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Oscillator Design… 1  
 The beauty of oscillator options for high voltage systems is truly 

in the eye of the beholder/user. 
 The most important criteria for the selection of an approach is 

confidence in the stability and reliability of the design choice. 
– Power range and application. 
– Sine vs. Square vs. Flyback. 
– Driven vs. Self-Oscillating. 
– Frequency synchronization. 

 When considering an oscillator design, it is important to see the 
oscillator and transformer as coupled system with respect to 
performance and reliability. 
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Oscillator Design… 2  
 Many designs have moved to driven systems since easier to design 

and understand.  Frequency synchronization is also simpler when 
demanded by the application or to manage multiple oscillators 
within the system. 

 Although more complex, driven systems, if correctly implemented, 
have an excellent flight history.   

 With the permission of the designers, I will do a quick description of 
two types developed by GSFC (Ruitberg et al.) and SwRI (Casey et 
al.), each with more than 20 years of flight development history. 

 Note that both design approaches are also tied to a specific 
magnetic design and qualified manufacturing process.  You must 
implement both matched to the application in order to achieve a 
reliable system. 



Oscillator Design… GSFC Design Approach 3  
 The GSFC design uses a 25% 

drive duty cycle that can be 
synchronized using a PLL. 

 The oscillator is designed to be 
primary resonant. 

 Control of the system gain is 
achieved via linear control of 
the gate voltage on the MosFet 
drive stage. 

 The design requires a special 
transformer that will be 
discussed later.    
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My notes show a similar secondary 
resonant design developed by 
Rosenbauer in the 1970’s for ISEE. 



Oscillator Design… SwRI Design Approach 4  
 The SwRI design is similar in 

drive approach to the GSFC 
design but uses a 
triggerable multi-vibrator 
to manage the duty cycle 
and achieve regulation. 

 The oscillator is also 
designed to be secondary 
resonant. 
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Oscillator Design… 5  
 I prefer self-resonant oscillators since they are much simpler, 

more robust, immune to aging effects and lower noise. 
 2 basic oscillator types have been evolved over the past 35 

years. 
 Type 1 is a single transistor gain controlled amplifier for low 

power applications in the <1 watt range.  There is a 40 year 
story of its evolution! 

 The Type 2 design is actually based on a Ruitberg current-fed 
push-pull oscillator than can operate efficiently in applications 
up to 6+ watts.  The Type 2 evolution story is only 35 years! 

 Both designs being self-resonant are functionally intertwined 
with their associated magnetic devices.  



Oscillator Design… Single-Ended 6  
The 40 year story of the low power oscillator starts with the 
AE mission in an unbroken string through DE – Galileo – 
Cassini- IMAGE - AIM all the way to SAM and MAVEN.   
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Oscillator Design… Single-Ended 7  
 The basic low power oscillator 

used for most designs is 
capable of operating down to 
5 volts with start-up at less 
than 1 volt. 

 Oscillator is a single-transistor 
self-resonant Hartley-
Armstrong derivative using a 
resonant secondary.   

 Develops a harmonically pure 
sine wave output and is 
essentially immune to 
radiation and temperature 
induced gain reduction in the 
drive circuit.    149 

Developed by S. Battel and J. Maurer (at the University of 
Michigan) in the mid-1970’s, this circuit was first used on 
the Dynamics Explorer and Galileo missions and has 
subsequently flown in 36 applications on 11 missions 
including Cassini and Huygens.  The design show uses 
primary feedback without a connection to the secondary. 
 

 Inherently very low power through the 
using a dual feedback loop with AC coupled 
“tickler” feedback combined with 
proportional cascode control of the DC 
current drive to set the operating point.   

 



Oscillator Design… Current-Fed Push-Pull 8  
 The basic medium power push-pull 

oscillator used for most designs is capable 
of operating down to 5 volts with start-up 
at less than 2 volts.  Best operation in 
regulated applications occurs when 
operated at 8 volts or higher.   

 Oscillator is a current-fed push-pull self-
resonant design using a resonant primary 
and loosely coupled secondary.   

