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This thesis deals with the design and experimevddiiation of Deformable Mirror
Electronics (DME) for Extremely Large Telescope {BELAdaptive Optics (AO)
applications. Modern ground based telescopes aehtibeir best possible imaging
resolution through the application of AO. Howewdue to the fundamental diffraction of
optical elements, the next generation of ELTs withploy primary mirrors of an
increasingly large diameter as the final meansygdroving imaging resolution further.
The corresponding increase in diameter and actuatont of the Deformable Mirrors
(DMs) in these systems has led to the rapid dewedoyp of high order DM technology. A
significant challenge to operating these multi-tsemd channel DMs is related to the DM
Electronics (DME), which are required to be higlfficient so-as to operate within
practical budgetary constraints. This thesis deysela DME reference design based on

the requirements for the Thirty Meter Telescope&xtngeneration AO system, the



)Y
Narrow Field Infrared Adaptive Optics System (NFIB3), which operates two DMs

with a total of 7673 piezoelectric actuators.

The basis of the DME is the DM actuator driver, @thhas been developed to be suitable
for very high order reproduction by optimizationitsf size, power, cost and reliability. A
complication is that the piezoelectric actuatordNiIRAOS DMs require high voltage
drive signals of +400 V to obtain the rated strakel must be current limited to avoid
damage. Candidate amplifiers are evaluated in sithoul and hardware based on a
combination of performance, physical and functionateria; with the most suitable
circuit chosen for a multi-channel prototype impétation and testing with a DM
breadboard prototype. The development and optiioizadf an amplifier capable of

meeting NFIRAOS performance criteria and budgetanstraints is demonstrated.
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Chapter 1 Introduction

The imaging capability of ground based telescomesthaditionally suffered due to the
distorting medium through which they must obsemhe: atmosphere. The air density
fluctuations from turbulence encountered by thenbeéstarlight as it travels through the
atmosphere leads to blurring of the astronomicadges produced by ground based
telescopes. We define the resolving power of astelge as the smallest angular distance
between two closely positioned objects which cdhls distinguished from one another.
The theoretical resolving power is limited by théfrdctive nature of light and is
dependent on the telescope’s aperture (primaryomdéiameter, D) and wavelength)(
This is known as diffraction limit and its anglepegssed in radians is given by 1XP.
However, attaining diffraction limited star imageghile subjected to atmospheric
turbulence is only possible for very small telessnpAs the telescope aperture diameter
increases, the resolution becomes saturated bysptmedc blurring at approximately 10
cm aperture at low altitudes and 30 cm at mourttginaltitudes where the world’s best
observatories are located, with no further improsetrin resolution gained beyond this.
Larger diameters of telescope primary mirrors hia&ditionally served only to increase
the light collecting capability of the telescopeaking faint objects proportionally
brighter by the square of the primary mirror diaenetntil the introduction of Adaptive
Optics (AO) in the 1990’s, the only means of achigvhigh resolution, diffraction
limited imaging on a large aperture telescope haenbto operate from space. Now
ground based telescopes equipped with AO systerasabte to compensate for

atmospheric distortions in real-time, eliminate espheric blurring effects and achieve
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diffraction limited imaging. The AO technology erted ground based telescopes to

match at a lower cost the performance that onlcegdssed telescopes were able to

achieve in the past.

Even the largest ground based telescopes equipjtedA® can now operate at or near
the diffraction limit. As a result, a trend towareiger larger aperture telescopes arose as
the final means of improving the resolution furth&his gave rise to the new class of
Extremely Large Telescopes (ELTs) currently in plag, such as the Thirty Meter
Telescope (TMT, [1]) and the European Extremelygeafelescope (E-ELT, [2]) with 30

m and 39.3 m apertures respectively. Using a coatioim of AO and extremely large
apertures, these telescopes will be able to achieage resolutions vastly superior to

that of previous observatories both in space andrgt based.

The larger light collecting area and aperture di@mef the ELTs have put new demands
on the AO systems and their components. As a Canadbontribution to the TMT
observatory, the National Research Council of CaisadHerzberg Institute of
Astrophysics (HIA) has been commissioned for theigte of TMT's first light AO

facility, the Narrow Field Infrared Adaptive Opti€&ystem (NFIRAOS, [3]).



1.1 Adaptive Optics System Overview

The detrimental effects of the atmosphere sevdireiys imaging capabilities of ground-

based telescopes. The atmosphere imposes tempdrapatial fluctuations of phase and
amplitude on incoming stellar light which leadsititerference, image blurring and loss
of detail. This is caused by random changes indfractive index of the atmosphere, due
to air density variations, turbulence, eddies arab< winds. However, in the past two
decades, advances in various fields have enabledéployment of AO to counter

atmospheric distortions. Telescopes equipped wittA@ system can now compensate

for the effects of the atmosphere, providing vastiproved imaging.

1.1.1 Classical Adaptive Optics

The light emitted from a distant star reaches Eartuter atmosphere as a planar
wavefront. As this wavefront passes through thahEaatmosphere, turbulence creates
distortions called aberrations in the wavefront,sh®wn in Figure 1. The distorted
wavefront of light cannot be focused into a singbent by a telescope. This results in a
blurred image of the star and thus reduces théwiaggoower of the telescope. Using an
AO system, atmospheric distortions are able todmsed and corrected prior to imaging.
This is achieved using a corrective element callddeformable Mirror (DM) to realign
the distorted wavefront to one closely resemblihgt tprior to incidence on the

atmosphere. A closed-loop process is at the foumdatf the AO concept, the essential
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components of which are the wavefront sensor (WESHtrol system and wavefront

corrector (WFC), usually a DM, as shown in Figure 1

\’F Astronomical #
Object

Perfect
Wavefront

Atmosphere
f“\u Aberrated
~—=— Wavefront

Beamsplitter Corrected Detector
Wavefront

Deformable
Mirror

v

Actuator ., Control ‘_Wavefront
Drivers System Sensor

© 1. Nawxgl/ Usimnity of Viewsa 3013 Adaptlve Optlcs System

Figure 1: The adaptive optics system diagram, wheweavefront distortions are measured by the

wavefront sensor in order to determine the requigdective action of the DM.

The classical AO system requires a bright referesmece (natural guide star) in close
proximity to the observation target in order to p#rthe turbulence which affects it. The

wavefront sensor is able to measure the phaseatibes in a sample of its optical
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wavefront which is diverted from the primary ligbath by a beamsplitter. The control

system processes the data from the wavefront seamsdrdetermines the required
corrective action of the deformable mirror to restouct the original optical wavefront.
To provide correction for a continuously changinmasphere, the AO system updates
all measurements and corrective actions at a rpteoulO times quicker than the
atmospheric coherence time [4], which is the awerdgration that distortions can be
considered to remain unchanged. Typically AO systeperate at rates of up to around

1000 Hz.

1.1.2 Limitations of Classical Adaptive Optics

Classical AO systems are able to provide excettentection in a small patch of the sky;
this corrected region is known as the isoplanasitcip. However the small size (few
arcseconds [5]) of the isoplanatic patch can malkdifficult to simultaneously study

stellar objects separated by any appreciable aistarAdditionally, since the reference
star used to sense atmospheric turbulence is ofiethe observation target itself due to
its own brightness inadequacy, the sky coverage @éssical AO system can be limited

to those areas in close proximity to bright natueéérence stars.

The difference between the reference and scientiiawvefront perturbations is not
constant in the telescope’s Field of View (FoV).depends on the angular distance
between the reference star and the scientific t§éjeAs the observation target is moved

further off-axis from the reference star, the ditfeace between the turbulence measured
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by the WFS and the turbulence which affects themsa source becomes greater.

Specifically the low altitude atmospheric turbulenwill affect all wavefronts nearly
identically, however the higher altitude turbulene#fects an off-axis wavefront
differently, as is illustrated in Figure 2. The dapence of correction quality on the
position in the FoV is known as anisoplanatism deads to a degradation in AO

correction performance.

RE{EHEE *Off-axis

,:'
-f-:ZRes idual

Turbulence

()
| .
()
L=
Q
74
(o}
=
-+
=~

Telescope

© EMarchetti FESO /2004

Figure 2: The anisoplanatism effect leads to aeabion error due to the un-sensed turbulence

off-axis from the reference star, mainly at higakitudes [7].
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In the absence of a bright natural reference starartificially created reference light

source close to the observation target can be peafjuthis can be done with the
backscatter of laser light from sodium atoms in ktigh mesosphere layer. Such an
artificially created light source is called a Lagaride Star (LGS). Although dramatically
increasing the sky coverage, this technique siifiess from focal anisoplanatism (or the
cone effect). The cone effect is a result of thed altitude of the LGS, which produces
a conical wavefront at the telescope as comparedheocolumn wavefront of an

effectively infinite source. Due to this, the LG8usce provides a partially incomplete
atmospheric profile, primarily in higher altitudas illustrated in Figure 3. Additionally, a
LGS reference source does not provide tilt inforamadue to the cancellation by the

return path of the beam [4].
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Figure 3: The focal anisoplanatism effect (conedctjf The conical shape of the wavefront of the
laser guide star is due to its finite height, whicbmpared to the column wavefront of the
observation target, experiences a different atmasplperturbation, leading to an error in AO

correction.



1.2 Wide Field Adaptive Optics Systems

Achieving a wider FoV (isoplanatic patch) beyone tlew arcseconds possible with
classical AO has many important scientific motigas, but requires a more complex AO
system. AO systems which are capable of achiewirgyare classified as wide field AO

systems

1.2.1 Multi-Conjugate Adaptive Optics

The technique known as multi-conjugate AO (MCAO)svpaoposed [5] to increase the
size of the isoplanatic patch and provide the lafg@V required for certain science
objectives. The problem of anisoplanatism which keadto a small FoV is eliminated in
MCAO through the use of multiple LGSs. The waveftsofrom these multiple LGSs
overlap in the atmosphere, providing a much morapiete profile of the turbulence, as
shown in Figure 4. Using this, it is possible toaestruct a three-dimensional profile of
the atmospheric turbulence (called atmospheric graphy) and correct for individual
altitude layers of turbulence with multiple DMs,chaoptically conjugated to their
respective layer; this is the foundation of the MTAoncept. The three-dimensional
turbulence profile constructed from the multiple $£5also allows minimizing the cone

effect.
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Figure 4: Multi-Conjugate Adaptive Optics (MCAQ).ulliple reference sources (typically
LGSs) are used to produce a 3D profile of atmosplerbulence, from which layers of

turbulence are corrected for by individual DMs oally conjugated to those layers [7].

Using MCAO, the traditional limitations of a clasali AO system are resolved,
specifically the small FoV, limited sky coverageaddocal anisoplanatism (cone effect).
MCAO can provide a large diffraction limited FoV ¢ime order of arcminutes. MCAO
does however suffer from the practical limitatidratt only a finite humber of discrete

atmospheric layers can be corrected, since eachicadd corrected layer requires an

additional DM.
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1.2.2 Narrow-Field Infrared Adaptive Optics System (NFIRAOS)

The Narrow-Field Infrared Adaptive Optics SystenF(RAOS) is a first light MCAO
system for the TMT. NFIRAOS will operate two highder deformable mirrors optically
conjugated to 0 and 11.2 km, will use six lasedgustars and six high order wavefront
sensors and will correct atmospheric turbulencdr \sid per cent sky coverage at the
galactic pole (direction perpendicular to Milky Wagalactic plane and thus least
populated with reference stars) while providingGaadcsecond FoV [3]. NFIRAOS is
currently being designed at the Herzberg Instinftéstrophysics [8] in Victoria BC,

Canada.

1.2.3 Multi-Object Adaptive Optics

Another AO technique which is able to provide arrewider FoV than that of MCAO is
Multi-Object Adaptive Optics (MOAO). Using this nietd, the FoV is not corrected
across its entirety; instead multiple smaller feldthin the overall FoV are individually
corrected. This allows the study of multiple siregubbjects separated by large angular

distances, such as is required for Multi-Objectcescopy (MOS).

MOAO is classified as a type of open-loop adapbypéics system since the wavefront
sensors do not measure the wavefronts post-camedtfter the DM), but instead

directly measure uncorrected wavefronts from tlieremce stars as shown in Figure 5. A
reference star is required in the vicinity of eatiservation target, with a corresponding

DM aligned to its line-of-sight. The MOAO systemliders open loop commands to the
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multiple DMs based on estimations from the atmosphtirbulence data from each

respective reference star and WFS. Since the DMs cantrolled in open-loop,
commanding the DMs must be very predictable anéatgble since the DM positional
errors will not be eliminated though closed-loopdback action of the AO system. A
model of the DM behaviour including the multi-adrainfluence functions and non-
linearity is required [9] to enable accurate angeetable control of the DM.
Additionally, the WFS requires a high dynamic rarsgeit senses the full uncorrected

atmospheric turbulence.

Multi-Object AO
Wavefront sensor in open loop

Stars

High
Altitude
Layer

Ground

Telescope

Narrow field |
mode DM

Figure 5: Multi-Object Adaptive Optics (MOAO) systadiagram [7].
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1.3 Wavefront Corrector

The deformable mirror serves as the wavefront ctoren an AO system and thus stands
as a very integral component. Developments in Déhrtelogy were a major contributor
to the advancement of adaptive optics since the fvformance is essential to the
performance of the AO system as a whole. The DNMects the wavefront by producing
small deflections of its reflective surface. Plogdly, the surface of the mirror is shaped
by an array of positioning mechanisms located lkhsfacesheet which apply a force to
deform it. The source of force can be magneticeffibmagnet and voice-coils, ferro-
fluidic), electro-static (micro-electromechanicaisems, MEMS), based on solid state
physical phenomena (piezoelectric, magnetostrigtime mechanical action (hydraulic
actuators). The initially planar wavefront of ligiiaveling 20 km through the turbulent
atmosphere accumulates phase errors correspordanfetv micrometers of optical path.
To fully restore image quality these errors havebéosensed and corrected to a small
fraction of a micrometer [10]. The stroke of thdleetive surface of the DM must
therefore be of the same order, that is, betweean@ 10 micrometers, with a

displacement resolution of around ten nanometers.

Continuous face-sheet DMs driven by a two-dimeradi@nray of discrete PiezoElectric
Actuators (PEAS) are most commonly used in astrgnaithough other types of DMs
also exist, including micro-electromechanical sysge(MEMS), bimorph, and magnetic
voice-coil DMs [11]. The actuators of piezoelecitantinuous facesheet DMs are stacks
of piezoelectric material, typically the lead zinate titanate also called PZT (PbZrTi)

coupled to the back surface of the mirrors facdashes illustrated in
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Figure 6. The actuators are mounted on a thickjheombase plate, which is much stiffer

than the mirrors facesheet. The base plate is lysoalde of a stable, low expansion

material such as quartz or ceramic.

GLASS FACESHEET
’, MIRROR
SUPPORT
] coLiar
£ /
SRR | TN S N T S SIS g AR W e KL iy
74 %
ACTUATOR STACK BASEPLATE
a) DM cross section [12] b) PZT stackuator structure [13]

Figure 6: Continuous face-sheet DM and PZT actusitacture.

