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ROTATING SHAFT-MOUNTED MICROELECTRON 

by Danie l  J. Lesco, J o h n  C. S t u r m a n ,  a n d  ‘Nil 

Lewis Research Center  

C DATA SYSTEM 

iam C. N ieherd ing  

SUMMARY 

A data system, using commercially available microelectronics and a rotary 
t ransformer,  mounts on and rotates with the shaft of rotating machinery at speeds to  
15 000 rpm. As many as 72 channels of steady-state transducer signals are time- 
division multiplexed and converted to  8-bit binary words by the system. A rotary t r ans -  
former couples power onto the shaft and binary data from the shaft. A version of this 
system w a s  tested for use on an experimental jet engine. It exhibited a measured 
e r r o r  of l e s s  than *O. 5 percent of the 50-millivolt full-scale input voltage. 

INT ROD UCT ION 

The development of rotating machinery frequently requires that certain physical 
parameters  be measured on the rotating par t s .  Transferring such measurements 
ac ross  the rotating-to-stationary interface is inevitably a problem which becomes in- 
creasingly serious as the speed increases.  A typical example of such a problem is the 
requirement of making multiple temperature and pressure measurements on experi- 
mental jet engine turbine blades. 

face. 
it was passed from the shaft through a rotating seal and then t o  a stationary transducer. 
The shortcomings of th i s  technique are the e r r o r s  caused by seal leakage, the require- 
ment of considerable maintenance on the rotating seal, and the bulk and complexity which 
resul ts  when a large number of p re s su re  measurements are required. 

Slip rings have been used extensively to  transmit electrical signals from thermo- 
couples or other signal generating transducers.  The problems he re  are that the sliding 
contacts develop sufficient electrical noise and/or thermal potential to  degrade accuracy. 

Many ways have been devised in the past to effect the t ransfer  a c r o s s  such an inter-  
Pneumatic tubulation has  been used to  conduct p re s su re  t o  the interface, where 



Even when the electrical noise problems are not significant, such as when high-level 
signals are being transmitted, sl ip rings present a maintenance requirement which 
rapidly becomes m o r e  serious with increasing speed. 

Radio-frequency transmission, usually in the form of FM/FM, has  been used suc- 
cessfully. It is quite capable of handling the many channels usually required by means 
of time and/or frequency multiplexing. Th i s  scheme, however, along with other tech- 
niques which have been used, requires electrical power on the rotating shaft to  operate 
electronics. 

can be used t o  s tore  the energy but have limited power, life, and durability under the 
high centrifugal accelerations encountered. Slip rings can be used but the maintenance 
problem is still severe.  As is shown in this report ,  a rotary t ransformer can be used 
t o  t ransfer  power t o  the rotating system and the data from it if  the electronic data system 
on the shaft is capable of accepting ac power and transmitting ac data. This  requires 
sufficient complexity in the data system t o  convert ac input power into the required 
dc levels to  operate the system and to  condition many channels of data into a form suit- 
able fo r  transmission through the rotary t ransformer.  

and a rotary t ransformer t o  the problem of obtaining many channels of steady-state data 
from a rotating shaft in a maintenance free, accurate manner. While we deal herein 
with a specific system built to  mount on an experimental jet engine shaft, the design, 
with slight modifications, is applicable to  a wide variety of s imilar  rotating machinery 
applications. 

operation. It t ime -division multiplexes 72 differential channels of data, converts each 
channel into an 8-bit digital word, and t ransmits  this data off the shaft by means of the 
rotary t ransformer.  The large quantity of electronics required to  perform these func- 
tions was packaged in a cylindrical configuration 9 centimeters in diameter by 6 centi- 
me te r s  long exclusive of the rotary transformer.  
the system was successfully operated at 1 5  000 rpm, which resulted in a maximum ac -  
celeration on the components of 8000 g's. 