 Develops a harmonically pure sine wave 
output and is basically immune to 
radiation and temperature induced gain 
reduction in the drive circuit.    
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The “Ruitberg” oscillator described in 1979 was 
modified by S. Battel at Lockheed in the early 1980’s to 
incorporate the use of Darlington drive transistors for 
higher efficiency and wider dynamic range.  It has been 
used in 18 applications on 12 missions including Cassini, 
SOHO, IMAGE, FUSE, GALEX, HST and Mars-Phoenix.    
 



Oscillator Design… Current-Fed Push-Pull 9  
 Design required both a transformer 

and a resonating inductor although 
both can be stacked into a single 
assembly.   

 Aside from simplicity and efficiency 
over a wide dynamic range, 3 major 
advantages of this oscillator 
approach are scalability, the boosted 
drive voltage at the center-tap to 
1.57 time the supply voltage, ability 
to use primary resonance.   

 Circuit also has low ripple current 
and is very quiet if properly designed 
and shielded. 151 



Oscillator Design… Current-Fed Push-Pull 10  
 The push-pull design’s 

dynamic range and stability 
under wide loads also 
makes it useful in 
applications with multiple 
secondary outputs. 
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Oscillator  
Frequency Stability… 

153 



The Oscillator Noise Story… 1 

Self-Oscillating systems are 
harmonically pure and 
actually quieter than driven 
and/or synchronized systems.   
The measured E-Field value for 
MAVEN unit is 5.06 dBuV/m.  
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RBSP RE Noise 
Requirement 
 



The Oscillator Noise Story… 2 

CE-01 C-M MAVEN measurement 
with LVPS on and HVPS off = 21.9 
dBuA 

CE-01 C-M measurement with LVPS 
on and HVPS on- not measurable at 
HVPS oscillator frequency. 155 

RBSP C-M Noise 
Requirement 
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Magnetics Overview… 
 Magnetics are typically the design limiter on high voltage power 

supply designs. 
– Most vendor sensitive element. 
– Most expensive element. 
– Least stress-controlled element. 
– Most process and material sensitive element 

 I try to use standardized designs in each type of oscillator 
application that have evolved into trusted elements through a long 
history of testing, process improvements and flight experience. 

– Processes and manufacturing continuity for 30+ years. 
– Have  developed my own qualification and screening capability. 

 One helpful thing about a transformer is that it can be tested to 
failure using accelerated methods. 

 



Ruitberg Lattice Wound 
Transformer… 1 

• WINDING IS SELF SUPPORTING.  NO BOBBINS OR 
INNER INSULATION LAYERS REQUIRED.   

• ADJACENT WINDING TO WINDING VOLTAGE CAN BE 
PRECISELY CONTROLLED IN LATTICE  STYLE 
CONSTRUCTION. 

• WINDING PITCH CAN BE VARIED TO ADJUST 
INTERWINDING SPACING (AND ASSOCIATED 
PARASITIC CAPACITANCE.) 

• WINDING PARASITIC PROPERTIES VERY REPEATABLE. 
• TECHNIQUE LESS PRONE TO OPERATOR ERROR THAN 

MANUAL METHODS. 
• BARRIER-FREE CONSTRUCTION AND LARGE 

INTERWINDING SPACING ALLOWS FOR VOID-FREE 
SOLID ENCAPSULATION.  TRANSFORMER CORE AND 
PRIMARY WINDING LEFT UNPOTTED. 
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Ruitberg Lattice Wound 
Transformer… 2 

 
• IN MANY 

APPLICATIONS, LATTICE 
HV WINDING CAN BE 
USED “UNPOTTED.”   

• ALSO, VERY 
COMPATIBLE WITH 
PARYLENE COATING.  
PARYLENE WILL 
COMPLELETY 
PENETRATE WINDING 
AND MECHANICALLY “ 
LOCK” WINDINGS 
TOGETHER, VOID FREE. 
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Resonant Transformer  
Construction… 1 

 “Standard” transformer designs for most 
high voltage oscillators use gapped 
potcore magnetics and standard spring 
mounting hardware to allow a -55C to 
+120C processing temperature range. 

 Typically use Ferroxcube 3B7 material 
due to relatively linear temperature 
coefficient. 

 Cores should be carefully inspected and 
diamond filed to smooth sharp edges. Do 
not scratch, drop or chip cores during 
handling or use one that have cracks or 
chipouts.  