There is a difficulty associated with PZT baseduattrs which is a large voltage
required to obtain a useful stroke. To increasestheke relative to the applied voltage,
the actuator is made in the form of disks stackét miternating polarity and connected
electrically in parallel, such that the entire agke is applied across each thin disk as
shown in Figure 6.b. By doing this, the displacetmeontributions of disks add up
without the need for a very high voltage that a olibiic actuator of the same height
would require. The commonly used stack actuatansachieve a relative displacement of
up to 0.02% of their length. The required actustooke as well as other DM parameters
including the mirror diameter, order (number ofuatbrs) and pitch (inter-actuator

distance) are determined by the scientific goakhefAO system.
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The TMT NFIRAOS is a MCAO system with two DMs; DM@th 3125 actuators in a

circular aperture and DM11 with 4548 actuators iciraular aperture. These DMs will
employ over twice as many actuators as any otheral®mpted to date [14]. NFIRAOS
DMs are based on the Stack Array Mirror (SAM) tedogy from French company
CILAS [15] and will contain a new design of the PE#&ucture for improved durability
[16]. These are continuous facesheet DMs capabbeanfucing large surface deflections
(10 um after flattening). Additional features okese DMs are a low hysteresis (5%),
large pupil diameter (315 and 375 mm respectivahg a mirror surface error of 20 nm
RMS after flattening command [17, 18]. These lang@rors represent a major
advancement in DM construction, and to prove thecept CILAS has successfully
demonstrated a subscale 9x9 actuator prototype DMOD6 [19] and will provide a

larger 60x6 ‘breadboard’ prototype in 2012 [20,.16]

1.4 Problem Description

The large scale of ELTs has created challengingirepents for their sub-systems,
including the AO system and its components [21].sinple scaling of the major
elements of the AO system provides a first quaiaimpression. Increasing the size of
the telescope by a factor of 10 demands increasi@giumber of sub-apertures on the
wave-front sensor and the number of actuatorsarbDti roughly by a factor of 100 [22].
A component up-scaling of this order can necessitaiv advancements in their design
and construction methods. For instance, the eadft dharacteristics of NFIRAOS were

based upon expectations for the potential futurtopeance of PEA DMs in terms of the
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number of actuators, physical inter-actuator smggciand actuator stroke [23, 24].

Considering the rapid advancement of the DM tedabgwl driven by the ELT

requirements, there is a need for a correspondivgrecement in the DM Electronics
(DME), which currently lags behind. Bearing in mitldat high voltage DME must
become increasingly low power, compact and econalntic be suitable for driving the
high order DMs of ELT AO systems, the use of currgeneration commercially
available DM electronics is unsuitable. A simplalsg up of an existing DME system
deployed in many smaller scale AO installations Mfosubstantially drive up the AO

cost, pose unacceptably high demands for powepeagpy excessive volume.

The motivation of this work was therefore to redtloe power consumption in DM driver

electronics to a minimum, while simultaneously opting the physical volume and cost
to a minimum such that it becomes suitable for yegh volume reproduction into large
scale DME systems. A difficulty in designing an appiate drive amplifier arises from

the fact that the piezoelectric actuators most comynused in high order DMs require
high voltage drive signals, up to 400 V, to obttia required stroke. Since high voltage
circuits do not easily lend themselves to compadtlaw power operation, special design
considerations must be taken in order to meetegjlirements. The main focus of this
research is therefore on developing an originah Mgltage amplifier (HVA) which can

achieve these goals while at the same time mealitige AO performance specifications

of modern state-of-the-art AO systems.
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The candidate HVA circuits introduced in this tlsesire evaluated based on their

combination of performance, physical and functioatitibutes, with the most suitable
circuit chosen for a multi-channel prototype impéstation and further testing with a
DM breadboard prototype. The necessary performarfaectional and safety

requirements of the candidate HVA are based oNFRERAOS AO system for TMT as

outlined in Chapter 3. In addition to the HVA, allpport circuits are also developed as
required to enable the implementation and testfgudti-channel prototypes. This thesis
presents the work performed to achieve this witrearphasis on the HVA design and

development and multi-channel prototyping.
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Chapter 2 Amplifier for Driving Piezoelectric Actuators

The amplifier configurations best suited for driyia piezoelectric actuator within the
constraints of the application are explored in thapter. Two fundamentally different
configurations exist: charge and voltage steeringpldiers, each having their own

benefits and drawbacks.

2.1 Charge Steering Configuration

The function of the charge amplifier is to impartentrolled amount of charge to the
load. The use of a charge amplifier to drive thghhi capacitive piezoelectric
transducers is known to produce a displacemenbnsgpwith a reduced hysteresis as
compared to the voltage driven response. This ress first reported in [25] and [26].
Not coincidently, an explicit mention of piezoelectactuated deformable mirrors was
made in [25] as being a prime application for cleastgering to lessen hysteresis. This is
because when precise micro-positioning is requiddirge steering can reduce the
hysteresis effect by a factor of five [27] as conggato voltage steering. Figure 7 shows
an example displacement response for both voltagecaarge steering for the same

piezoelectric material.
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Figure 7: Hysteresis in a piezoelectric actuatoltage and charge driven displacement response.

The dashed line is tangential to the starting curve

A typical PEA will suffer from up to 20% hysteresidefined as the maximum

displacement deviation between the rise and fathefapplied field and calculated using

Eq. (2).

MAX(d,(V)- dy (V) 100%

dmax— AMIN

(1)

Hysteresisy x (%) =

Where d;(V) is the displacement curve in the decreasing dinect
d; (V) is the displacement curve in the increasing direction.
dyax 1S the maximum displacement.

dpn is the minimum displacement; occurring at d(0).

Charge amplifiers were proposed in [25] and [26)éoform charge steering and mitigate
the hysteresis effects. The simplified diagramshese charge amplifiers are shown in
Figure 8a) and b) respectively. The charge amplifieFigure 8a) employs a current
source to deliver charge to the load. Through faekibthe voltage ¥ developed across
the resistor R is brought to be equal to the inmitage \{, and a constant currery i

equal to VR will flow in the load while charge is accumuldti the load at a constant
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rate of ¢-t. Thus, delivering the required charge to thel lasquires an accurately timed

pulse of current. This is not a true charge anwlifiut rather a form of voltage controlled
charge source, and does not provide a means tatimgartain amount of charge to the

actuator or to hold a given amount of charge tontaan PEA elongation.
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a) Charge source. b) Charge ampilifier.

Figure 8: Charge amplifier configurations for dngipiezoelectric transducers.

The similar configuration in Figure 8b) substitusesapacitor in place of the resistor in
order to produce a feedback voltage (Vc) propodiai electric charge rather than
current. The sensing capacitor (C) connected iresewrith the PEA stores an equal
amount of charge as that in the PEA singg ¥ ic. Since the electrostatic capacity of the
capacitor remains constant, the amount of elecharge (Q) of the capacitor is exactly
proportional to the voltage ¢ across it without involving any hysteresis. Thdtage
then serves as the feedback signal and is appbetthet inverting input. Due to the

feedback action, ¥ = V;, and the load currentpfia) is given in the Laplace domain by

Eq. (2).
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lpea(S) = Vi(S)/ Xc(S) = Vi(s)sC 2)

Equating the currentga(s) in (2) to the time derivative of charge;eRs)-s, leads to the
charge in the PEA aspai(s) = M(s)C which is the transfer function of the charge
amplifier with a gain of C (Columbs/V). Howevergthack of a DC feedback path in this
configuration limits the charge amplifier to quasatic operation or fastepl Hz) and
makes it particularly sensitive to any offset vgéieor bias currents that will cause the
output to drift towards saturation. In additiontlis, the high DC impedance of the node
common to the PEA and capacitor will inevitablyulesn the accumulation of a non-zero
charge offset. This combined with other sourcesftdet voltage and bias current will
cause the amplifier to saturate. The proposed mdef@6] of removing accumulated
charge utilizes an initialization circuit to periodlly short this node and the input to

ground.

A solution to lower the DC impedance of the loa@dtoid amplifier saturation is to add a
large parallel resistance (Racross the PEA load; this introduces a high-pasponse
for the charge gain with cut-off frequency 4R Crea. The response of the charge gain
with and without the load resistor, Rs shown in Figure 9 in dashed and solid lines

respectively.
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Figure 9: Response of charge amplifier with(Bashed) and without,Rsolid).

In addition to having no useable DC response, thaee several other significant

drawbacks; specifically that both sides of the RE@ floating with respect to ground, the
reduction in voltage compliance across the load tduthe sensing capacitor, the added
complexity of an accompanying initialization circand the sensitivity to voltage/current

offset.

A method for grounded load charge drive was preskmt [28] which does provide an
accurate DC response; shown in Figure 10. Comptoethe previously considered
configuration, the charge sense impedance (C) dradeground reference with the load,
and so a differential amplifier with large commoahe input range is needed to measure
the sense voltage €Y. The addition of two large resistances (R & & negligible at
higher operating frequencies and makes this arapifioperation identical to that of
Figure 8b) in this operating range. However, at-fosguency, the voltage amplifier
formed by R & R synthesizes operation of a charge amplifier. Rliagi that RC = RC,

there will be no low-to-high frequency transitiorginamics between voltage and charge
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modes of operation, occurring at WRC) Hz. This amplifier can therefore be considered

as the concatenation of a voltage and charge aerpdhd so does not provide true
charge steering at DC. Drawbacks include the neddrte RC = RCpea as well as the

difficulty in acquiring a differential amplifier wh a large common mode input range, up

to +400 V.
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Figure 10: Grounded load charge steering configurat

2.2 Voltage Steering Configuration

A simple and convenient way to drive a PEA is tiglowoltage steering, this method is

broadly used due to its simplicity despite its dvaeks. A diagram of the voltage

steering configuration is shown in Figure 11.



24

ipEA

Vpea L] PEA

L

Figure 11: PEA voltage steering configuration.

To a first degree, the charge gain is equal topAxGVvhere Gea is the static capacitance
of the PEA. However, the load charge is proporfidoahe PEA capacitance, which is
dependent on hysteresis to an extent. Methodseéllizing the actuator response and
reducing the hysteresis effects are by use of dféde@ard nonlinear hysteresis model
when driving the actuator, or the use of closegloontrol schemes [27]. However the
phenomenologicahodels of hysteresis used in feedforward schemestiprovide error
free prediction of hysteresis or creep. To reduwe positioning errors caused by
inaccurate prediction of hysteresis and creeppastcontroller is required [29]. The use
of a positional transducer and control system careimployed to virtually eliminate
hysteresis while using voltage steering; although may not be practical in high order

DMs.
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The voltage steering configuration has several mi@mb advantages compared to charge-

steering methods, which include:

 Maximum PEA elongation due to elimination of sesessing impedance which
essentially forms a voltage divider in the chargesng configuration.

» Grounded load drive is inherent, requiring onlyflaal many conductors; which is
very significant for DME systems with 1000’s of cimels and greatly reduces the
size and weight of cabling.

» Simple and easy to implement, the general appticatan use commercial high

voltage operational amplifiers.

2.3 Conclusion

Due to the implementation complexity of charge steg it has not found wide-spread
application in PEA driving despite its benefits.rAagh order DM applications, its

employment may prove too complex. Although enabhighly accurate control, a major
deterrent of charge steering the PEAs on very bigler DMs (~4000 channels) is that
grounded load drive is necessary to avoid the laige and weight of cabling which has
become a serious practical issue for high order PMg. The need for a differential

amplifier with a high common mode voltage rangeinplement charge steering for
grounded load detracts from the charge steeringommpthis is because a primary
motivation is for minimal and compact electroniésternatively, closed-loop control of

the PEA elongation can virtually eliminate hystesewhile using voltage steering.

Although the PEA elongation is not measured diyeatl the DM, most AO control
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systems do sense the PEA expansion indirectly avNW#FS within the AO control loop,

with the exception of open-loop AO systems sucthasMOAO.

For the MCAO system of NFIRAOS, a voltage steerdrgyer can be used without
consequence of hysteresis thanks to the AO clasgul-tontrol action and the “hard”,
low hysteresis (5%) PZT material of the PEA. Impésiting a voltage steering driver to
control the PEA will allow both the grounded loadlvd and reduced circuit complexity;
something most vital considering the high chanrmint. For open-loop AO systems
such as the MOAO, the voltage steering of a PEA Wdlild not be optimal since the
operational hysteresis in excess of a 2-4% rangddvead to unacceptable errors in
open-loop control [9]. Charge steering or alten&fctuator technologies such as harder
piezoelectric ceramics, electrostatic MEMS DMs oagmetic actuators would be

necessary for improved hysteresis performance ém-dpop operation.
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Chapter 3 DME System Structure

The design constraints imposed on a custom Higtagel Amplifier (HVA) derive from
the overall DME requirements and performance chearistics of the AO system. These
can be broken-down into two categories: system ireauents (power consumption,
occupied space, procurement cost and service diie) HVA operational requirements
(performance, safety, functionality etc.). Fiest, overview of the proposed DME system
architecture is presented followed by outlining Hystem and operational requirements

of the HVA.

3.1 DME System Architecture Overview

A reference NDME system architecture has been dpedl at HIA [30], containing a
physical organizational plan for the arrangementHMA channels, a plan for the
dissemination of DM control commands from the teak computer (RTC) to individual
HVA circuits, and a plan for system diagnosticseTreference NDME consists of two
independent, physically separable subsystems, NDMBO NDME11l respectively
driving DMO with 3125 actuators and DM11 with 4548tuators. A summary of the

proposed NDME architecture is as follows:

e The basic building block of the DME system is anpoti module containing 96

channels of the HVA circuit to match the 96 charoadlles of the DMs.
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« NDMEO and NDME11 comprise 33 and 48 output modgspectively.

» Output modules have a form factor of a double wieltinocard (6 U height).

e Output modules are housed in industry standard \¢kdies of a QU height.

* NDMEO and NDME11 comprise 3 and 4 VME crates respeky

e Each VME crate contains one RTC interface (RTCIl)daole, one DME

Diagnostics Computer (DMEDC) module and up to twedutput modules.

The diagnostic subsystems within each bank of Iifhnels is controlled by the DME
diagnostics computer (DMEDC) proposed to be a sirtgbard Linux computer for
monitoring the performance of NDME channels and Bbtuators, interfaced to the
NFIRAQOS internal network via gigabit Ethernet. Tiheal-time computer interface
(RTCI) module receives commands from the Real-T@wmputer (RTC) over a 2.5
Gbps serial Front Panel Data Port (sSFPDP) interéawk distributes the DM command
data to the 12 output modules via 36 high speelsgata lines. A diagram of the

NDME system is shown in Figure 12.
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Figure 12: NDME system diagram [30] containing twdependent DME systems, NDMEO and
NDME11.

3.2 DME System Requirements

Considering the high channel count required ofNIDME system (7776), the budgetary
resources such as power, size and cost can beaomeersed quickly. Simply scaling up
the commercially offered drive electronics wouldbstantially drive up the AO cost, pose
unacceptably high demands for the supply power,caedpy large volume. For instance,
if the commercial PA95 hybrid-IC HVA based DME ssis was to be employed as it
has been in several AO installations of 8 m claksstopes with up to 400-actuator DMs;
the system and budgetary resources would be totalhsumed. An individual PA95

HVA draws a constant 1.6 mA quiescent current fritie +400V rails, which implies

9.95 kW power needed for a 7,776 channel NDME sysserpassing the NDME power
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budget of 8 kW by nearly 25% for the amplifiersyrAdditionally, an individual PA95

costs $170 in high quantity, and a 7,776 channelED&§stem would expense $1.32
million just to purchase the amplifier parts. THere, to operate within limited budgets,
constraints must be placed on the HVA prior to ttgwment; the determination of these

constraints are laid out in this section.