A number of means have been used to  obtain power on a rotating shaft. Batteries 

This  report describes the application of commercially available microelectronics 

The electronic system converts the input ac power into the dc power required for  its 

Although the design goal was 9000 rpm, 

A P PL IC AT 1 ON 

The system w a s  designed to obtain temperature data from experimental jet engine 
turbine blades during engine testing. A diagram showing how the data system fits into 
the test engine is shown in figure 1. Figure 2 is a block diagram showing the functional 
relations of the various pa r t s  of the overall system. 
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Figure 1. -Engine -data system configuration. 

Rotary t rans-  rRotary  t rans-  
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, I  I 
Decommutating 

and readout 
system (DARS) 

1 Clock 
Power 

10-Ki lohertz 
square wave 
power supply I 

I Rotating I , Stationary 

Figure 2. - Overall functional block diagram. 

The following sections describe the design and testing of the data system. A brief 
description of the decommutation and readout system (DARS) is contained in the section 
TESTING under Data readout. 

SYSTEM DESIGN 

Two rotating-shaft data systems were built during the course of this research and 
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development program. The first system was an experimental one to  be used only for the 
evaluation of the electronic design and the durability of the components under conditions 
of high centrifugal s t r e s s .  The second system was fabricated for use  on a jet engine. 

The two systems differ slightly in their  details. The first system, which is r e -  
fe r red  to  hereinafter as the prototype, is more  versatile; the other system, the engine 
unit, is capable of handling more channels of data. The general data system concept 
and design is the main theme of this section, with the two data sys tems delineated as the 
design is described. 

[ 
I ,  

Data System Opera t i on  

Multiplexer -. Amplifier Rotary - to-digital . 
converter 10-Kilohertz power t ransformer 

The operation of the data system can be separated into four major  functions, as 
shown in the block diagram in figure 3. These functions a r e  time-division multiplexing, 
data amplification, analog-to-digital (A/D) conversion, and dc  voltage and timing gener- 
ation. 

SCAN signal 

1 1  
Channel 1 

Channel 72 

Power 

+14 V 
-5 v 

Figure 3. - System block diagram. 

The multiplexer sequentially scans a large number of analog data signals, connect- 
This  multiplexing of ing one data signal at a time to the data amplifier (or amplifiers). 

the input signals is an  efficient method f o r  processing large numbers of data channels, 
since only one signal path is then necessary through the amplification and digital con- 
version functions of the system. 

f o r  conversion to a digital signal. More than one amplifier is required i f  the data sys-  
tem must handle input signals with different full-scale voltages. 

The data amplification matches the input signal voltage level to the proper  magnitude 

The analog-to-digital converter t ransforms the input voltage to an 8-bit digital word 
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proportional to  the input. 
ally (1 bit at a time) on a single output line in a form ready for  transmission from the 
rotating shaft. 

plished with a set of rotary t ransformer windings. 
10-kilohertz square waves is applied to the pr imaries  of the power windings. 
on the shaft convert the t ransformer secondary voltage to the dc voltage supply levels 
necessary for operation of the system. 
(counted down in frequency) as a timing (clock) signal by the A/D converter. 

channel upon completion of a conversion. 

present in detail the circuit design of the system. 

The digital information of each conversion is generated seri- 

This data transfer off the shaft and the t ransfer  of power onto the shaft are accom- 
External power in the form of 

Electronics 

The 10-kilohertz power input is also used 

The SCAN signal from the A/D converter sequences the multiplexer to  the next 

This concludes the summary of the data system operation; the following sections 

Circuits 

A s  was the philosophy for the entire system design, commercially available inte- 
Due to  the extensive grated circuits (IC) were used in the system wherever possible. 

selection of integrated circuits available, the multiplexer and A/D converter are com- 
prised almost exclusively of digital integrated circuits. 

such as those provided by thermocouples. 
and low sides of a differential input signal be switched by the multiplexer 
72 channels of the engine data system, a total of 144 input switches are needed, 
of which are shown in the partial multiplexer schematic of figure 4. 