 Cans should be stripped and gold plated. 
 Windings should be implemented to 

minimize internal gradients. 
 159 



Resonant Transformer  
Construction… 2 

 Designs intended to be potted (such as 
Mars applications) are implemented 
using a “Hertzberg Spring” that has 
controlled mechanical properties 
matched to the core thermal 
expansion properties. 

 RM cores with standard clamps have 
also been qualified less critical 
resonant or non-resonant applications 
where the operating properties are 
less critical.  Note that they are not 
fully shielded as are potcores. 

 Routing and soldering of fine wires 
smaller than 34 AWG is much more 
critical when the transformer is 
potted. 
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A single height or dual height 
stacked design is possible. 
 



40 MINUTE LUNCH 
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Magnetics Design and  
Manufacture… 1 

 Once  you achieve a proven and qualified design for a resonant 
transformer, each application comes down to a choice of core size, gap 
choice, primary winding turns and secondary step-up ratio. 

 Proven potcore sizes are 1408, 1811, 2213 and 2616 with 1811 being the 
preferred starting point for most low power and medium power designs.  
In higher step-up applications, a 2213 core gives more room for larger 
wires and managing spacing.  For higher power (up to 6-8 watts) a 2616 
core is preferred although the resonant characteristics require a little 
more management. 

 For most applications a transformer works best with around 1 volt per 
turn on the primary.  Secondary turns up to 750 have been successful 
with output voltages as high as 1250 volts peak. 

 With lower voltages (~450 volts peak) coupling and efficiency are best 
with the windings layered on top or each other.  Above that voltage, 
custom split bobbins made of Ultem are typically used. 
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Magnetics Design and  
Manufacture… 2 

 The resonant frequency “sweet spot” tends to be in the range of 40 
kHz in higher power applications and 55 kHz to 80 kHz in lower power 
applications depending on the turns ratio and parasitic capacitance.  
In general, the driver on frequency is the size of the tank capacitor 
with the frequency chosen to eliminate higher frequency resonances. 

 In nearly all applications resonant designs, if properly constructed, 
result in very little heat rise within the device.  In most cases the 
temperature rise is less than 5C.   

 Process control is essential in low volume production manufacturing 
spread over many years.  The manufacturing technicians have not 
changed in almost 30 years of production.  Procedures evolve based 
on engineering results, discoveries, material changes AND feedback 
from the technicians. 
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Magnetics Design and  
Manufacture… 3 

 Design, manufacturing and test are fundamentally based on 981 
criteria but have been adapted to achieve high voltage reliability.  
Most important (and a great advantage) in resonant designs is to 
test using a simple oscillator circuit similar to the flight application. 

 Generally, I test magnetics from -55C to +100C operating in the 
resonant circuit.  Note that REAL operating applications are 
generally limited to +70C due to limitations on potting materials 
and coatings. 

 Faraday shields within the transformer are possible but tend to add 
complexity and reduce reliability.  They can be helpful, however, in 
some designs by allowing for better field control between windings. 
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Magnetics Design and  
Manufacture… 4 

 Special bobbins are also possible to manage the construction and 
internal fields.  Except for split bobbins, I tend to avoid complicated 
assemblies but nested Ultem cores, gold plating and other 
techniques are certainly possible and have been successful. 

 Wire sizing has a big impact on the E-field.  In general, the wire-
wire voltage and layer-layer voltages can be controlled by how the 
windings are constructed.  However, the wire egress and transition 
segment are a challenge that must be managed.   

 In general breakdown in air is a good indicator of the effective 
electric field around the wire.  Thus, if you can operate with the 
bare wire in air you are likely to be sized okay.  In nearly all 
practical cases 36 AWG works okay up to 1200 volts peak.  Splicing 
or spiral wrapping at the point of egress can improve on these 
numbers. 
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Magnetics Design and  
Manufacture… 5 

 Core grounding occurs automatically when a core is mounted in a 
standard can (assuming the can grounding pin is used) but 
grounding is not guaranteed when other mounting schemes are 
used.  There are also floating applications where the core is not at 
ground potential. In these cases, if the core is properly abraded, a 
hair pin 24 AWG wire can be attached to each core half using silver 
epoxy.  