3.2.1 Power Consumption Constraints

Based on the NDME architecture, the power conswmptonstraint for an HVA circuit
is given by the maximum power consumption per ckafmom the total DME power

budget of 8 kW operating 7,776 channels with priowis for:

-7 X RTC interface: 2.5% (est.) 200 W
- 7 x Diagnostics computer: 1.5% (est.) 120 W
- 81 x HVA support circuitry: 5% (est.) 400 W

- DC/DC high voltage power supply efficiency: 85 %

The approximate maximum power consumption allowapee channel (Rax) is

therefore as follows:

Puax < (8 kW — 2.5% - 1.5% - 5%)-85%/7776 channels =m%&/ch yax

However, it is desirable to operate at a lower pgodvaw since power dissipation in the

DME creates heat that must be removed from theosarts housing electronics by a
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closed circuit liquid coolant circulation. The reasfor active cooling of the NFIRAOS

electronics enclosures is to not allow heat to @scato the telescope environment and
cause air turbulence leading to further imagingodi®ns. The need for excessive heat
evacuation will further exacerbate the power budgetvell as lead to increased cost and
complexity of the system. The DME power consumpsbould therefore be minimized
as much as possible beyond that which satisfiesptiveer budget requirements. The

power consumption target established for the HVAS80 mW per amplifier.

3.2.2 Physical Size Constraints

The maximum size of a single HVA circuit can beedetined based on the plan for
electronics organization and the chosen form-faditbe NDME reference design has the
double Eurocard [31] as a baseline form-factor datput modules comprising HVA
circuits, as well as on-board high voltage powgypty and the HVA support circuitry
(D/A, bias supplies etc.). The standard double Eane height is 233.35 mm, with

variable depth, the longest commonly supported-ceaite depth being 340 mm.

The board area required for the support circuitng anterconnections was estimated
initially in order to determine the approximate nmaMm area available for an individual
HVA circuit. The double width Eurocard output moeldutline is sketched in Figure 13
with circuitry area provisions. Accounting for thi/ power supply and support circuitry
on-board, an approximate 44800 m(r57 %) is available for HVA circuits, or ~467

mn? (21.6 x 21.6 mm) per amplifier. Such a limited twbarea implies that all HVA
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components, including HV transistors, must be chasghe Surface Mount Technology

(SMT) packaging (SOT-223 or smaller for transistors

23778
HUA Circuit Support
X 96 Circuits
44800 mmz 17100 mmz “Eh-l38.89
w794 44
HU PS |
® .1
= 8:33

340.00
0.00

Figure 13: The double Eurocard (6U) form-factorsdmofor the output module. The board area

provision for various circuits are estimated; digsiens in mm.

3.2.3 Cost Constraints

The overall NDME cost must be substantially lowart a simple scale up of currently
offered commercial DME systems for 500-actuatos€l®Ms. Since the NFIRAOS

DME budgets are confidential, pricing will be comga to existing DME systems on a
cost per channel basis. As the largest contriltattine overall cost, the cost per amplifier

must be drastically lower compared to the integratiecuit amplifier (PA95) currently
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used in smaller scale AO systems, at a price oD§ief amplifier (when purchased in

high quantity). Using discrete commonly availabfetbe-shelf components, the goal is

to reach <$10 per HVA.

3.3 DM Electronics Design Requirements: performance, safety and

operational

There are several important considerations relaiingafe operation of the DMs. One
important consideration is that when subjected tdrige voltage which changes too
rapidly, the piezoelectric material of the actuateay suffer damage from mechanical
strain, rendering the actuator unusable. To preganh damage, the drive electronics
must limit the voltage slew rate below the safe imamn. Based on this and other
requirements specified by the manufacturer, the@edelectronics must provide the

following to ensure safe operation of the DM:

» Output voltage range of £400 V to achieve full attw stroke of 14 um (7 pum)
with actuator voltage hard limited never to exce4as V.

e OQutput voltage slew rate limited below a safe maxim 100 kV/s, while
providing at least £25 kV/s for correcting atmosphéurbulence.

* A hard limit of 300 V on inter-actuator command tagie to prevent mechanical
damage to the mirror facesheet.

* The HVA outputs must be immune to short circuitlfetio ground and between

channels.
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» Absence of any power-on/off transients which wouidlate any of the above

safety requirements.

In addition to the safe operational requirementthefDM, the DME must also meet or
exceed the minimum performance criteria for AO #mel functional requirements of the
instrument. These are determined from both the DM the AO requirements. For
instance, the desired HVA bandwidth must be lowughoto attenuate DM mechanical
resonances, while at the same time being fast éndag AO operation. These

requirements are summarized as follows:

Frequency bandwidth of DC — 1000 Hz required by A@ijle attenuating DM

surface resonances above 1.5 kHz

» Operate capacitive PEA loads up to 23 nF withotthlaup and self-oscillations.
(PEA capacitance 19 nF and cable capacitarcd nF).

 Thermally stable such that fluctuations in tempe&etwill not cause DM

deformations large enough to impact AO performance.

* Acceptable forecast for HVA reliability.
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3.4 Piezoelectric Actuator Load Characterization

The PEA load must be fully characterized in oradedévelop a compatible HVA. The
characterization was done based on information fittenDM vendor CILAS as well as

on experiments with a sample section of DM actisatdtained from CILAS.

3.4.1 Electrical Model Determination

Neglecting its dynamic behaviour, the PEA can bestered a capacitor comprised of
the piezoelectric material between the paralleigpddectrodes and characterized for slow
varying electrical signals by the static capaci&ar@. A more realistic electrical model
shown in Figure 14 includes a series LCR circyresenting the mechanical resonance
of the PEA physical structure. A portion of thetistacapacitance is used to form the
resonant LCR branch capacitance in the model, thigthremainder equal tooCbut Gs
will remain equal to their sum at DC since L is potsent at DC and R representing the
damping factor of mechanical resonance is quitellsnira addition, a small series
resistance (B of the connecting wires and a large parallel dgmkresistance (Rare

present.
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Figure 14: The model of a PEA, containing seriasstance Rs, leakage resistangesatic

capacitance £ and the model of the vibrating body, L, C & R].16

A sealed box containing a line of 28 PEAs was aletifrom CILAS for testing of the
electrical parameters. A second row of actuatosh@vn on top of the box in Figure 15

for illustration.

Figure 15: The sealed box delivered by CILAS contey a row of 28 actuators for parameter

measurement and model characterization (CILAS).
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Multiple measurements of the static capacitangg &8d series resistancegjRor the 28
actuators were performed using an LCR meter se$eédhe series RC mode at 1 kHz and
at 120 Hz. The statistical results of these measents are given in Table 1. The leakage
resistance Rwas also measured with a high voltage insulatester at 250 V and all

actuators had Routside the range of the tester (>2Q)G

Table 1: Statistical results of measurements oarisG for the sample 28 actuators supplied by

CILAS, measurements made using BK Precision LCRemetodel 879B.

Rs(Q) Cs(nF) Cs (nF)

(1 kHz) (1 kHz) (120 Hz)
Mean 23.929 18.643 18.717
Median 22.000 18.609 18.674
Sigma 8.9812 0.1877 0.170
Min 13.000 18.356 18.491
Max 50.000 19.031 19.083

3.4.2 Dynamic Model Determination

Characterization of the dynamic model of the acisatvas also performed. The resonant
behaviour was measured using a dynamic analyzewasdised in conjunction with the
static measurements to develop a comprehensivie/dyaiamic model of the actuators.
The dynamic analyzer applies a “chirp” excitatiognal to a PEA and measures the
output in response to that excitation. For thesasuements, the connections were made
as shown in Figure 16. At low frequency the PEA sldad almost purely capacitive;
using a series test resistor, the response is gz show a low-pass characteristic with

cut-off frequency 1/(2RestCs).
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Figure 16: Test setup connection diagram usingigimamic analyzer to measure the response of

the PEA to an excitation of up to 100 kHz in fregcye

Data was collected for each actuator for both tlagmitude and phase responses. There
were three main resonances found within the rarfge-100 kHz; the T resonance
occurring at 16 kHz, this conforms to CILAS' statedlue of 15-20 kHz [18]. A

screenshot of the result from a measurement (PEA #2shown in Figure 17. The

resonant frequency data is compiled in Table 2.




A Done 16 kHz -6.183 dB

dB | 128 Hz 102.4 kHz
Freq. Resp. Log Mag Uniform RmsAvg 2000
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100
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degidiv

-100
deg | 128Hz 1024 kHz
Freq. Resp. Unwrp. Phase Unifo RmsAvg 2000

Figure 17: The magnitude (top) and phase (bott@spanse of actuator #27 measured with

dynamic analyzer on averaging mode.
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Table 2: Resonant frequency and amplitude measutenesults from all 28 actuators using the

dynamic analyzer and a series test resistance kf210

PEA 1st Resonance 2nd Resonance 3rd Resonance
no. f1 (kHz) A1 (dB) | f2 (kHz) A2 (dB) | f3 (kHz) A3 (dB)
1 15.36 -17.2 19.58 -16.26 28.16 -8.470
2 15.36 -7.06 29.95 -13.12 40.19 -18.84
3 15.36 -7.04 29.95 -14.03 40.70 -18.13
4 15.49 -6.85 29.95 -18.21 40.96 -18.75
5 15.49 -7.03 29.95 -13.82 40.70 -18.23
6 15.49 -5.78 30.46 -19.29 41.22 -17.01
7 15.62 -6.72 30.08 -19.66 41.22 -15.92
8 15.62 -7.08 30.59 -18.36 41.22 -15.82
9 15.62 -7.26 30.59 -16.89 41.22 -16.17
10 15.49 -5.94 30.59 -16.91 41.22 -16.12
11 15.49 -5.86 30.59 -18.04 41.22 -17.04
12 15.49 -6.24 30.21 -17.95 41.09 -17.45
13 15.49 -6.09 30.46 -18.08 41.09 -17.40
14 15.49 -5.85 30.46 -16.85 40.96 -17.27
15 15.49 -5.96 30.08 -16.80 40.96 -16.73
16 15.49 -6.61 30.08 -17.31 40.83 -16.97
17 15.49 -6.20 30.08 -19.06 40.96 -17.87
18 15.49 -5.07 30.59 -20.34 40.96 -19.02
19 15.74 -5.42 30.59 -20.43 41.22 -18.30
20 15.87 -4.07 30.72 -20.83 41.22 -16.80
21 16.00 -5.01 30.72 -20.60 41.22 -16.74
22 16.00 -5.10 30.98 18.57 41.22 -17.14
23 15.87 -5.53 31.23 -18.37 41.22 -17.40
24 15.87 -5.35 31.23 -18.97 41.22 -17.48
25 16.00 -4.43 31.23 -18.69 41.22 -17.60
26 16.00 -3.71 31.23 -17.25 41.09 -16.37
27 16.00 -6.18 31.49 -16.81 41.09 -18.56
28 15.74 -15.9 29.57 -13.58 77.57 -27.32
Mean 15.64 -6.66 30.12 -16.36 41.90 -17.39
Std. Dev. 0.222 2.944 2.121 7.155 7.407 2.715

To understand the measured response at resonhaaajuivalent circuit can be redrawn
as in Figure 18. The parallel (LC) circuit resoramoanifests itself as the impedance
across its terminals reaches a maximum. This impeglés scaled through the divider

formed by C and & As a result, the voltage observed through thesRo G divider is
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also at its peak at resonance, as evident in Figjirés and R will have a negligible

impact on this divider considering their low andthresistance values respectively.

PEA Model
Rrest | Rg
+ © AW AW
10k 4
Vi §R0 T Co 2
- O

Figure 18: PEA test circuit for measurement of attiuresonant behaviour.

Obtaining of the values of C and) @ Figure 18 can be simplified if instead of agkar
series test resistorrBt, a small capacitor fgstis used, as in Figure 19. In this case, the
voltage division at frequencies well below resomamns given as a simple ratio of
capacitances {gs17(Crest+Co//C) since the impedance of L ands B negligible. At
frequencies well above resonance, the impedantebaicomes high, removing C from
participating in the divider. This leads to a largatput (\b) amplitude above resonance;

the amount by which it increases can be used erméte the value of C.
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PEA Model

R

MV
CresT . Rg T .
+ © 1} Yo  Aw—y L
136 pF ; 1 §
Vi | Ro T Co >

e J.

Figure 19: Test circuit for determining PEA modalgmeters (£and C) using a small series test

capacitance (fs7) of a known capacitance.

The result of this test is shown in Figure 20, velgrit is evident that after the first
resonance the output amplitude has increased dhe &imination of C from the voltage
divider. The amount by which the amplitude haseased is 2.57 dB as shown in Figure
21; in this response is a low frequency platea#t2i57 dB and a plateau at -40 dB that
would have been reached if not for the second sesmmnat 31 kHz. From this difference,
the value of C can be found as shown in Eq. (3) (@hdThe low frequency divider can
be first verified in Eq. (3), using the knownrgsr (136 pF) and measured value of static

capacitance (€= Gy//C = G + C = 18.885 nF) of actuator #27 using the LCRamnet

29 =20 -1log (%) =20 - 10g( 136 pF ) = —4291dB 3)

CtesT+(Co+0) 136 pF+18.885 nF

The result (-42.91 dB) is very close to the measwedue of -42.57 dB from Figure 20

and Figure 21. At frequencies above the first rasog, capacitance C has been removed
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and the voltage diver is in the form of Eq. (4)8a for Gy in (4) yields G = 13.464

nF, and C = 5.421 nF from the static capacitancatgan G = C, + C.

70 =20 - log (1) = 20 - log (o) = —40 dB 4)

Crest+Co

136 pF+Co

A Done
15
dB

5
dBidiv

.65 . . . . e o . . . . e o . . . . e o
dB | 128 Hz 102.4 kHz
Freq. Resp. Log Mag Uniform RmsAvg 500

B Done ‘
200 : I I : — — : r——
deg

deg | 128Hz 102.4 kHz
Freq. Resp. Unwrp. Phase Unifo RmsAvg 500

Figure 20: Measurement result of actuator #27 ugiaglynamic analyzer with a series test

capacitance (fgs7) in order to determine PEA model parameteysu@ C.
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Figure 21: First resonance peak of the actuatgorese while using a series test capacitance;

magnified result from Figure 20.

The determination of L is based on the equatiorttierresonant frequency, as given in
Eqg. (5). The measured resonant frequefgyig¢ 15.872 kHz from Figure 21, and(Gs
equal to C and g£connected in series (i.ee> C-G/(C+Cy)). From this, L can be found
to be 26 mH. The value of R can be determined basetthe amplitude of the resonant

peak. Using SPICE circuit simulation and tuningdRntatch the measured response; it

was found to be 48.

fo=35z e 5)
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3.4.3 Multi-Resonance Model

Considering the multiple resonance peaks of the RESponse, a more accurate model of
the unattached actuator can be developed as shokigure 22, with additional resonant
LRC branches to represent the three main resonaccesring at 16 kHz, 31 kHz and 41
kHz. The multiple resonant peaks of the actuater arresult of the PEA being a
distributed parameter system (i.e. the mass oPtA is not concentrated at one point,
but rather is distributed over the element). Tontanh an accurate static capacitance, the
value of G must decrease for each additional LRC branch atiedsure that &+ G, +

C, + G = Gs. The values of the LRC branches, shown in Tableege obtained using
the method in section 3.4.2 as well as the withSRECE circuit simulator to tune the

frequency response to match the data obtained tivitlkdynamic analyzer, as shown in

Figure 23.
PEA Model
+ o AN ol K 1
Rg
L1 L2 L3
= cC R 2 2 2
vi o 2R c1 c2 c3
R1 R2 R3
- O

______________________________________________________________________________________

Figure 22: The multi-resonant PEA model. Three Li@€bnant branches represent the three main

resonances of the PEA
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Table 3: Multi-resonant PEA model values for thregonances each modeled by a branch, where

the resonant frequency is equal to ({2.C)).