silicon-field-effect - transistor (MOSFET) switches packaged in groups of six per  inte- 
grated circuit (ref. 1). These MOSFET switches have the ideal switch characteristic 
of ze ro  offset voltage, but are limited in some applications by slow switching speed 
and high ' 'on' ' resistance. 
resistance is of the order  of 10l1 ohms. 
2 microseconds. 

can be applied to  either input terminal of the differential switch pair .  
greater  than +O.  5 volt can be switched by the MOSFET devices, and the switch char- 
acterist ics degrade i f  an input more  negative than -5 volts is applied. 

characterist ics.  With the noninverting amplifiers of this specific system design, the 

Multiplexer. - The data system is designed to process differential input signals, 
This specification requires that both the high 

For the 
12  pairs  

The semiconductor switches (E, F,  G,  and H in fig. 4) used a r e  metal-oxide- 

The "on" resistance is about 300 ohms, while the "off" 
The switch turnon and turnoff t imes are about 

For  each polarity of voltage, there  is a limiting voltage with respect to  ground that 
No voltage 

Other restrictions on the input voltages are due t o  the amplifier and A/D converter 



I 7 Channel 1 Channel _ _  

?s I ~ Switches 1 I NOR gate 
I I I  
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shift register 

I Switches 

- SET 

(To amplifier, fig. 81: - Noninverting input - Inverting input - 

- SCAN 
(From AID con- 
verter, fig. 6) 

- - -  - _ _  
Channel 

___  t t t t t t  
Channel 

Figure 4. - Schematic diagram of multiplexer. 



noninverting side of the differential input must be negative with respect t o  the inverting 
input, since the A/D converter can handle only negative voltages. Also, for the ampli- 
fier design used, a bias path to  ground must be supplied through the differential input 
(i. e. , the input cannot be floating). 

The pa i rs  of switches for each input channel a r e  sequentially turned on by a ring 
counter whose number of s tages  is equal t o  the number of data channels. The ring 
counter is composed of a series of integrated circuit 12-stage MOSFET shift registers 
(A and B in fig. 4) (ref. 2) and a restart circuit using six-switch integrated circuits 
(C and D in fig. 4) in a multi-input NOR gate configuration. The NOR gate detects when 
the last channel has  been turned off, and its output (SET) turns  on the first channel after 
a one-period delay. The turnon voltages for the multiplexer switches a r e  obtained from 
the parallel  outputs of the shift reg is te rs .  

The shift register is also used in the prototype system t o  select the correct  data 
amplifier to be switched to  the A/D converter. The multiplexed output for  channels 1 
to 12 is connected to one amplifier, and the output for channels 13  to 36 is processed 
through the second amplifier. 
alternately switch the amplifier outputs to the converter. The switches a r e  controlled 
by a flip-flop, which is, in turn, triggered at the appropriate t imes  (channels 1 and 13) 
by the shift register outputs of s tages  1 and 13. 

finished converting a channel signal voltage to a digital signal, a step command (the SCAN 
signal) is applied to the shift register t o  turn on the next channel. A timing diagram 
fo r  the multiplexer is shown in figure 5 for  the 72-channel engine system. With the de- 

A simple two-input MOSFET multiplexer is used to 

The multiplexer scan ra te  is controlled by the A/D converter. When the A/D has 

SCAN o 

(from AID 
converter1 

Off 

U On 

Off 

On 

Channel 71 0 

Off  

On 

Channel 1 0 

Off 

On 

Channel 2 O 

Figure 5. - Multiplexer timing diagram. 
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‘ I  C X K  (fig. 7) 0 : 

SCAN (fig. 4) 0 : I 

Figure 6. - Schematic diagram of analog-to-digital converter. 

Resistor ladder Resistor ladder 

Serial 
digital 
data 
(fig. 9 )  



signed scanning frequency of about 156 channels pe r  second, all 72 data channels are 
sampled about twice p e r  second. A s imilar  diagram applies to  the prototype system. 