 As noted previously, special care must be taken to make sure that 
there is no tin plating on the cans or on other parts.  The magnetic 
materials we use are fundamentally commercial parts so they are 
cheap but also subject to manufacturing “improvements” and 
RoHS requirements. 
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Magnet Wire  
Considerations… 1 

 There are several types of magnet wire and many people try to go for the 
heaviest built (H4) and highest temperature (220C) under the largely false 
assumption that these characteristics increase reliability.  The assumption 
turns out to be fundamentally true in motors and transformers operating 
at very hot temperatures but not for small high voltage wires operating as 
low temperatures. 

 For greatest process uniformity and best wire lay-up of small wires, I 
prefer HAPT (Heavy Armored Poly-Thermaleze) which is a dual coated 
wire consisting of a base coat of cross-linked modified polyester resin and 
a top coat of amide-imide polymer. 

 I usually procure from MWS Wire Industries using the JW 1177/12B CL-
180 H2 spec.  There are other manufacturers but I have 30 years of 
experience working with MWS and they have always delivered a good 
product at a fair cost. 
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Magnet Wire  
Considerations… 2 

 MWS mostly re-spools Essex wire for standard applications like HAPT so 
make sure to ask them to provide material less than 1 year old.  I have 
had not problem recertifying wire more than 1 year old if it has been 
stored in a cool dry place but I always try to use new wire for each 
mission. 

 Magnet wire insulation may be crazed or otherwise degraded by 
exposure to polar solvents (such as water or alcohol). As well, acrylic 
adhesive dissolves in alcohol and many epoxy bonds may be damaged by 
even short exposure (>1 min) to trichloroethane vapors.  

 Due to crazing problems, alcohol or other solvents should be used locally 
and controlled procedurally with respect to where and how.  Any time 
solvents are used, an annealing step shall follow afterwards unless 
otherwise specified. This annealing step consists of baking at 120C (do 
not exceed 128C) for 1 hour. 
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Magnet Wire  
Considerations… 3 

 I prefer 3M 281 Scotchcast epoxy for bobbin impregnation due its low viscosity 
and excellent penetration in combination with its good thermal shock 
characteristics over the temperature range of -65C to +150C.  Standard 
outgassing tests tend to show it a little above the 0.1% CVCM spec but the 
transformer hot temperature post-cure processing results in-spec outgassing. 

 Stripping of fine magnet wires is always a challenge.  Over many years and 
many attempts to find alternatives to chemical stripping, Ambion “InsulStrip” 
gel (AMBION CORPORATION, NAUGATUCK , CT) remains the method of choice 
for the tougher magnet wire coatings. .  This stuff is very dangerous so make 
sure to prepare properly and handle safely.    

 For solder terminations on pins that will be re-soldered to a PC board, you 
want to use a higher temperature solder (I prefer Sn96) that will not re-melt 
during the later installation process.  Note that it has a gray appearance that 
tends to confuse inspectors so you want to make sure the inspection criteria 
are clearly noted in the processing procedure.  

Using 
InsulStrip 
 

http://www.cylex-usa.com/naugatuck/�


High Voltage  
Multiplier Design… 1 

 Most designers prefer a half-wave 
Cockroft-Walton voltage 
multiplier (proper name is 
actually a Greinacher cascade)  
implementation because of its 
simplicity and equal voltage per 
stage.   

 There are many types of half-
wave and full-wave designs each 
possessing advantages and dis-
advantages.  Parallel multipliers 
are more efficient but require 
higher voltages for progressive 
stages.  
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Figure provided courtesy of  
Voltage Multipliers Inc. 

 

How about a Parallel-
Series  Multiplier? 
 



High Voltage  
Multiplier Design… 2 

 The key to understanding a 
multiplier is to recognize the 
problem of charge transfer per 
stage.   

 A series multiplier must move all of 
the charge through every stage 
while a parallel design injects along 
the length of the stack.   

 In the end the size due to the CV 
constraint is about the same for 
each type but the voltage loss is less 
on a parallel design. 

 Designs can be optimized by using 
larger capacitors and/or progressive 
staging to limit the loss per stage. 171 

Figure provided courtesy of  
Voltage Multipliers Inc. 

 



High Voltage  
Multiplier Design… 3 
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With thanks  to  
VMI, SwRI and 
Art Ruitberg 
 

Multipliers can be made in 
all shapes, sizes and ratings 
using many different 
assembly methods. 