Series Static Branchl Branch2 Branch3
L - - 25.2 mH 13 mH 21 mH
- 10.246nF 5421 nF 2.418nF 0.8 nF
R 25Q >20 GQ 45 Q 65Q 180 Q

Measured

Magnitude (dB)

O N N S O NN O 2 Y N O O S

Frequency (Hz)

Figure 23: Resonant response of the PEA modelgplaotéxt to the measured response of the

PEA using the dynamic analyzer.

Although this model accurately represents the anhd#d PEA, the CILAS states the
expectation that the static capacitance of the B@uld drop from a maximum of 19 nF
by up to approximately 4 nF once attached to the.[Mdéwever, an additional
capacitance of 2-4 nF resulting from the DM cablimdj contribute to the total load

capacitance (3, which together is expected to be 19 nF, up taR8aximum.
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Chapter 4 High Voltage Amplifier Design

The development of the HVA is performed using SPI§iEulations to fully qualify
circuits prior to committing to hardware for expeéantal verification. SPICE simulations
allow evaluating a large number of candidate ctscand exploring component parameter
space in a shorter time and without parts experaithat would be required if each

circuit was to be physically built and tested.

4.1 High Voltage Amplifier Overview

The amplifier circuit is based on small, discrdtgh-voltage MOSFET transistors. The
simplified amplifier diagram is shown in Figure Phe amplifier can be separated into
two parts, the first operating from the low-voltggewer supplies (9 V) and the second

operating from the high-voltage power supplies @&X).
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Figure 24: High voltage amplifier simplified diagna

4.2 Amplifier Design

The steps taken in designing the HVA to achieverdmpiired functional operation and

performance specifications are outlined in thistisac In the HVA design, major
objectives are to achieve low power and compact svhile minimizing the cost;

however this cannot come at a price of insufficipatformance or reduced functional
capability.
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4.2.1 Slew Rate Limiting Functionality

A major functional requirement of the HVA is thatshould produce an output voltage
slew rate which is limited below a safe maximum.alt@omplish this, a class-A output
stage was conceived with an active load, as showkigure 25. The active load biases
the amplifier stage, enabling a high gain due sahigh impedance @ while avoiding
the corresponding large voltage drop associatetl \aitge passive impedances. This
active load is essentially a constant current sguatilized here to limit the maximum
output current which can be sourced to the loace PEA capacitance is integral to
limiting the voltage slew rate. Considering that tllV/dt across a capacitor is
proportional to the current charging or discharginthe slew rate limiting is obtained by
limiting the maximum current into and out of theadb Given the amplifier's output
current limited to drc, the maximum voltage slew rate can be determine8Ragax =
isrdCL. An active load current source for this purposesinuovide an adjustable current
limit such that slew rate and power consumption ta@ntuned as desired; this is

accomplished with a programmable bias voltage.
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Figure 25: The active load current source biasfass-A amplifier stage provides a high output

resistance resulting in a high gain and a limitetpot current capacity equal xé

However this is a means only to limit the posity@ng slew rate (SR across the PEA
load, and an additional method of limiting the negagoing slew rate (SRis required.
An efficient and very compact circuit to accomplibiis may consist of a source resistor
(Rs) and a reverse-biased clamping diode (D) addetheéogate of the output stage
MOSFET in conjunction with a feedback configurati@s shown in Figure 26. In the
presence of an increasingly large current drawmftioe load into the output and through
Q1, the voltage acrossgRvill increase, lowering ¥ Through a feedback action the gate
voltage (\f) will increase to compensate and maintain thedperating point until the
biasing voltage ¥ias2 is overcome and the diode D begins to conducingiiag Vg, at
which point the transistor becomes a negative atseurce. Thus Vg will be limited

not to exceed a voltage okMs2 + Vy, where \ is the knee voltage of diode.
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Figure 26: Hybrid diagram/schematic of HVA with engral feedback amplifier to implement

positive and negative slew rate limiting acrossjacitive load (.

In this configuration, the BIAS2 voltage will estash the negative slew rate limit. The
BIAS2 voltage can be shared by many HVA channdlgywang universal adjustment of
the negative slew rate limit. This solution is vegmpact, which is vital for this design,
requiring only two small components and one exieraanection. A functionally similar
circuit using a BJT transistor shown in Figure 2@swalso considered but the biased
diode clamp was chosen as providing adequate s&vlimiting while occupying less

space on the printed circuit board.
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Figure 27: Alternative form of limiting the negatiglew rate through the use of a BJT transistor;

operates on a similar circuit action as that oliFeg26.

A demonstration of this function has been perfornme8PICE using a generic feedback
amplifier and an output stage using actual partetsgcghown in Figure 28. Based on the
simulation, the influence of resistogBn the current limiting action can found and used

to determine an appropriate resistance value.
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Figure 28: SPICE simulation circuit to test thedtion of the negative slew rate limiting, using a

.|”_

|1

:CL

general feedback amplifier and active load.

From the result shown in Figure 29, a larger dainrent (Id) results in larger Vs drop
across Rs, through feedback Vg is increased to ensgie and maintain a constant Vgs
operating point. However, a clamping of gate vatafy (not shown) would disable this
control action, leading to a reduced Vgs which suoff the output transistor and limits
Id. The resistance must be sufficiently large for a significant gy action to be
present at the gate. A larger resistangavf provide a more abrupt transition into the
current limiting mode of operation, but negativetypacts bandwidth, (open-loop) gain
and output compliance, as will be discussed lafemsidering the expected range of

current, less than 1 mA, the required value gfsfbetween 1-2Q.
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4.5V
Vgs(ld) Active load bias
4.0V Output source Outut sink

N

0A 0.2mA 0. 4mA 0. 6m 0. 8m 1.0m 1.2m 1. 4m 1. 6m
Id

Figure 29: The feedback circuit action which faatiks the implementation of output current

limiting.

This slew rate limiting functionality is integratefirectly into the output stage and thus
provides a more secure form of limit compared taiting the input signal slew rate for

the same purpose.
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4.2.2 Bipolar Supply Operation

To cover the (400 V) output voltage range, the cmn source output stage of Figure
28 is referenced to the -400 V supply rail and nexpua DC level shift stage to provide
proper level matching from the input to the outptatge. A common source level shifting

stage using a P-channel MOSFET is utilized for phigpose, as shown in Figure 30. The

two stage amplifier formed in this configuratioroigerall non-inverting.

Vpp
0
Feedback Amplifier + o7 Active
VBIas1 J
. ol Load
Negative - =
Feedback .
F ~ igsre
+ O a |||; Q L
2
V. v l [
in
- lshift Yiq
V. — €1
g =C
B1as20—K] II< Q1 L Vo
— D \\':
= . Vgs +
R3Z RsZ v, A1
o) o)
VNN VNN

Figure 30: HVA circuit with the addition of a levehifting stage as required to operate from

bipolar supply rails (400 V).

The large operating potential (400 V) across theelleshift stage may lead to an
unnecessarily large power dissipation. Power copgiom in the level shift stage can be
accurately determined based on resisigai the desired positive slew rate capability of

the HVA (SRmax) as set by BIAS1. The power consumption in theelleshift stage

(PsuiFr) can be formulated from the equations (6), (7) @)d
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Vg(ly) = Vs(ly) + Vgs;(14) (w.r.t.Vnn) (6)
=Rs-1;+Vgs;(Iy) (w.r.t. Vnn)
= Rs - Cp, - SRrge + Vgs:Ug) (w.r.t. Vnn)
Vo(g)  Rs-CL-SRrRo+Vgsi(d)
ISHIFT(Id) = gR L=k RiQ = (7)
3 3
P, SHIFT(Id) = ISHIFT(Id) |Vl (8)
_ (Rs - Cp - SRrgg +Vgs1(Ig)) - |Vl
R3

In Eq. (6), the numerical value forgM(lq = C.-SRkeq = 475 pA) can be taken from the
plot of Figure 29. To minimize the power consumpti® should be made as large as
possible to lower the current in this stage. Fately, a large resistance; Ras the
additional advantage of increasing the gain of lénel shift stage. Therefore, the
appropriate value for Rs large (greater than 1®). For the nominal values forsRand
SR.vax Of 2 kQ and +25 kV/s; and with Rchosen at an appropriately large value (1.5

MQ) and G = 19 nF, Byrris equal to just 1.24 mW.

4.2.3 Feedback Amplifier

The HVA requires feedback to linearize the inputpo relationship, set the overall
closed-loop gain and to enable the negative sldes (8R) limiting operation. When
designing the feedback amplifier, a major circuitegluction can be achieved with the

negative feedback connection into the source texihmah the level shifting stage, as
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shown in Figure 31; this eliminates the need foly additional stage. In this

configuration, the level-shift stage is servinglasinput stage as well, with the drawback

that the inverting input is un-buffered.

Vpp

o)
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Vp1asi d Load
Feedback Amplifier - O—_ ca
Negative isrc
Feedbackf F \
I= ir,
+ © —|I-> Q>
Vin - ]
- ig
lshift
v [ _
g -C
Ve1as20—K} N 1|*< Q1 L |V
. D H
= . Vg\s\> + Z
R3 § ng VS b———

o) o)

VNN VNN

Figure 31: Hybrid diagram/schematic of the HVA wigedback connection for setting the

overall gain, linearizing the input/output relatéttip and enabling negative slew rate limiting.

The closed-loop gain /Vin) will be equal to 1/F providing that the open-loggin of
the two stage amplifier can be made sufficientigéa The HVA can be re-drawn as
shown in Figure 32 to clearly identify the invegiand non-inverting terminals as well as

the feedback network.
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Figure 32: Two stage HVA circuit diagram in a feadk configuration.

%

i

The closed-loop gain of the HVA is equal to 3R and will be configured to equal 80
(+38 dB) such that an input signal of £5 V is mappe the full output range of +400 V.
A complication arising from the high voltage opéatis that resistor Rmust be rated
for at least 400 V and must be made significardhgé in resistance to avoid drawing
substantial current away from the output stage Wwhs operating on a small fixed
current. This would lead to a slew rate limit whishdependent on output voltage to a
degree. However, the un-buffered negative inpumiteal will lead to a certain amount of
output offset which will increase proportionally . Therefore, the resistance Rust

be chosen considering this trade-off.
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4.2.4 Active Load Current Source Bias Circuit

The active load current source is programmableljosa the output slew rate and power
consumption as required. The large output resistdc achieved in this proprietary
circuit (details classified to preserve commerarderests of HIA) serves to maintain
current regulation (and slew rate regulation) aclieve a high gain in the output stage,
which is in the form of Eq. (9). A substantiallydge R, and a low source resistance R
are necessary for a high output stage gain andfiaiently large overall open loop gain

of the two stage HVA.

—-gmq-Ro

9)

Aver = Tgmers
The variable current function is achieved with flnegrammable BIAS1 voltage which is
referenced to the positive high voltage supply, &8l shown in Figure 33. A bias supply
circuit which operates at the 400 V rail potentials designed for this purpose and will

be described in a later section.
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Figure 33: Output stage with active load currenireée and rail referenced bias voltage which

programs theskc set-point.

The circuit was simulated first with SPICE usin@lrpart models prior to prototyping.
The simulation result of the output impedance)(R shown in Figure 34 whereby two
resistance parametersyR Ry) are varied to determine their effect og. From this
result shown in Figure 34, it is possible to achigery high output impedance, up to 8.2

MQ for practical values of parametey 4.3 MQ).
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Figure 34: Active load current source output impeda(R) as a function of circuit resistance

parameters R& Ry, simulation result.

Figure 35 demonstrates the improvement in curregtilation which is achieved when
Ro is made sufficiently large. A vast improvementganed at R = 5 kQ, with little
additional improvement possible beyond this. Attp#se current can be regulated to

within £50 pA, or £2.625 kV/s (at 19 nF) over thalfrange of output voltage.
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Figure 35: Current regulation of the active loadent source for various output resistanceg (R

300uA

simulation result, R= 4.3 MQ.

4.2.5 Input Stage to Mitigate Offset and Temperature Sensitivity

To improve the temperature stability and to miggatutput offset variation due to
component parameter spread and aging, the HVAitiwdgth an additional operational

amplifier (op-amp) input stage has been conceieedniprove the performance of the
two-stage HVA discussed so far. The inclusion ef tip-amp stage adds very little cost,
relatively small power dissipation and requiresraignificant extra printed circuit area,

while providing a large performance benefit.

First consider the source of the temperature depaedof the HVA. The main source of

the temperature dependence is due to the tempeneuiation of the input-offset (%)
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voltage, which is an internal operating voltagetloé input transistor Q modeled in

Figure 36 as being external tq.@lso, other non-idealities of the amplifier aredeled
as external additions to what can then be congidasean ideal amplifier. Current is
the bias current of the input stage which has be#imized (section 4.2.2) ang.iis
negligible but shown for completeness. The two-stdyA circuit of Figure 36 cancels

the output offset voltage via an external biasagst (BIAS3). The output offset is thus
given as Vegrse= Vio (1+R/R) + ip-R — VgiassR/Ri. However any variation of ¥ due

to temperature is not accounted for by the statipBdAS3 voltage and appears at the

output asAV o (1+R/R)).

Non-ideal
Amplifier

- .
el @ L Bmplifier
}._.

Vo
___{E a5 _l_
T 3 %

1 //

Figure 36: HVA model of amplifier non-idealitiesicluding input offset voltage (%) and the

input bias current {iand j.). The BIAS3 voltage cancels the output offset.

Veiasz Rj V-

In this circuit, the input offset voltage ,d/can be observed across ahd V4, since

voltages at terminals (+) and (-) are equal. Situtahas proven to provide reliable
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estimates of temperature dependence; it is usedletmonstrate the temperature

dependence of ¥, as shown in Figure 37.
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Figure 37: Temperature dependence of input offskage (Mo), simulation result.

The temperature dependence 6§ V6 -3.75 mV/°C and accounts for the majority o th
overall temperature dependence at the output whenpired by the overall gain of 81.
Vo's contribution to the output temperature coefinties therefore -304 mV/°C of the
total -322 mV/°C. An improvement to the HVA circuitll employ an op-amp to track

the Vio and apply it to the (+) input, thus cancellingefgect on the output, as shown in

Figure 38.
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Figure 38: High voltage amplifier with op-amp stdagdrack and cancel the effect op\bn the

output offset and eliminates the need for a BIASRage.

This has the effect of ensuring the input-offseteptal across Vand (-) is matched
across V and (+), as illustrated in Figure 39 (left). Thése potentials cancel, as shown

in Figure 39 (right); the result is the eliminatiohV o and its effect on the output.
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Figure 39: Two (equivalent) circuit models reprasenthe circuit of Figure 38 in which the

effect of the input offset voltage () is cancelled with the op-amp input stage.

The overall temperature dependence of the cirduiigure 38 with op-amp input is -
18.8 mV/°C as is shown in the simulation result~ajure 40 compared with the two-
stage result of -322 mV/°C. The improvement is 94%is improvement is consistent
with eliminating the contribution of M in the previous overall temperature dependence

(eliminate approx. -304 mV/°C of -322 mV/°C, or 9%

T T T T I

2-stage HVA
—HVA wf Op-Amp []

Output Voltage (V)

Temperature (°c)

Figure 40: Temperature dependence of the outpstiibltage for the HVA circuit with and

without op-amp input stage to cancel the inputaifisltage.
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The remaining offset voltage temperature dependési@&8 mV/°C) is related to the

input bias current into the un-buffered invertiregniinal (j.), given by Eq. (7). The
temperature dependence of this current when mieltigdy the feedback resistance)(R
forms the output offset voltage temperature depeceleThus, it is desirable to make R
as small as possible to improve temperature styblitiwer offset voltage and increase
bandwidth, however this will negatively impact sleate regulation (linearity). From the
simulation result, the input bias curreptias a temperature dependencei{J €qual to -
4.38 nA/°C, and the value ofiRan be chosen in consideration of output offsgtigéto

ip--R), offset temperature dependence (equakt®®,.) as well as slew rate linearity.