Analog-to-digital converter. - The system A/D converter uses  the sequential ap- 
proximation technique (ref. 3). The conversion from analog voltage to  a serial 8-bit 
digital word is an eight-step process,  each step yielding one of the information bits. 
Each conversion step requires one clock period to  complete. 
described in the next section, is 1 .25  kHz. ) 

u r e  6,  incorporating all the logic needed fo r  A/D conversion. 
MOSFET circuitry with over 350 devices on one semiconductor chip. 
the A/D timing, performs the data storage, and provides the switching functions fo r  the 
ladder network. 

analog (D/A) feedback voltage for  the comparator. 
to  the ladder through the eight input terminals by the converter IC (A in fig. 6). Internal 
resistance dividers reduce the reference voltage t o  the proper fraction a t  the ladder out- 
put. 

The regulated reference supply in figure 6 uses  a temperature-compensated 6.4-volt 
zener  diode and a resis tor  divider t o  generate a -5-volt reference. The zener diode 
voltage has a temperature coefficient of 0.001 percent p e r  OC. An IC operational ampli- 
fier (D in fig. 6) in a noninverting gain-of-1 configuration is used t o  provide a low output 
impedance for load regulation. 

Another IC operational amplifier (E in fig. 6), in i t s  open-loop, high-gain configura- 
tion, is used for  the voltage comparator. 
45 000; therefore, the differential input change necessary to cause logic switching causes 
negligible e r r o r .  The comparator offset is of the o rde r  of 1 millivolt. 

A comparator with a large negative voltage swing is required for operation with 
MOSFET logic voltage levels. 
MOSFET IC from going positive by more than 0. 5 volt. 
is used a t  the output of the comparator to  clamp the output at 0. 3 volt. 

Digital clock. - Figure 7 shows the schematic of the circuit used to generate the 
1.25-kilohertz clock signal from the 10-kilohertz input power frequency. A -20-volt 
square wave obtained from one secondary of the power windings is counted down by a 
factor of 8 to  1.25 kilohertz by an IC binary counter (A in fig. 7). 
available for  frequency division by 2, 4, o r  16.)  The resulting square wave is then 
wave-shaped to a 5-microsecond-wide, -15-volt clock pulse signal by the resistor- 
capacitor circuit and an IC logic gate (B in fig. 7). 
also provided. 

(The clock frequency, as 

The heart  of the A/D converter is a complex integrated circuit, shown as A in fig- 

This IC controls 
The converter IC uses  

A thin-film resis tor  ladder network (B and C in fig. 6) generates the digital-to- 
The reference voltage is switched 

This amplifier has an open-loop gain of about 

However, i t  is also important to  prevent any input to a 
Therefore, a germanium diode 

(IC outputs are also 

An inverted clock signal (CLOCK) is 
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10-K i lohertz 
power input O K  

14 2 u' 
12 MEM 1050 

4-Bit b inary 11 

1 

16 counter 10 
10 kR *; 3 15 

I - .  
020 

22 
' 23 

Q 2' 510 pF IN483 

100 kR 

The clock frequency of 1.25 kilohertz was  chosen fo r  two reasons: 
(1) Since the data system is used t o  measure steady-state data, a low scan rate is 

(2) Since only one data amplifier is used fo r  a number of channels, sufficient set- 
perm is sible . 

tling t ime must be allowed for  the amplifier output after switching input channels. The 
settling t ime obtained is equal to  1 clock period, o r  about 800 microseconds. 

of discrete active components. 
fier used with the thermocouple channels. This amplifier, shown in figure 8, is re- 
quired to  accept a differential input from a source impedance of about 600 ohms. It has 
a gain of 100 and a dc drift of less than 1 microvolt pe r  OC. 