High Voltage  
Multiplier Design… 4 

 In “bulk supply” where the 
voltage on the overall stack is 
held relatively constant, voltage 
taps can be implemented. 

 Depending on the bulk 
application and regulation 
requirements, it is also possible to 
regulate the stack of one of the 
lower taps with the benefit of 
requiring a lower voltage rating 
on the feedback resistor. 

 As will be discussed later, it is also 
possible to use a lower tap for AC 
feed-forward  in the control loop. 
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High Voltage  
Multiplier Design… 5 

 You have seen that transformers 
can be stacked in specialized 
applications. 

 Multipliers can be AC coupled and 
stacked as well.  

 In noise-sensitive applications it is 
usually helpful to implement 
shields to isolate the multiplier 
from the output filter. 

 Remember that multipliers exhibit 
light sensitivity and can become 
leaky if they do not have an 
opaque cover. 
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Current and Voltage Monitor 
Approaches… 1 

 The 2 key rule of designing monitors is 
first, “do no harm” and second, keep it 
simple. 

 A properly designed monitor should 
never affect the main circuit function 
or add a failure mode to that function. 

 For current monitors, I always prefer a 
ground-leg approach where the 
current is sensed at the return point of 
the monitor.  ALWAYS include 
clamping protection on the input that 
accommodates a fault condition. 

 Feedback current can also be corrected 
for by coupling the voltage and current 
monitors. 
 175 



Current and Voltage Monitor 
Approaches… 2 

 High-side current monitors generally 
add risk and complexity due to the 
need to sample parallel voltage 
outputs across a sense resistor. 

 When designing a high side monitor 
work hard to get sense resistors that 
are matched for resistance as well as 
for Tc and Tc of Vc.  It also helps if 
you only need to match at the 
operating point over a narrow 
voltage range.    

 It is also worth noting that in many 
application the primary side input 
current is very closely coupled to the 
output current. 176 



Current and Voltage Monitor 
Approaches… 3 

 Voltage monitors also have their 
challenges, especially if linearity, 
accuracy and speed are required 
over a wide voltage range and/or 
temperature range. 

 The challenge is made greater in 
cases where the feedback system 
and monitor are inter-connected 
since there is a trade between 
power dissipation and bandwidth 
that must be managed. 

 Although a little more complicated, 
I generally prefer to use a higher 
impedance with a sense amplifier 
followed by a separate monitor 
amplifier and error amplifier. 177 



Feedback and  
Sense Amp Methods… 1  
 Following from the monitor 

discussion, using a sense amplifier 
allows matching the feedback 
resistor to the unique requirements 
of the monitor and error amplifier.  

 Loading considerations are also 
important depending on power, 
speed and accuracy requirements. 

 Make sure that the sense amplifier 
has arc protection. 

 Feed-forward and Speed-up 
methods should be integral to the 
design approach. 

 V/10 or some means of reduced 
voltage testing is should also be 
considered. 178 

If you trust the sense amp, 
once it is calibrated you can 
use it for many tests in 
place of an external probe.  
 



Feedback and  
Sense Amp Methods… 2  

 For high speed applications, some 
means of overcoming the 
distributed capacitance of the sense 
resistor is  generally required unless 
the resistor is made an 
unrealistically low value. 

 The traditional speed-up 
approaches, are to use a capacitor 
to bypass the resistor or use a series 
of resistors that can be impedance 
matched.  Unfortunately, both 
methods add complexity and can 
degrade reliability. 
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 An alternate approach that is 
usable with flat high voltage 
resistors is the “egg” method 
where patches are attached to 
back side of the alumina.   

 It can be seen on the next page, 
that it is possible through a bit of 
trial and error to effectively match 
the distributed impedance of the 
sense resistor in a way that 
corrects the response. 

 Ohmcraft indicates that it should 
be possible to mask on a backside 
semiconductive coating that can 
match the “egg” response. 
 

The resistor shown is 
operating at 10 kV.  
 



Feedback and  
Sense Amp Methods… 3  
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Progressive adjustment of phase 
response in using a wideband 200 
volt peak-to-peak signal injected by 
a Krohn-Hite 7500 power amplifier.  