From an analysis of the currents in the output nagl@ function of output voltage, the
linearity of the slew rate limits across the fudhge of output voltage will be maintained
within a range relative to its mid-point value &R 0 V output) as given by Eqg. (10). By
ensuring that the feedback resistof) (Bhd active load current source output resistance
(Ro) are sufficiently large, a high linearity of th&ew rate limits can be maintained,
nominally < 20 %, while also achieving an acceptably smallpoutoffset and

temperature dependence.

1 Vol [Volmax—IVil
SRreg.(%) = iSRO-CL . < ORIZIAX + o MAXRf l MAX) % 100% (10)

To lower the required circuit board area to cordtthis amplifier, the op-amp is chosen
as a dual-package with two devices within a sisgldace-mount package such that two

HVA circuits can share the same part package. &uwtimal-part device is available in the
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very small TSSOP package which measures 3 mm x4(including the pins); by

using dual part packages an optimized dual HVA (éi\ayout is possible, as will be
shown in later sections. The power consumptionhef dp-amp is small, drawing only
1.75 mA (16 mW per channel at £9 V) and is accdptédr the performance benefit it
provides. Another benefit of this design is thaeliminates the need for output offset
cancellation via the BIAS3 voltage, the op-amp do@sever require its own low voltage

power rails.

An alternate configuration to the dHVA circuit whieliminates the input offset leading
to reduced temperature dependence has also besma®a. This configuration has a
differential input stage composed of transistogsa@d @ shown in Figure 41. With the
addition of Mo, for the purpose of cancelling,d{, the output offset and most of the
temperature dependence is eliminated. The thenmailation performed for this circuit
in SPICE vyielded the output voltage thermal coedfic of -17.1 mV/°C which is

comparable to the result obtained for the op-amptistage dHVA,
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Figure 41:HVA with differential input stage.

However, both the physical size and cost of thisuti are less optimal than that of the
dHVA circuit. Both circuits require the same numbébias/supply voltage connections;
however the dHVA shares two of these connectiorts twio amplifier circuits. Also the
dual part package op-amp used in the dHVA circetfuires less physical board space
than the four transistors required to construct whfferential input HVA circuits.
Additionally, an extra resistor ¢Ris required in the differential input stage. Hinpathe
cost of four high voltage transistors is far gredt@n the cost of a single inexpensive
dual op-amp part, making the differential input H\6fstion more costly as well. This
circuit was constructed in prototype for experinagion, and was unable to out-perform

the op-amp input stage dHVA.
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4.3 Deformable Mirror Protection

Aside from the primary means of DM protection vievs rate limiting which has been a
major influencing factor in the HVA design, othexcessary DM protection issues have
been considered based on requirements from CILASenBure that the applied voltage
is limited to within the safe maximum of +405 Vethmplifier output range is very near
to the full rail-to-rail voltage. Although inverseblependent on the slew rate limit to a
small degree, the output voltage is nominally cépalh reaching to within 5 V of the
positive rail and within 2 V of the negative railherefore it is not necessary to operate
on any higher supply voltages in order to accomrteodaplifier headroom and still
reach £400 V output. As such, this provides an kits@utput voltage hard limit equal to

the power supply rail voltages which have been ehas be 402 V.

The maximum allowed DM inter-actuator stroke isedetined according to the amount
of mechanical coupling between actuators. BasetherCILAS SAM mirrors, an inter-
actuator stroke of up to 30-40% of the maximum pwakalley is allowed [18]. The DM
actuators will have a total of 10 um stroke (5 paftgr flattening, and thus the inter-
actuator stroke must be within 4 pym maximum. Sithege is no provision in the HVA
for limiting inter-actuator stroke due to large Débmmands, the protection against
excessive inter-actuator voltages is implementquhrsgely by means of an array of
voltage limiting zener diodes. In addition, a diagtic facility is provided in the
DMEDC for continual output voltage read-back throwumalog to digital converters. This
will allow detection of excessive inter-actuatodtages whether caused by hardware or

AO software failure and a prompt shutdown of drweétages to prevent DM damage.
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4.4 Amplifier Power Usage

A major goal in the design of the HVA was to acleidew power consumption. In
section 3.2.1 a requirement ¥796 mW was established as a maximum power draw per
channel, however a target €600 mW is desired to minimize heat generation aeétm
the power budget with some margin. Although thedeld class-A amplifier consumes a
constant power, unlike other, more efficient anmgtitonfigurations (amplifier classes B-

D with power draw dependent on the drive signalwas found that an appropriately
designed class-A amplifier is able to consume dicsertly low power while still
meeting the DM actuator driving requirements. Tog@ consumption of the HVA is

characterized in this section.

In a class-A HVA, a lower limit to the power consption is directly linked to the AO
requirement for the achievable output voltage state. The DME for NFIRAOS is
required to drive DM actuators at slew rates uBRaeq= +25 kV/s. The current through
a capacitive load subjected to varying voltageivery byl = C, - dV/dt. Therefore, the
amplifier must be able to supply a current of aistelyn = G -SRkeg to meet the slew
rate requirement. The amplifier's ability to progidhis requires that the constant bias
current in the output stage must also be at legishleo J,n such that if required, this
entire current can be directed into the load. ¥®eaated (minimum) power draw in the

output stage is therefore given by Eq. (11).
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Pyin = v - (Vpp — Vyn) = Gy, ‘SRREQ *(Vep — Vuw) (11)

The power draw of the HVA pre-output stages carmi@mized as there is no lower
bound on the current in these stages except thahwhill maintain proper circuit
function. From section 4.2.2, the power consumptiornhe level shift stage has been
minimized and is equal to Eq. (8), wheressy can be determined from Figure 29
(nominally 3.7 V). The total power dissipationr§f?) per channel can be determined as a
function of the required slew rate (&R) and the load capacitance JCby the

summation of equations (11), (8), ansbRwe, as given in Eq. (12).

Pror. = Pyun + Pspier + Pop—amp (12)

(RsCL"SRrEQ+VGsy ) VNI

=CSRrgg - Wpp — Vn) + R,

i
+ % Vee — Ver)

This design achieves a total power consumptionustf for. = 397.24 mW (Rin = 380
MW, Psyier = 1.24 mW and &b.avp = 16 MW and) at the nominal values stated in each
respective section (at.G 19 nF & SReq = +25 kV/s). To qualify the design as being
power efficient, this total power can be compakethe minimum possible poweryR).

This comparison demonstrates that the additionalepaepresents only an extra 4.5%
beyond Ryn. This small amount of additional power qualifidse tHVA as being
exceptionally power efficient and very near thetlpessible. The total power dissipation
of the high voltage amplifier from both the highdalow voltage power supplies is
plotted in Figure 42 as a function of the maximulewsrate and for various load

capacitances.
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Figure 42: Total power consumption of the HVA verstaximum slew rate and for various load

capacitances.

At this rate, the total power for 7,776 channeldN6IRAOS DME would be 3.1 kW. The
high voltage and low voltage power supplies are 85% 83% efficient respectively,
which results in a total power of 3.6 kW from the\2DC supply. The power budget of 8
kW would easily accommodate this plus the additiggeaver consumption for support
circuitry and 24 V DC power supply losses. In p#rg reduction of power consumption
to this low level was accomplished through theizdtion of as few amplification stages
as possible. This also served to minimize the tisciwcomplexity and provided the
corresponding size and cost reductions. The lowgoovonsumption achieved in the

prototype amplifier makes it suitable for very largcale ELT DME systems.



74

Chapter 5 Prototypes

During the development process, several prototygads were designed and built for
experimentation purposes. These experimental boaml® required to verify the

operation, performance, parameter spread, sigtedrity and circuit layout. First among
these were several single channel boards builtlagip daughter cards along with a
mother-card to host them and provide the suppeoctitry, shown in Figure 43. Several
variations of the single channel daughter-cardsewksigned for experimentation and

down-selection of circuit configurations and trasr types.
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Figure 43: HVA prototype boards for early experitation; mother-card and various single

channel HVA plug-in daughter-cards.



76
5.1 Multi-Channel Prototype Board

A DME experimentation board with high-channel capa32-channels) was designed
and built following experiments on single channebtptypes; and unlike previous
boards, was laid out with circuits tightly packewautilizing only small surface mount
(SMT) components. A 32 channel multiplicity was séo as it is one third the scale of
the target 96-channel NDME module and makes fudl osone 32-channel Digital to
Analog Converter (DAC) which is in this case lochteff-board on a separate

development board, see Figure 44.

Figure 44: Prototype board containing 32 high \ggtamplifiers, on-board high voltage power
supply and digitally interfaced bias voltage supplior slew rate adjustment.
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Aside from being a proof of concept by demonstgatimat all channels can be driven by

a multi-channel D/A converter controlled by a cortgpunterface, there were several
other experimental objectives of the multichannebt@ype board. These included
investigation of the gain, bandwidth and offsetiatawn between channels due to
component parameter variability, detecting crokstald EMI between closely spaced
amplifiers, developing measures to prevent chann&raction if necessary and

measuring the temperature sensitivity.

5.2 Bias Supply Board

The positive and negative slew rate limits arebgetivo independent bias voltages which
are referenced to rail voltagespand . The development and construction of a bias
supply board was carried out for this purpose. lfmnatuning for optimal compromise
between the overall power consumption and fastuitglewing, the bias supplies are set
by digitally programmable potentiometers. The poteneter registers are non-volatile,
therefore the device preserves the last settimutir power cycling and does not need to
be initialized on a startup. The bias supply cirguwas built to be tested with the 32-
channel prototype board. It is implemented as @-pludaughter-board (52 x 68 mm),

shown in Figure 45.



Bias Supply 1

Figure 45: Dual rail-referenced bias supply pluglughter-board with digital serial interface.

Incorporated into each bias supply circuit is adlaaare programmable hard limit for the
maximum slew rate which can be selected by softwthre will ensure that an excessive
slew rate (and power draw) cannot be mistakenlymanded by software. The bias
supply circuits are shown in Appendix A. A 10-lesolution is mapped to the remaining
selectable range of slew rate. The design, asseamtayexperimental verification of the
bias supply board proceeded successfully, and sattlated bias supply circuitry is

carried over to subsequent DME board designs.

5.3 Layout and Physical Design

During the design of these prototype boards, sécersiderations were taken relating to

their construction and layout, as discussed ingbetion.
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5.3.1 High Voltage Routing Considerations

An important experimental result of a multi-chanpedtotype was validating the chosen
spacing of printed traces for high voltage operatibhe highest potential difference
present is between the high voltage rails and dutpaes, up to 800 V. The necessity for
high channel density precludes the use of indugtaigdard trace spacing such as the
IPC-2221 “Generic Standard for Printed Circuit Bb&resign” [32] which recommends
0.8 mm spacing for 500 V potential difference pbu80305 mm per each volt above 500
V. Following this IPC standard would require cleara spacing of 1.715 mm (0.068”) at
800 V; instead a custom margin of safety was adbptkich would allow both safe
operation as well as a reasonable trace density.clibsen spacing for traces with up to
800 V potential between them is 0.505 mm (0.02hisTprovides a margin of safety of
91%, meaning that the potential can increase Ul% higher (than 800 V) while still
avoiding arching and corona effects which occuB &V/mm in air. In the extensive
exercising of prototype boards, including drivingnals to create maximum potentials
between traces there was no high voltage arcindaomages detected. To widen the
safety margin the production boards will requirenfoomal coating to be applied after

soldering the components.

5.3.2 Finalized Amplifier Layout

Due to physical restrictions resulting from theth@hannel capacity and chosen Eurocard
form-factor, the HVA layout must be highly optimi&éo conserve board area. Multiple

iterations have been progressed through towardiregasuch a layout. The result is a



80
highly optimized dual-channel arrangement; whichpamt takes advantage of dual-

component part packages to provide a componentt geduoction. The amplifiers are
arranged in a back-to-back mirrored configuratianhsthat the dual-part packages (op-
amp and diode) are shared for maximum area redudip doing this, the printed circuit
footprint required for a dual amplifier has beedueed to occupy an area of just 19.5 x
30 mm (585 mrf) as is shown in Figure 46. This satisfies the imam physical size
constraint as estimated in section 3.2.2, occupyinly two thirds of the maximum

available 467 mmper amplifier; this allows the provision of addital board area for

interconnecting traces.
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Figure 46: Dual high voltage amplifier printed ciitclayout (Canadian quarter coin as size
reference), 19.5 x 30 mm (585 Mmer two amplifiers.

Apart from the physical organizational arrangen@rtomponents and traces to optimize
board area usage and avoid the need for via caonsgbther (electrical) organizational
factors played a role in the layout also. This ueld subdividing the HVA layout into

separate sections for high and low voltage cirgugis much as possible, as shown in
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Figure 47. This was aided by the vertically mirdbreonfiguration within the dHVA

layout.
- 30 mm
1 _: 25 mm
— 20 mm
3/4 _
— 15 mm
1,2 :: | Max Potential|
:: oV
— 10 mm
—_— 100V -
14 _: 200V |
o 5 mm
—_: 300V
0] — O mm 400V

Figure 47: dHVA layout indicating the maximum pdiahfor each individual net.

Thanks to this as well as the careful placement @mangement of components, the
upper limit of electric field strength as determdrfeom section 5.3.1 (800V/0.505mm =
1.58 MV/m) was hardly approached within the layotithe HVA. Aside from between
transistor pins, the maximum electric field strénghostly falls greatly below the

maximum allowable, as shown in Figure 48.
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Figure 48:Electric field in the dHVA layout.
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Chapter 6 Experimental Results

Following the construction of prototype circuitegtvalidation of simulation results was
carried out on the prototypes. The measurementtsefsam these tests are presented in

this chapter.

6.1 Frequency Response and Bandwidth

The frequency response of the HVA has been invastiycarefully both in simulation
and hardware. The frequency response of the HVAiresg| a low-pass characteristic so
as to not excite resonant modes in the DM at freges above 1.5 kHz. Typically a low-
pass response with arbitrary cut-off frequency @¢dag obtained with reactive feedback
impedance; however in the case of the HVA a larggh lvoltage capacitor in the
feedback path is undesirable. Instead, the HVA dmpluses only the intrinsic
capacitances of the transistors and the actuasat o produce the desired frequency
characteristic. This however means that adjustmegftequency response via modifying
resistor values also has an effect on the DC resspohthe circuit. Considering this, an
appropriate frequency response was achieved thr@RJCE simulation to determine

appropriate component values and validated in harel@xperimentation.

6.1.1 Frequency Response of Two Stage Amplifier

The frequency response was first characterizedherivto-stage HVA circuit as built in

early prototypes. The closed-loop DC gain of theAH¥an be set arbitrarily and be
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approximated well by 1/F = 1+MR; provided that a large open-loop gaing(A is

available. Since open-loop gain is difficult to rmese, a combination of measurement
and simulation was used to characterize the opgm-¢fain as a function of frequency.
From these results, two poles were determined iag Ipgesent at 10 Hz and 4 kHz and
the DC open-loop gain was found to be sufficieriélsge (80 dB or 1x1%), thus the
closed-loop DC gain approximation holds. The secomder transfer function of the
open-loop gain is of the form given by Eq. (13)eTdorresponding frequency response is

shown inFigure 49for simulated and measured results.