One of the main reasons that this amplifier was built by using discrete active com- 
ponents is the difficulty of providing gain stabilization with feedback, low drift,  and a 
high-impedance differential input simultaneously, by using available IC operational am - 
plifiers. U s e  of a selected dual t ransis tor  input stage operating at a collector current 
of 30 microamperes provided high input impedance (greater than 1 MQ) and made the 
emit ters  available for  negative feedback. The high input impedance is necessary be- 
cause of the high "on" resistance of the MOSFET switches. 

Various integrated operational amplifiers were t r ied in this configuration with 
varying degrees of success.  All the older designs oscillated and could not be easily 
stabilized, o r  else tended to latch up when subjected t o  input transients (i. e. , the out- 
put remains in saturation after the input overload has been removed). The RA 2909 
proved quite stable, once a feedback diode had been added from pin 8 to  the inverting 
input t o  prevent latch-up caused by the added input circuitry and nonlinear loading of the 
output. 

Amplifiers. - The limited availability of linear integrated circuits required the use 
An example of this is the low-level (or high gain) ampli- 

In addition, it has a convenient point (pin 8) that can be used t o  limit the band- 

+ C L O C K  - 
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Inverting 
input 

Noninverting 
input 

SET (fig. 4) 

Amplifier 
output to 
coin pa ra tor 
(fig. 41 

Figure 8. - Schematic diagram of low-level differential data amplifier, Note: R 1  and RZare t r i m  resistors. 



Rotary transformer 

windings Stator --!- :vindings 
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Figure 9. - Power supply and rotary transformer. Note: All  rect i f iers are T12G. 



width of the amplifier by using a single capacitor, without degrading its common-mode 
rejection. This bandwidth limiting proved difficult to achieve by using capacitive feed- 
back, o r  by limiting the response of the preamplifier stage. These methods either de- 
graded common-mode rejection drastically o r  caused oscillation. Common-mode re- 
jection of the complete amplifier is greater  than 80 decibels fo r  frequencies t o  1 kilo- 
hertz. 

Other than this one amplifier and the output dr iver ,  all other functions were imple- 
mented by using only integrated circuits and discrete passive components. 
amplifier, the comparator, and the reference supply regulators all use standard opera- 
tional amplifiers. 

SET time. These switches were used on the low-gain amplifier on the prototype system. 
Their  purpose is t o  allow the measurement of amplifier offset during this time. 

Power supply and rotary t ransformer.  - Power to  the rotating data system, as well 
as data from it, are t ransferred by means of a rotary t ransformer.  
former consists of four separate,  isolated t ransformers  all mounted in  a common hous- 
ing. 
sponding rotor winding in such a fashion that t ransformer operation is not influenced by 
rotation. All t ransformers  have a 1 t o  1 ratio and are shielded from each other to  p re -  
vent c ros s  coupling. 
feed power t o  the data system as 20-volt-peak square waves. These are rectified, 
filtered, and regulated by zener  diodes t o  provide the necessary voltages for  the system. 
Zener regulation was chosen fo r  simplicity and is adequate since none of the basic supply 
voltages require close regulation. 
the serial digital data from the system to the readout electronics. 
stage is used to  buffer the output from the A/D converter and drive the transformer.  
result is approximately 5-volt pulses from the rotary t ransformer stator.  

tem to  provide a check on the system operation. In the engine system, two of the data 
channels are used for  calibration signals. 
to  the reference supply is generated by a simple resis tor  divider from Vref (fig. lO(a)). 
The channel 1 digital output provides a monitor primarily on the data amplifier gain. 
Channel 2 is connected to  a calibration voltage generated independently of Vref by a 
separate temperature-compensated zener  diode and a divider network (fig. 10(b)). 
calibration signal provides information primarily on the stability of the system refer- 
ence voltage. 

A third check on the system operation is provided during the multiplexer SET time 
(see fig. 5). During this t ime, the data amplifier inputs are shorted to  ground through 
MOSFET switches. The A/D converter output during the SET pulse is a measurement 
of negative -polarity data amplifier off set voltage. 

