
temperature regulation achievements. These simulations Proceedings of the 32nd Annual Frequency Control Symposium, 1978,

. . . . . 180-188
are also very fruitful in the exper - PP : . . .
fi y P imental adjustment op [3] G. Théobald, G. Marianneau, R. Pretot, J.J. Gagnepain, Dynamic
erations. thermal behavior of quartz resonator, in: Proceedings of the 33rd

Annual Frequency Control Symposium, 1979, pp. 239-246.
[4] R.J. Besson, Résonateur a quartz a électrodes non adhérentes au cristal,
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