Apr(s) = m (13)

P1

where K = 1x10%, p, = 10 - 2m, p, = 4,000 27
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Figure 49: Open-loop gain (A Bode plots for the two-stage HVA.

To prove the stability of the amplifier; the loopig (AoL-F) response can be examined.
The frequency response of the loop-gain can beir@mtaby scaling the magnitude

response of Figure 49 by F while the phase resp@msains unchanged, where feedback
factor F is equal to Ri/(Ri+Rf) = 1/81 or -38 dBok this, the gain and phase margins
can be found to be 76 dB and 74 ° respectively wltiemonstrates the unconditional

stability of the circuit.

The closed-loop response was investigated, sinoulatesults demonstrated that a

bandwidth as high as 1.8 kHz could be reached witain of 38 dB (81) and 15 nF
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capacitive load, and any prescribed bandwidth feas this can be attained with little

modifications to the circuit. Subsequently the freacy response was captured in
hardware prototype and demonstrated to adherelgltssimulation result as shown in

Figure 50. The response follows a second orderofblat -40 dB/decade. From the

characterization of the open-loop in section 6.thé,transfer function of the closed-loop
was determined, as given by Eq. (14). The corredipgnclosed-loop Bode plots are as
shown in Figure 50 for the simulated and measuesdlts as well as for the transfer
function representation.

Ao (s) w? 14,1007

ct() 1+ Ag,(s)F PC 52 4 28w,s + w? s2 + 25,100s + 14,1002 (14)

rad +
80, w,=+pip.(1+KF) = 14100—, §= % = 0.893

n

K

where KDC = m =
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Figure 50: Closed-loop Bode plots for the two-stBiy\; measured, simulated and modeled

response.

6.1.2 Frequency Response of Amplifier with Op-Amp Input Stage

The frequency response of the HVA which incorpaatiee op-amp input stage for

thermal stabilization was also fully characteriz&hce the op-amp is configured for

unity-gain, it will have little influence on the gponse; however other component

changes were made in what then became the finatlesiyn. A major external factor

which influences bandwidth is the load capacitatice;following tests were performed
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at 23 nF load capacitance which is believed toasgmt the maximum capacitance of the

PEA combined with the 25m long DM drive cables ¢&fIRAOS. At this increased load

capacitance, the -3dB bandwidth of the construptetotype was measured to be 1.28

kHz, as shown in Figure 51.
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Figure 51: Frequency response (magnitude and pbased HVA measured using a dynamic

analyzer.

A second order transfer function model which chiama@zes the amplifier's response has

been determined from the built-in fitting functiohdynamic analyzer; it is given as H(s)
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in Eq. (16), which is plotted next to the measuresponse in Figure 51. From this, the

damping ratic; has been found to be 0.83, indicating an underddmgsponse.

w’ 10286
H(s) =K n =81
(9)= Koo o + 28w w+ W, o + 170750+ 10286

(16)

whereK,. 081w, 110286ad/s,¢é 0083 p,, =—-2716r+ j1829rtad/s

The response of the HVA with a PEA load attached weeasured using the dynamic
analyzer, the result of which is shown in Figure &@ng with the response with a
capacitive test load attached for comparison. Trisé\ibrational resonance of the PEA is
occurring at 16 kHz and causes a great deal afentte in the response, but does not lead

to any instability.
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Figure 52: Frequency response of the HVA measusetyuhe dynamic analyzer with the PEA

load attached (blue) and test capacitance (bléigktly large capacitance than actual PEA).

For the sake of limiting the possibility of DM vddronal resonances being excited by the
drive command, it may be desirable to limit the [@Mctronics bandwidth further. The
HVA design allows the bandwidth to be altered aguied. This is performed via
modification of circuit component values. To demoae this, Figure 53 displays a
simulation result of the magnitude response whieywmg component parameters in
discrete steps. As is shown, bandwidth is adjusetdieen 760 Hz and 1.67 kHz, a range

which is very likely to contain the finalized NDM&andwidth.
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Figure 53: Adjustment of the HVA bandwidth is pdssivia modification of circuit parameters;

demonstrated bandwidth adjustment between 760 HA &Y kHz (simulation result).

6.2 Slew Rate Limiting

The HVA has been designed to incorporate circwtsstew rate limiting required to
prevent DM actuator damage. The operation of tee sate limits has been tested with
the 32-channel prototype board. Using the digitphiygrammable bias voltages common
to all channels, the positive and negative slew hatits can be fine-tuned to the levels
which are a best compromise between achieving sée higher than the £25 kV/s
required for an uncompromised AO performance, Howéng slew rate to ever exceed
+100 kV/s, and operating all channels at the pogarsumption of 500 mW per HVA

channel.
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To illustrate the current and slew rate relatiopshine positive and negative slew rate

limit set points have been configured differently+80 kV/s and -50 kV/s. As expected,
the charge/discharge current is limited and is exprately constant during constant
slewing and the load current is proportional to #tew rate, as shown in Figure 54.
Additionally, the measured behavior is observedb& very close to the simulated

behavior and exhibits only very slight overshoanhpared to the simulated result.

) (mA)

__________________________________

1 ] ] 1 ] p i i i

R\ i S : : N ; j -1
Load current : :

""" TEEEEEEEIITTIIN T

i | H : ] ' ' : | Dashed: Simulation
-40 I H I 1 1 h h 1 h 1 I 1 2

Time (ms)

Figure 54: Slew rate limiting measurement and satoih result. Independent control of the

positive and negative slew rate is demonstrated k¥3s and -50 kV/s shown.

The response of the amplifier which demonstratesstew rate limiting across a large
range of output voltage is plotted in Figure 55 ey a £4.5 V, 10 Hz square wave
input signal is driving the output to £365 V at tllew rate limit which has been set to
+30 kV/s. At this peak amplitude, the slew rate idBon from mid-value is £4 kV/s

(x13.3 %) which is acceptably low.
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Figure 55: Output voltage slew rate limiting at #3@'s over a large range of output voltage
(365 V); oscilloscope capture of input (Ch. 1) andput (Ch. 2) signals..G= 23 nF.

6.3 Power Consumption

Following the slew rate measurement in section the,power draw in the HVA was
measured to confirm the predictions made in secdloh This measurement was
performed at a 30 kV/s slew rate set-point anchvat 23 nF capacitive test load.
Ammeters on both the positive and negative hightagael supplies allowed the
determination of the current in the level shift saps well as in the output stage. The
measured total power draw and the break-down ofep@ensumption per circuit were
found, and are given in Eq. (17). The result of 58W compares closely to the

prediction of 569 mW given in Eq. (18) below basedsection 4.4.
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I:)tot. (meas) = Pmin + I:)shift + I:)op-amp (17)
=562 mW + 2.40 mW + 16.0 mW

=580 mW

Prot. (calc) = Bhin + Ponitt + I:)op-amp (18)
= C.-SR-(MrVan) + (RS-Q-SR + \&sy) - [Vanl/Rs + lec- (Vec-Veg)/2
=552 mW + 1.35 mW + 16.0 mW

=569 mW

Since accurate prediction of power consumptionossiple, the power consumption can
be found for any other combination of slew rateitiemd load capacitance from Figure
42. All reasonable combinations will satisfy thewgn consumption limit set out in

section 3.2.1 of 796 mW/ch. At the nominal +25 k\&lew rate and the maximum
foreseeable load capacitance of 23 nF, the powesuroption is 477 mW which satisfies
the target of < 500 mW. This compares favorablytie power consumption of a

commercial PA95 based high voltage amplifier cirshiown in Figure 56.
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Figure 56: PA95 high voltage amplifier circuit foiezoelectric actuator drive [33].

Unlike the custom designed HVA, the PA95 consumesapproximately constant
quiescent power regardless of slew rate limit s@htp this relationship is plotted in
Figure 57 (top) for a 23 nF load. The associat&)95 W represents a comparatively
large amount of power consumption relative to thet@m HVA which operates on <500
mW. The PA95 circuit fixes the current (and slee) limiting via the current limiting
resistor (R.). However, the current limiting resistor cannot lbade large enough to
reach a slew rate limit as low as £25 kV/s duenmlarge current and power capacity of
the PA95 combined with the small capacitance ofRE# load; instead reaching +85
kV/s at the lowest is possible as shown in Figure(Bottom). As this is outside the
typical the typical operating range of the devibe, current (slew rate) limit breaks away
from its relationship to R given by SRIim = 0.7/(B.-C.), as shown in Figure 57
(bottom). This will be able to satisfy the safe @gimg requirements of the DME (£100

kV/s); however if a lower SR limit is required, additional capacitance must be placed
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in parallel to the PEA load to shift the SR limétative to R, as shown in Figure 57

(bottom).

Quiescent Power vs. Slew Rate Limit
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Figure 57: Slew rate versus power and current ligsistor (R.) for the PA95 hybrid IC
amplifier (simulation result); shaded region is thquired slew rate operating regime.

In terms of dynamic power consumption, the custowAHlesign uses a fixed current
source bias which is partially or fully divertedarthe load to produce a rising edge at the
output; and is re-combined with current sunk bau ithe output when producing a

falling edge. Due to class-A characteristics of dlgput stage, the dynamic power draw
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of the HVA is negligible, unlike the class-B PA93nglifier which will consume

additional dynamic power when driven with varyingnal. Furthermore, the PA95
solution with a supplemental capacitance acrossotictto enable a lower slew rate limit
will consume more dynamic power than without trapacitance. Both the PA95 as well
as the additional load capacitance were employed ismaller-scale DME system
deployed in the AO subsystem of the Gemini Plametder (GPI) to operate a DM with
97 channels. For this application, although higinigfficient, the small channel count
made this inefficiency less critical. However, PAB&ased systems would be highly

impractical for large scale ELT DME applications.

6.4 DC Response

In addition to satisfying the frequency response laandwidth specifications, the HVA is
required to produce a linear DC response with lacimterage of the +400 V output span.
This requirement was satisfied both in simulatiord an hardware measurements; the

measured DC response which demonstrates thistiegloelow in Figure 58.

Output Voltage
(v)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5
Input Voltage (V)

Figure 58: DC response of the HVA (measured).
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6.4.1 DC Offset Voltage

The output offset voltage of the original two-staf)jéA was controlled by a bias voltage
common to all channels. Ideally, all channels sitarthe common bias would have
identical output offsets, however experiments reagdarger than desired output offset
variation. The cancellation of offset with a biadtage common to all channels leaves

the variability of \fo to still cause a range of output offsets acrosaynwhannels, as

shown in Table 4.

Table 4: Offset voltage statistical results of meament (n = 16) of HVA without op-amp input

stage.
Offset Mean -0.16 : (V)
Median -1.1 0 (V)
Std. Dev 10.66 @ (V)
Max 15.7 . (V)
Min -22.7 (V)

Although undesirable, the offset and the variabbthe offset is acceptable since the AO
control system provides individual channel offsetscompensate for mechanical non-
uniformities across the mirror surface due to s@famperfections and actuator
variations. For this purpose, 4 um of the total .ith of PEA stroke is reserved for
flattening of the DM surface. The process of DMit#aing will also absorb the (less
significant) contribution of output offset voltagariation between channels. However,
the improved HVA which incorporates the op-amp ingtage will eliminate the effects
of Vo and its variability. Thus, the output offset vgkacan be expected to display a

lesser degree of variation among channels. ThetodfsHVA with op-amp input stage is
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given by \, ofiset = Ib--Rr. This offset will have a proportionally smallerriaion across

many channels as compared to the 2-stage HVA, entbna +10% variation inpl and
+1% resistor tolerancey\Vo would be £1.4V. Therefore the expected offsstrdbution
would be in the worst case within 12.6 to 15.4 Vcaspared to -22.7 to +15.7 V
measured on the 16 channels of two-stage HVA. @ridar op-amp input HVA circuits
constructed so far, the spread of offset voltageli®en greatly reduced as shown in
Table5. The offset voltage standard deviation of 288 mapresents a large improvement
compared to the two-stage HVA which has shown &ebf/oltage standard deviation of
10.66 V. The mean offset of 14.52 V is inconsegaémue to the only slight piston

action of the DM that this represents.

Table 5: Offset voltage statistical results of meament (n = 4) of HVA with op-amp input

stage.
Offset Mean 14.52 | (V)
Median 1451 ' (V)
Std. Dev 288 | (mV)
Max 14.89 | (V)
Min 14.19 (V)
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6.5 Temperature Stability

An important parameter of the HVA is the outputtage temperature sensitivity. If a
non-uniform temperature drift occurs across mudtipimplifier circuits, the resultant
voltage drift will cause ripple on the DM surfacedavavefront error (WFE). To address
this concern the thermal sensitivity has been damed in the HVA design and carefully
measured, ensuring that fluctuations in temperatulteot cause unacceptably large DM
surface deformations. Two important figures havenbeetermined from measurements;
the offset voltage temperature sensitivity and g&imperature sensitivity, shown in
Figure 59. The scatter plot of measurement reslditsonstrate a low gain temperature
sensitivity (TGain) equal to -4.02x18 (V/V)/°C typ. (or -49.6 ppm/°C typ.) and an offset
voltage temperature sensitivity (J#ee) Of -31.2 mV/°Ctyp. This result is 66 % larger
than the simulation result of section 4.2.5 prestic{-18.8 mV/°C). Considering the
source of the temperature dependence as deschibexction 4.2.5, the difference
between the measured and simulation result isylikiele to differences between the

physical P-Ch transistor in the level shift stagd &s model.
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Figure 59: HVA gain and offset voltage temperaggasitivity measurement and simulation

result.

6.5.1 Temperature Impact on Wavefront Error

Considering how the DME temperature dependence atepAO performance, any
common (to all channels) DME voltage drift due t@@mmon temperature drift will
cause identical displacement for all actuators tlatsvarp the DM surface and not cause
Wave Front Errors (WFE) which affects AO performanélowever, any differential
DME voltage drift will affect the DM surface shapad cause WFE. Such a differential
drift would occur if the operating temperature ofecbank of amplifier channels drifts
relative to that of another bank. If for instancalifierential temperature of 10 °S
applied between DME channels, the total WFE dusfg®et voltage and gain temperature

drift can be found as follows:
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- The DM surface positional error due toffset voltage driftis 10°C-(-31.2
mV/°C)-(14um/800V) = -5.46 nm, (where 14um/800\the voltage sensitivity of the

PEA). The resultant WFE is twice this value, -10m® peak-to-valley (for 10 °C).

- The DM surface positional error due dgain drift (when half the maximum inter-
actuator stroke is being applied between actuat@gym; and the amplifier at constant
temperature is at 0 V output) is 2 um-(-49.6ppm/ZEQ)C = -0.992 nm. The resultant

WEFE is twice this value, -1.98 nm (for 10 °C).

Therefore the magnitude of the total resultant VEE to DME thermal drift is equal to
12.9 nm peak-to-valley for a differential temperatof 10°C, or 1.29 nm/°C. Based on
this environmental sensitivity data, the designtleg thermal environment within the
electronics enclosures may require consideratioprevent large temperature swings
which may cause unacceptable WFE. If the maximupeeted differential temperature
fluctuation between channels is given as a RMSev@lTrvs), the corresponding RMS
WFE (opme) due to DME thermal drift can be added in quadetio other sources of
DM WEFE, as given in Eq. (19). Whesgac is related to the finite resolution of the DAC
(at most equal to %2 LSB error) avgy is due to the DM surface quality equal to 30
nmgys after flattening [18]. Assuming a lar@€lrys equal to 10 °Qus and with 14 bits
of DAC resolution (n = 14); WFE contributions duwe@ME (including DAC resolution

error) raise the total WFE by 8.9 % beyond48@ nnkyvs [20] of DM surface flatness to
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32.66 nmavs total. This amount of additional WFE has been meiteed acceptable for

NFIRAOS DME.