The low -gain '$9 
' ./ 

The pair  of switches shown in figure 8 ground the amplifier input lines during the 

The rotary t rans-  

Each of the four nonrotating stator windings is magnetically coupled to  its co r re -  

As shown in figure 9 ,  three of the rotary t ransformer windings 

The fourth t ransformer winding is used t o  t ransfer  
An emitter follower 

The 

Calibration signals. - Calibration voltages are internally generated in the data sys -  

For  channel 1, an input voltage proportional 

_ _  

I$ 

6 This 
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-14 V 
9 -5 v I" 130 kR 

- - 

Channel l ( 2 8 . 8  mV) 130 kR 

W827A Channel 2 (-25.7 mV) 

- 

(a) Channel 1. (b) Channel 2. 

Figure 10. -Engine system calibration input voltages. 

Although the information obtained from the three  calibration signals does not provide 
independent information on amplifier gain, amplifier offset, or  reference voltage, the 
combination can be used to interpret  most discrepancies which could occur  in the system 
ope rat ion. 

Mechanical Design 

A logical configuration for  a rotating system is a round package. Therefore, this 
system was  built using round, double -sided printed circuit boards with plated-through 
holes. This concept worked very well in practice. Components considered to be most 
sensitive to acceleration were  mounted near  the center of the board when possible. All 
interboard connections were made near  the periphery of the boards, which facilitated 
testing of the assembled system. The four  types of boards used in the prototype system 
a r e  shown in figure 11, along with the rotary t ransformer.  Note that the A/D converter 
board has been heavily coated with a clear epoxy to hold all components securely to the 
board. The other boards in this figure were  not yet coated at the t ime the picture was 
taken. 

spacers  and making the required interconnections. 
construction of the engine system. Since i t  has  twice as many inputs as the prototype, 
it requires  two multiplexer boards, bringing the total board count t o  five. The five- 
board module, which is 9 centimeters in diameter by 6 centimeters long, mates  at one 
end to  a circular terminal ring which is the interface between the data system and the 
thermocouples from the engine. The terminal ring also serves  as the cold junction for  
the thermocouples, and its temperature is monitored by a thermis tor  cemented to it. 
One input channel is used to read out this thermistor  signal. 

The complete system is assembled by stacking the circuit boards together with 
Figure 12 shows this stage in the 
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l;mplifiers Analog-to-digital converter 

C -68-2562 
Figure 11. - Circui t  boards and rotary transformer. 

C-69-1835 

Figure 12. - Assembled electronics package. 

Rigid mounting of the complete electrical assembly is accomplished by clamping it 
t o  the inner rotating support plate with three  t ie rods. A metal spacer  is used at the 
opposite end for  alinement so that any small irregularity in  the boards wi l l  not affect 
the mechanical mounting. The complete system showing the wired electronic assembly 
and partial  housing is shown in figure 13. Connections to the rotary t ransformer are 
made at the end of the package through the hollow shaft and to an eight-pin terminal ring. 
Use of the two terminal  rings, accessible through a slotted housing, makes it possible 
to  connect o r  disconnect the data system in a minimum amount of time. The housing 
shown in figure 13 is considerably la rger  than necessary to  properly support the elec- 

c 
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Transformer 
Rotary transformer stator 

C-69-1958 

Figure 13. - Engine data system and housing. 

tronics package. Its dimensions were dictated by the practical requirement that it be 
identical in size to  a slip ring assembly which it replaces. 

TESTIAG 

Mechanical 

Each heavily coated circuit board was rotated at 10 000 rpm for  1 hour. Electrical 
tests were performed only before and af ter  rotation at this stage. Once assembled, the 
complete prototype system was rotated at 10 000 rpm for  1 hour and 15 000 rpm for 
10 minutes, during which t imes the electrical operation was monitored. Although for  
this test no independent voltage inputs were applied to  the system, the calibration voltage 
channels were read to  provide information on system operation. For the prototype sys- 
tem, one calibration input channel was allocated fo r  each amplifier, and the SET time 
output was a measurement of the low-gain-amplifier offset voltage. During the spin 

16 



tests, no changes in the calibration digital words were noted. This result limits any 
probable internal changes in the system repeatability t o  the system resolution, 
&O. 2 p e r  cent. 

Electrical 

J J i  Data readout. - As mentioned previously in this report ,  the only output from the 
I 

rotating shaft data system is the serial digital data transmitted through one winding of 
the rotary transformer.  Clock synchronization for  reading the binary information can 
be derived from the 10-kilohertz power frequency, but it is also necessary to  externally 
generate word synchronization (the correct grouping of 8 data bits to  form one data 
point) and f rame synchronization (identifying the channel 1 data word). A frame of data 
is defined as the group of data bits generated from the SET time of the multiplexer 
through the last data channel. 

F o r  data handling during system test programs, a decommutating and readout sys-  
tem (DARS) was designed to  provide synchronization and display of the data system out- 
put. The DARS derives its synchronization signals from the known system outputs gen- 
erated by the calibration voltage channels. Specifically, the DARS scans the output data 
until it finds a 14-bit sequence corresponding to  the amplifier offset plus the first 6 bits 
of the calibration voltage on channel 1. 
system is 0000 0000 1001 01. Once the DARS has detected this sequence, it can gener- 
ate the word synchronization fo r  the remaining 71 channels of data. 

A simplified block diagram of the DARS is shown in figure 14. Data from the rotat- 

$ 

For  example, this pattern for  the engine data 

10- 
ClrY 

Digital -to- 

converter 

Frame and word 
synchronization 
detection detect ion 

and pkinier 

Figure 14. - Block diagram of decommutating and readout system (DARS). 
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ing system pass  first through a temporary s torage stage, where 14 bits of data a r e  
s tored during each 1.25-kilohertz clock period. At successive clock periods, the most 
recent bit bi is added, while the data bit bi 14 appears  at the se r i a l  output of the 
storage. The storage a l so  provides the 14 bits in parallel  output form for  examination 
by the synchronization detection logic. Once synchronization has  been achieved, the 
channel detection logic identifies the channel designation f o r  the rest of the f rame of 
data as it passes through the temporary storage. The operator se lec ts  the channel for  
display at the channel selection control. The DAM control logic sequences the binary- 
to-BCD (binary coded decimal) converter, thereby providing the selected channel data 

scan through a selected number of channels to provide BCD outputs to a data printer.  

accurate  analog signal for  display on an oscilloscope used to monitor data profiles. 
All 72 channels can be displayed in a b a r  graph form on the oscilloscope during one 
horizontal sweep. The display is updated for  each f rame of data. 

The DARS is capable of handling either the 36-channel prototype system o r  the 
72 -channel engine system. 

System calibration. - The shaft data system is calibrated while it is not rotating, 
so that the external input signals may be accurately measured with laboratory equipment. 
The internal calibration signals are used to  determine the calibration stability for  the 
system while it is rotating. 

Prototype system: The -5-volt reference voltage and the gain of the data amplifier 
determines the full-scale input voltage of the system. For the prototype system, two 
data amplifiers provide two full-scale ranges of 1 volt and 40 millivolts, for the first 
12 channels and the remaining 24 channels, respectively. 

c 

in decimal digits for numeric display. An alternate logic mode controls an automatic t. 

The digital-to-analog (D/A) converter t ransforms the binary data to a 2-percent- 

The input signal voltage Vin can be related to the value of the digital output word N 

by 

(v. ) = - 1 (2 Vref) - voi 
Gi 256 in 

where 

Gi 

'ref 

and 

'oi 
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gain of data amplifier i 

A/D reference voltage 

1 offset voltage composed of Voc + Voa - ___ 
512 Gi 'ref 



where I 
comparator offset voltage referred to  data amplifier input 

amplifier offset voltage referred to data amplifier input 
voc 

voa 
1 
- Vref 512 Gi 

one-half the system resolution (i. e . ,  1/2 count) 

L, 
!' 