OpM tot. = \/UDZME + UDZAC + UDZM (19)

14 um 14 um

2 2
- J(z-ATRMS-(Tcoffset-mwcgam-mm)) +(520) + (30 nmgys)?

The total AO system errosdyseen) given by Eq. (20) [34] is an accumulation of all
sources of WFE. Major contributors to total systemor includes’iing Which is the DM
fitting error due to the finite number of actuatas&empora Which is the control system
error, 6“isoplanatic Which is due to the location reference sourcetivalao the observation
target, o%sensor noisswhich is due to WFS measurement error afgher Which contains
other smaller contributors includingw . Estimations of NFIRAOS total system error
and its breakdown have been made in [35] whictsiflad 6%om w1, @s being a part of the

“AO implementation” WFE budget, totalling 76.8 g averaged over the FoV.

2 — 2 2 2 2 2
Gsystem - O—fitting + Gtemporal + O-isoplanatic + Osensor noise + Oother (20)
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6.6 Signal Integrity

The possibility of electrical coupling between chels causing interference or even
instability was investigated. Real operating caodi were replicated for these tests; this
involved attachment of a load bank through a lemgtbabling. A long length of cabling
increases the possibility of inter-channel coupliag capacitance between conductors is
proportional to length. Since individual shieldingf conductors is not practical
considering the multitude of channels, a commormrldad cable is used instead. The
addition of the capacitance between conductors #&oldsad capacitance of the PZT

actuator, where cabling capacitance contributesiE-4t the expected length of cabling.

Coupling was investigated, and found to be detéetaba small portion of the channels
(for a given driven channel), whereas the majaoitchannels showed no coupling. Of
the channels which displayed a coupling effect cingpling was found to be proportional
to the time derivative of voltage of the driven ghal. This result is expected as the
current through a capacitance is proportional tédti\Since the dV/dt is limited in the

HVA'’s output, the coupled voltage will also be ltetl. In Figure 60, the coupled voltage
onto a particular channel which displayed the lsifganount of coupling to a particular
drive channel is shown in Ch 2; Ch 1 is the drigegnal which is slew rate limited at

+30 kV/s and -60 kV/s.
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Figure 60: Coupling between channels, measurezhait |

From Figure 60, the coupled voltage is proportiotalthe driven signal by 2.33e-
6*dV/dt. At this rate, the amount of the coupledtage is +70 mV and -140 mV during
positive and negative slewing respectively. Typicdle DME is expected to operate at a
reduced rate which doesn’t require the maximum skge of the DME; in this situation

the coupled voltage will be reduced and as suchb&ilnconsequential for AO.

The coupling was further determined as occurringctst within the cable and

eliminating the cable removed any measureable cuy@ffect between any channels.
This result is significant as there had been soorecern that the close proximity of
output traces which run parallel to each other sxrihne length of board may cause
interference with one another. No such on-boarglog was found. This also explains
why most channels display practically no couplifbis is due to the fact that within the
cable, only a limited number of conductors shadoae proximity to one another. The
capacitances between conductors of the cable weesumed using an LCR meter, and

are shown in Table 6.
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Table 6: Measured inter-conductor capacitance Bed®1, 15m.

Inter-cond.

Cap. 9 N N S N N S\ - W T W R R Yy ST AN
Belden9541 R R R R R R R O O O O O S SR SR O
GND|- 27 27 1.7 1.7 1.6 26 24 25 25 26 1.6 27 25 21 2.5
Ch.16 - 1.511.3 1.3 | 1.111.2 1.3 1.2 1.3 1.5 1.1 1.2 1.2 1.2 1.2
Ch. 15 - 11 13 1113 15 14 13 1.4 1.0 1.4 13 1.2 13
Ch. 14 - 3 1101 M i 1.7 1.3 013 1.3 6. 1. i
Ch.13 S 13111 1.2 1.2 110 4.2 §1.2 i1 a1
Ch. 12 - 1.2 1.2 §1.3 ATt 12§11 §1.0 1 i1
Ch. 11 - 13 16 13 13 1.1 1.6 1.3 12 1.4 -
Ch. 10 - 1.5 1.3 i1.3 111 1.3 1.3 1.2 i1.3
Ch.9 13 13 1.1 1.4 13 1.2 1.3
Ch.8 1.5 1.2 1.3 1.3 1.5 1.3
Ch.7 1.1 1.4 13 13 1.3
Ch.6 1.1 1.2 13 1.1
Ch.5 - 1.4 13 16 -

Ch. 4 1.5 1.5
Ch.3 1.3

Ch.2
Ch. 1|Capacitance (nF)

The cable is Belden 9541, which has a nominal cotmeitio-conductor capacitance of
98.43 pF/m. Table 6 illustrates why the couplingtween channels 8 and 14
(demonstrated in Figure 60) is higher than betwedner channels. These conductors
have a capacitance higher than between any otmetuctors, 1.7 nF, which is higher
than the rating would predict, 98.43pF/m-15m = h&70Other channels which would be

expected to couple strongly are channels 5&2, 1488 11&5.

The possibility that interference might couple irttee input of an amplifier causing

instability was ruled-out in experiments. The sapian of input and output signals was
ensured during board design to avoid this possibiNevertheless, experiments driving
neighbouring channels with large white noise sighsivept sine and signals containing

abrupt changes (square, triangle waves) were peeithr No such instability was found.
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6.7 Reliability

The final qualification of the HVA is a reliabilitiorecast based on the actual parts used
in the circuit. This is particularly important cetiering that the probability of failure will
increase correspondingly with channel count. Aatelity report based on actual
reliability data obtained from the part manufactsreas also completed and is provided
in Appendix B. To summarize this report, the 7678AHchannels required in NDME
will exhibit a combined Mean Time to Failure (MTT&%) 8865 hours (369.4 days) with a
60% confidence level (CL). However considering tisage condition of 2000 hours per
year, as determined from the reliability reporttbé DM actuators [16], the MTTF
translates to 1,618 days (4.433 years) at 60% Clthdése expected usage conditions, the

MTTF of the entire 7673 channel DME system is sugfitly large.

A consideration relating to the HVA reliability ikat there is a probable degree of infant
mortality which should be treated by a burn-in péri Also, since semiconductor
manufacturers provide reliability data based on ékponential model, no information
regarding the length of the useful lifetime is ceyed. It is important to understand that
MTTF is not related to the useful lifetime (timetilirwear out), since otherwise one
might think that after the period of one MTTF héaspsed that the devices may be at the
end of their useful life which is not the case.fét, the reliability data in the report
cannot be used to provide an estimation of theuliddetime of the HVA since

insufficient information is available, this wouldquire the dominant failure mechanism
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for each part as well as the corresponding actimagnergy, and would then require

analysis based on the theory of competing failueelmanisms. However the sufficiently
large MTTF determined for the HVA qualifies it asithg appropriate for use in large

scale DME systems.

6.8 Cost

An objective in the design of the HVA was to acl@evdrastically lower (by an order of
magnitude) cost per channel compared to a comnhaltexnative. In order to allow
direct comparison of the cost of a HVA based DMEtes to one based on the PA95
HV amplifier, the cost of solely the amplifier parnust be compared since the total cost
of a PA95 based DME system cost is unknown anddisé of a complete DME system
based on the HVA is undetermined at this point.eBasn Table 1 of Appendix B, the
total HVA parts cost based on quantity purchassiéess than $2 per amplifier circuit.
Alternatively, an individual PA95 linear amplifieosts $170 in multi-thousand quantity
and a 7776 channel DME system would require $1.380om just to purchase the
amplifier parts. By contrast the HVA parts for DME our design will cost less than

$16k.

6.9 Summary

The realization of the necessary performance andtifunal characteristics of the HVA

have been demonstrated in the results outlinethi;nahapter. The presence of several
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trade-offs between important performance parametere found and were considered

when determining circuit parameters; specificalgtvieen offset voltage, temperature
stability, bandwidth and slew rate limit linearifjhese are all impacted either positively
or negatively by the scaling of the feedback rasists and other parameters. The
selection of these circuit parameters was perforteedchieve a highly linear DC
response which spans nearly the full rail-to-ratemtial, a frequency response with a
prescribed low pass characteristic, a low DC diife to temperature, the slew rate
limiting functionality, while characterized by a¥gpower consumption, a low cost and a
high reliability forecast. Additionally, the asseiptof the HVA into an appropriately
compact dHVA circuit layout was demonstrated. Thessilts fully validated the HVA
concept, functionality and performance; qualifyin@or application in large scale DME

systems.
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Chapter 7 Conclusions

The difficulties in the design and development igihhvoltage DME while targeting low
power and size is likely the cause for the lagdiebind relative to rapidly evolving DM
technology driven by ever more demanding AO requéets. This disparity prompted
the work towards designing a HVA which would betable for this application. To
summarize the work presented in this thesis, ithheen shown how to design a suitable
HVA for driving the next generation of high ordaepoelectrically actuated DMs when
appropriate considerations are made in circuitgeand parameter selection to target a
very high order reproduction while operating witlpractical resource and budgetary
limits. When selecting drive electronics for a higitder DM, the utilization of voltage
steering drivers to control the PEAs as opposethtoge steering allows both grounded
load drive and a reduction of circuit complexityilghstill eliminating the effect of PEA
hysteresis through the closed-loop control of tl@& gystem. During the design selection
process, the class-A HVA with op-amp input stage baen chosen over alternate
amplifier configurations as it provided the besemll performance. It has been shown
how the careful selection of the amplifier configtion, parts and component parameters
can minimize power consumption while still meetithg performance requirements of

the AO.

Several trade-offs have been identified in the giesispecifically between power
consumption and slew rate, and between slew nagadity, temperature stability, offset

voltage, and bandwidth. Balancing all these traffle-om the finalized HVA allows
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meeting all necessary requirements. The total p@easumption of the HVA has been

guantified as a function of the major AO performamequirement (slew rate) and other
parameters including load capacitance. With dediteedesign and parameter selection, it
has been possible to operate the HVA very closeth® lowest possible power
consumption for the class-A configuration (only %.%eyond this minimum) and thus

meet the design constraints laid out at the staheoproject.

The reliability of the HVA has been quantified asttbwn to be appropriately high so that
large scale duplication will not result in an ungatable amount of failures, leading to
maintenance costs and instrument down-time. ThepaobdHVA printed circuit layout
uses small surface mount components and has beiemzgal to overcome the physical
size limitation for the maximum board area per ct@nthrough a combination of
solutions, including the use of dual part packaigesonjunction with a dual channel
arrangement in a mirrored configuration to optimaltilize these dual part packages.
Refinements of the dHVA layout have consideredetleetric field maxima between nets
and a custom safety margin has been adopted fan#éxémum inter-conductor electric

field which allows a high layout density while aglmg dielectric breakdown.

The work presented in this thesis has an immegiatetical value for the next generation
of ELT telescopes currently under development. i@selts obtained will serve to lessen
the procurement costs and risks by outlining theral architecture of the DME system

and demonstrating a fully validated, compact, 9&nctel output module suitable for high
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order DME systems. The demonstration of this refeeedesign will also serve to engage

a competitive bid process for its fabrication.

7.1 Future Work

The successful characterization of the dHVA cirtds been a crucial step towards the
design and construction of a 96-channel DME modkech will serve as the building
block of ELT DME systems. The design and layouttliE module has since been
drafted, incorporating the dHVA layout as prototypend tested in Chapters 5-6, and is
shown in Figure 61 in a 3D rendering. To best ngeavailable space, the 48 copies of
dHVA are organized into banks for efficient routing) input/output, supply and bias
traces. The area consumed by the dHVA circuitsiataconnecting traces accounts for
357 cnf (or 19.4 x 18.4 cm) of the Eurocard’s total aréa#92 cnf (or ~45%), which is
less than the 57% that had been provisioned ity @stimations. This module includes
the addition of several circuits which were on poeg boards handled either off-board or
not required for prototyping; such as the on-badigital to analog circuitry and output

voltage monitoring Analog to Digital Circuits (ADC)
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Figure 61: 3D rendering of the 96 channel DME outpadule in a 6U Eurocard format (233.3 x
340 cm).

In this layout, the effective on-board channel dgnis improved by a factor of 1.8
relative to the 32-channel board; in part due dptimized amplifier layout, as well as
transition to a 4-layer circuit board. Where presly all supply/bias and input/output
traces were routed on the top layer with the bot@yer serving as the ground plane, the
4-layer layout utilizes an internal ground planele/the bottom layer is used for routing
of the output traces and the top for input tragdissupport circuitry, including the power
and bias supplies, DACs and ADCs is included orrdboand the board will all operate
from a single 24 V DC supply. The next stage of NDMevelopment will be to fabricate
four 96-channel DME modules in order to producely ffunctional 384-channel DME

system for testing of the CILAS sub-scale DM prgpat with 360 (60x6) actuators.
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APPENDIX A: Bias Supply Circuit Diagrams
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Figure 62: BIAS1 supply circuitry, which utilizesdagitally interfaced potentiometer with non-
volatile registers to set the bias voltage. Ri = Rf
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Figure 63: BIAS1 voltage in response tg,Rith limiting resistor (Rn;) as a parameter. As
BIAS1 is made more positive, SRax will be further limited (lowered). Thus, an incsiagly
large R, will further limit the maximum positive slew raselectable by software, providing a

hard limit.
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Figure 64: BIAS2 supply circuitry, which utilizesdagitally interfaced potentiometer with non-
volatile registers to set the bias voltage. Ri = Rf
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Figure 65: BIAS2 voltage in response tgg, with limiting resistor (R..) as a parameter. As
BIAS2 is made less negative, Sz will be increased. Thus, an increasingly largg.Rvill
further limit the maximum negative slew rate sedbtd by software, providing a hard limit.
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APPENDIX B: Reliability Report
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1. Introduction

Reliability estimation is an important field olsty considering the complexity of
many electronic systems and the importance of raiaimty functional operation over the
period of a warranty or to ensure safety in critagaplications. This report will outline
the model used most in reliability analysis andinatsome major semiconductor failure
mechanisms. A reliability study for the High Voleaaga\mplifier (HVA) will also be
included in the report which outlines how relialyildata can be collected and organized

to predict the reliability of a circuit.

2. Reliability Summary

In reliability engineering, the failure rate is nebdeld by the “bath-tub cure” which
is modeled from the human mortality rate, showfigiure 1. Three regions exist, infant
mortality, steady-state and wearout. The infant tediby region accounts for early
failures due to manufacture flaws or imperfectiamsch may be screened out by a burn-
in process. The steady-state region is where thieeler product will be utilized during
its lifetime before reaching the end of its useifigl at the point of wearout. At the point
of wearout, the failure rate has begun to increasd the product has become

increasingly un-reliable and will be expected tih fa
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Figure 1: Bathtub curve for device reliability over lifetime [1].

For analysis of reliability, each portion of thenoel can be modeled by a reliability
distribution. The Log-normal or Weibull distributis can model all three regions of the
curve, however the exponential distribution will ded only the steady state region.
Regardless of the exponential distribution’s limida, it is the most widely used
distribution in reliability engineering since moshgineering items exhibit a constant
failure rate during their useful life [2]. For thieason, sufficient reliability information
can be conveyed with just one term which fully eltéerizes the exponential distribution,
the instantaneous failure rate (or hazard dgteThis is in fact the information provided
by semiconductor manufacturers with their produttsee exponential distribution has a

probability density function (PDF) given by (1).

f©) = 2e7 (1)

The CDF is the probability of failure before tintednd is given by F(t) in (2). The
reliability function R(t) is given by 1 — F(t). Theliability function gives a probability

that a device will survive until time ‘t’ or longer

F(O = [ f@dr=1- ™ )
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R(t)=1—F(t) = e M 3)

The semiconductor industry provides the expectddréarate for every product
that is sold based on operation within the spetifienditions of voltage, frequency,
power dissipation, etc. [3]. This information isher available on the company website or
by request. The failure rate will be typically given units of FIT (“Failure unIT”) but
can be given or converted directly to instantanefailare rate or MTTF. Conversion
between each is possible with the expression in (4)

1 1
MTTF = 1 FIT-10-°

[hours] (4)

Numerically, one FIT is equal to one failure peltitn device hours. Also, it is
important to understand that MTTF is not relatedthie useful lifetime (time until
wearout). This is important to understand sincesietise one might think that after the
period of one MTTF has elapsed that the devices Ioeagit the end of their useful life
which is not the case. In fact, the exponentialridbistion provides no information
regarding the length of the useful life. The prabgtthat a device will survive until the
MTTF is given by (5).

R(MTTF) =R (3) = e = 0.37 (5)

3. Failure M echanisms

The major wearout mechanisms of semiconductor-basielices are
electromigration (EM), gate oxide breakdown als@kn as time dependant dielectric
breakdown (TDDB), hot carrier injection (HCI) andgative bias temperature instability
(NBTI) [4]. A brief description of these failure reganisms will be provided, further
information can be found in the standard JEP122Ga#lure Mechanisms and Models
for Semiconductor Devices”. Also provided are thativation energies (B of each
failure mechanism, which are found in Table 6-1haft same document.
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3.1. Time Dependent Dielectric Breakdown (TDDB)

Time dependent dielectric breakdown (also calletd gxide breakdown) causes
dielectric failure resulting from a sufficiently dh electric field applied across the
dielectric gate of a transistor. The oxide is daethdy the localized hole and bulk
electron trapping within it and at its interfacés|lowed by an increasing density of traps
within the oxide which form a percolation (condocij path through the oxide. This short
circuit between the substrate and gate electrogidtsein oxide failure [4]. This process
increases as the device is scaled down resultittgnner gate oxide.

Failure mode: Gate short to source or drain
Activation energy: 0.7 eV (oxide thickness > 4 nm),
0.3 eV (oxide thickness > 25 nm) [5].

3.2. Hot Carrier Injection (HCI)

Hot carrier injection describes the phenomenon byckv carriers gain sufficient
energy to be injected into the gate oxide. Thisucc@s carriers move along the channel
in MOSFET and experience impact ionization near dn@n end of the device. The
damage can occur at the interface, within the oxidé/or within the sidewall spacer.
Interface-state generation and charge trappingcediuby this mechanism result in
transistor parameter degradation, typically switghirequency degradation, rather than a

“hard’ functional failure [5].

Failure mode: Change in transconductance (gm) and speed.
Activation energy: -0.2 to +0.4 eV (N-Channel), -0.1 to -0.2 eV (Ra@nel,
L>250 nm)

0.1to 0.4 eV (P-Channel250 nm) [5].

3.3. Negative Bias Temperature Instability (NBTI)

Negative Bias Temperature Instability (NBTI) is aarout mechanism experienced
by PMOSFETSs with the channel in inversidhis believed that NBTI is controlled by an
electrochemical reaction where holes in the PMOSKi&rted channel interact with Si

compounds (Si-H, Si-O, etc) at the Si/SiO2 intezfac produce donor type interface
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states and possibly positive fixed charge. NBTI dgenis generated by cold holes

(thermalized) in the inverted channel [5].

Failure mode: Change in transconductance (gm) and/or speed.
Activation energy: 0.55 eV

3.4. Electromigration (EM)

Electrons passing through a conductor transfer somtheir momentum to its
atoms. At sufficiently high electron current deiesif atoms may shift towards the anode
side. The material depletion at the cathode sidses circuit damage due to decreased
electrical conductance and eventual formation @nogpircuit conditions. This is caused
by voids and micro-cracks, which may increase thedactor resistance as the cross-
sectional area is reduced [4, pp.4]. An increadedal current density can cause thermal

run-away and catastrophic failure.

Failure mode: Open circuit

Activation energy: 0.8 eV (Al, vacancy transport), 0.69 (Al, grddaundary
diffusion)
0.95 eV (Al, interfacial diffusion), 0.9 eV (Cugceaacy
transport)

4. Reliability Case Study

The following will evaluate the reliability of thdigh Voltage Amplifier (HVA) for
the purpose of qualifying the design. The HVA haerb developed to be the basis of
Deformable Mirror Electronics (DME) system. The sewnductor devices utilized are
summarized in Table 1. The circuit consists of myokigh voltage rated parts where

required, the following semiconductor parts aredusehe design.
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Device Description Count per | Parameters
(type) circuit
P-Ch MOSFET | P-channel enhancement-mode vertical | 3 Package: TO-249 AA
DMOS $0.31719 ea. @ 4000 qty.
N-Ch MOSFET | N-channel enhancement-mode planar | 1 Package: SOT-223
DMOS $0.831 @ 2000 qty.
Dual op-amp Dual Operational Amplifiers (Op-Amp) | 0.5 JFET input, 8-TSSOP package
$0.1527 @ 1000 qty.
Dual fast Dual High speed switching diodes 0.5 Package: SOT-23
diode $0.0264 @ 3000 qty.
HV SMT res. High Voltage Chip Resistors 3 1%, % W, SMT 1206, 500 V
$0.02421 @ 5000 qty.
SMT res. Thick Film Chip Resistors 4 1%, 1/10 W, SMT 0603

$0.00307 @ 5000 qty.

Table 1: Device summary

The reliability data for parts used in the desigrswathered from the various

semiconductor manufacturers and is tabulated ineTab

Device Test Failures | TDH Ea(eV) AF FIT CL
(type) (hour)

P-ch MOSFET HTGB | 0/180 180x10° 0.7 178.14 | 0.391 @ 60°C 90%
N-Ch MOSFET | - - - - - 12.90 @ 55°C" 60%
Dual op-amp - 1/22341 | 22341x10° | 0.7 78.61 1.2 @ 55°C 60%
Dual fast diode | - - - - - 1.22 @ 55°C"' 60% '
HV SMT res. - - - - - 0.0883 @ 55°C' | 60%'
SMT res. - - - - - 0.0012 @ 55°C' | 60%'
Alternate P-Ch | HTGB | 0/360 90720 0.9 1294.16 | 7.9354 @ 55°C 60%
MOSFET

" Failure rates for commercial, industrial and militaapplications are generally published at ®5with a 60% CL
within the semiconductor industry [6]; this is agsed here since not specified otherwise.

Shaded ce|l : Part no longer used in design.

Table 2: Tabulated reliability data as obtainedrfrdevice manufacturers.

Note that part reliability data is given with sostatistical information attached to

it, specifically with what is called the confidentsvel (CL). This indicates an interval
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within which it can be stated confidently that thee failure rate resides. This is needed

since the reliability tests are performed on a smample of parts which will only

provide an estimate of the true reliability of #n&ire population. The confidence level is
determined from a statistical model known as thdi<€quared” distribution which

describes the relationship between observed qiem(failure rate) of a small sample set
of the population and the actual quantities of émire population. In the case of
reliability, the estimate is over a one-sided wmér meaning that the data is provided as
being less than or equal to a certain value atgthhen confidence. This is sometimes

called in upper confidence lever (UCL).

4.1. Conversion of the FIT Confidence L evel

Failure rates for commercial, industrial and miltaapplications are generally
published at 55°C with a 60% CL within the semiaactdr industry [6], this can be
assumed unless stated otherwise. However therecases where this is specified
otherwise, for example the P-Ch MOSFET is speciéiefi0% CL. Conversion of the FIT
value to a different confidence level is possibiel anecessary when compiling and
combining reliability data with other parts speediat different confidence levels. The

expression for FIT is given in Eq. (6).

A xRcLy)
FIT = T o5 000 [hours] (6)

where: y*(CL, v) is the Chi squared multiplier (at given CL#&
EDH = equivalent device hours (=Total devicersouAF)

Conversion can be done using values from the tablehi squared values?),
however included in the quality information frometimanufacturer must be the number
of degrees of freedom (v), which equals 2(n+1) whers the number of failures, this is
usually given. If not given, considering that seomductor manufacturers generally
present zero failures in the results of their dication tests [4], zero failures could be

assumed. A table of Chi-Squared values is giverainle 3.
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60% Confidence Level 90% Confidence Level
No. failures x> Quantity No. Failures X Quantity

0 1.833 0 4.605
1 4.045 1 7.779
2 6.211 2 10.645
3 8.351 3 13.362
q 10.473 4 15.987
5 12.584 5 18.549
6 14.685 6 21.064
7 16.780 7 23.542
8 18.868 8 25.989
9 20.951 9 28.412
10 23.031 10 30.813

Table 3: Chi-Square Inversion Cumulative DistribatFunction [7].

Considering the form of Eqg. (6), FIT can be coneérfrom Cl to CL, by
multiplying by ¥*(CL», v)/ ¥*(CLs, v). For conversion from 90% CL to the standard 60%
CL with zero failures, one can multiply §§(60%, 2)/x*(90%, 2) = 1.833/4.605 .398.
Similarly, parts specified with zero failures a®6@L can be converted to a 90% CL by
multiplying its corresponding FIT value by bf(90%, 2)/%*(60%, 2) = 4.605/1.833 =
2.512. Conversions were performed in order to presdrahity data with a consistent
CL, see Table 4.



Device Count FIT FIT
(type) (n) @ 60% CL @ 90% CL
P-Ch MOSFET 3 0.156 @ 60°C 0.391 @ 60°C
N-Ch MOSFET 1 12.9 @ 55°C 32.405 @ 55°C
Dual op-amp 0.5 1.2 @ 55°C 2.308 @ 55°C
Dual fast diode 0.5 1.22 @ 55°C 3.065 @ 55°C
HV SMT res. 3 0.0883 @ 55°C 0.222 @ 55°C
SMT res. 4 0.0012 @ 55°C 0.0030 @ 55°C
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Shaded ce|l : Data as providgd, White [cell tabmnverted to CL.

Table 4: Converted part reliability data, statethwt confidence levels.

Typically reliability data is presented at 60% Cig this will be taken as the
primary figure of reliability, however the 90% Clatd is provided as supplemental
information. However, there is a slight discrepantylrable 4 with the temperature at
which one of the FIT figures are stated. In oradeprioperly present reliability data, these
must be stated at a consistent temperature. Inr dodeonvert the FIT to another
temperature, the Arrhenius acceleration factor nesused. Since the part stated at a
non-standard temperature was supplied with sufftaigformation in the reliability data
to perform a conversion, its FIT will be converfeam 60°C to the standard 55°C which

is the temperature at which the other parts areifspe at.

4.2. Temperatur e Effect on Failure Mechanism

By operating at high temperatures, the physicatgss which causes failure can be
thermally accelerated. Semiconductor manufactusses this method during the high-
temperature operating life (HTOL) tests in ordergtther data in a shorter period of
time; typically at 150°C at a bias of 80% to 100%ih® rating and for 1000 hours. The
rate of a physical/chemical process at a certampé&zature and is governed by the

Arrhenius equation given in (3).

Ea

Rate = Ay - e kT (7)
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where K is the activation energy of the of the physicalgass
Ay is a physical pre-exponential factor

The test standard followed my semiconductor manufacs for HTOL testing is
JESD22-A108D — “Temperature, Bias, and Operatirfg”Li The standard which states
the activation energies for various failure mechars is JEP122G - “Failure
Mechanisms and Models for Semiconductor Devicesthdugh there are multiple
physical processes causing failure, one dominalréamechanism is accelerated during
the HTOL test. After the test, the failure ratetbad accelerated temperature is converted
to a failure rate at normal operating temperataypically 55°C) by dividing by the
acceleration factor (AF). The AF equals the rathatnormal operating temperaturg)(T
over the rate at the elevated test temperatufe tiis ratio eliminates the unknown pre-
exponential factor Aand AF is given by (8). A visualization of theexft of temperature

acceleration is shown in Figure 2.

Acceleration Factor (AF) = rater, . a exp( EA)
2 0 kT,

rateT1 Ao.exp(_%) exp (EA(TLl_T_lz)> (8)

07 1 _ 1
AF = g8617x10% [ (70+27315) (1675+ 273,15)]
/601 =188
/ //

_,/TIME (YEARS) @ 70°C (TJ)

/
/
<
—
47 /" ACCELERATION
s [ FACTOR

Figure 2: Temperature acceleration (example nundiees) [7].
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In accelerated operating life testing, rate> ratg; and AF >> 1. Activation

energy (&) is known and either determined experimentallygoren in tables for a
specific failure mechanism. Some reliability regoftom semiconductor manufacturers
include the activation energy but they do not sthate corresponding physical process
which is being triggered at this energy, althoulgis tould be inferred from the tables.
The activation energies for devices used herer(fided) are given in Table 2. Also
included in Table 2 is the AF used in the test Whigas calculated if sufficient
information is provided to do this (requireg T, and B).

4.3. FIT Temperature Conversion

The equation (6) for FIT contains EDH in the denaaor which is dependent on
the rate of the failure process at a given tempezatherefore FIT is proportional to the
Arrhenius equation. Conversion of the FIT figure dotemperature other than that
specified is possible if £is known, the conversion factor is given by thigoraf the two

failure rates (FIT).

FITp; exp(—%) = exp <—EA-(%‘T_12)> )

The conversion of the FIT from 60°C to 55°C carpbdormed using this factor,
since the activation energy is provided,£0.7 eV.

~07(5557533)
FIT(1'1=55OC) = 0.156 - exp W =0.107 (10)
4.4, Result
The updated table of reliability data for all pat$H5°C is given below in Table 5

for two confidence levels.
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Device Count FIT FIT
(n) 60% CL 90% CL
P-Ch MOSFET 3 0.107* 0.269*
N-Ch MOSFET 1 12.9 32.405+
Dual fast diode 0.5 1.22 3.065+
Dual op-amp 0.5 1.2 2.308 ¢
HV SMT res. 3 0.0883 0.222
SMT res. 4 0.0012 0.003
ZOZTF'T;n 14.701% 36.577*

Shaded cell : Data as provided. * Translate@taperature.+ Translated to confidence level

Table 5: Total parts reliability data, temperatcoerected for 55°C.

The result is a total FIT figure per amplifier efjia 14.701 FIT @ 60% CL &
55°C. Equivalent to a hazard rate of 14.701%fdllures per hour or 14.701 failures per
billion hours or 1 failure per 68.02 million ampéf hours (MTTF = 68.02 million
hours). However if N amplifiers are in operatidme MTTF would be reduced by a factor
of 1/N. At the expected amplifier count of 7678¢ tMTTF becomes 8865 hours (369.4
days). However considering the usage conditionQff02hours per year as determined
from the reliability report of the DM actuators moCILAS [8], the MTTF translates to
1,618 days (4.433 years). At these expected usagéitons, the MTTF of the total
DME system is sufficiently large, this qualifie®thlVA as being sufficiently reliable for
use in large scale DME systems. The high religbdit the HVA was achieved in part
due to the low number of amplification stages, Whidso served to lower cost, power
and overall size. Additionally, the alternate P+l MOSFET initially used in the
design (see Table 2) was replaced with a morebteligart, resulting in an improvement
of 23.5 FIT and a corresponding increase in the MDYy 260 %.
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