This  last t e r m  centers GVin in a 20-millivolt range for  a given N. 
For the prototype system, two calibration equations were derived fo r  the low-gain 

and high -gain amplifiers : 
(1) For amplifier A l ,  

t 

Vr,f = -5.016 V 

G1 = 5.07 

(V,) = 0.0020 v 
1 

and 

(Vin) = 3 . 8 6 ~ 1 0 - ~  N - 2. OX10-3, volts 
1 

Table I i l lustrates the comparison between the measured and calculated values of Vin 
required t o  produce the listed values of N. Calculated Vin was  obtained from the p re -  
ceding equations and measured parameters .  

TABLE I. - PROTOTYPE CALIBRATION - 

AMPLIFIER A1 

ligital 
rutput 
vord, 

N 

1 

10 

100 

255 

Input signal voltage, 

1 
(Vin) 2 mV 

Calculated 

-5.9 

-40.6 

-388 

-986 

Measured 

-5.3 

-41.5 

-386 

-986 

E r r o r ,  
Iercent of 
Full scale 

-0.1 

+. 1 

-. 2 

. o  
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T h e  system resolution is i(Vref/512G1) = rtO.002 volt, o r  about rt0.2 percent of full 
scale. All the calibration data f o r  A1 were within *O. 3 percent of full scale of the cal- 
cu lat ed values . 

(2) For amplifier A2, 

Vref = -5.016 V 

G2 = 132 

(V ) = 0.008 mV 
0 2  

and 

(Vin) = - 0 . 1 4 8 ~ 1 0 - ~  N - 0. 008X10-3, volts 
2 

Table II lists typical calibration data fo r  the A2 data channels. The system resolution 

TABLE II. - PROTOTYPE CALIBRATION - 

AMPLIFIER A2 

Calculated 

-0.16 

-1.49 

100 -14.8 

255 -37.9 
-. 

-- __  ~- 

Measured 
- -  

-0.17 

-1.48 

-14. a 
-37.8 
- 

- -  - 

E r r o r ,  
percent o 
full scale 

-~ 

+O. 03 

-. 03 
. o  

-. 3 
- 

fo r  this amplifier is rt0.07 millivolt, also equivalent to  rt0. 2 percent of full scale. All 
the calibration data were within rt0. 3 percent of full scale of the calculated values. 

? 

Although complete calibration of the prototype system over the full design tempera- 
t u re  range of 25' to 70' C was not obtained, specific parameters  were measured to t 

a s s u r e  no problems would occur with the engine system. The amplifier gains, G1 
and G2, changed by less than *O. 2 percent (system resolution) over the full temperature 
range. Variations in (V,) 
f rom 25' to 70' C. 

cent of full scale,  fo r  full-scale ranges of 1 volt and 40 millivolts, was obtained. 

and (V,) 
1 2 

were also well within *O. 2 percent of full scale 

In summary of the prototype system data, a system accuracy of better than *O. 5 pe r -  
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Engine system: The engine data system uses  one amplifier for all 72 channels to 

70' C temperature range. Table 111 lists the equation parameters  and their  values at 

1 
t obtain a full-scale input of 50 millivolts. Calibration data were taken over the 25' to 

TABLE ID. - ENGINE SYSTEM CALIBRATION 

' *  
PARAMETERS AS FUNCTION 

OF TEMPERATURE 

Parameter 

Gain of data 
amplifier, G 

Analog-to -digital 
reference voltage, 

'ref' 

vo,  mV 
Offset voltage, 

- 

Temperature, OC 

25 

100.0 

-5.00 

0 . 0 3  

- 

50 

100 .o 

-5.00 

0.13 

70 

100.0 

-5.00 

0 . 2 3  

TABLE IV. - COMPARISON OF MEASURED 

ENGINE SYSTEM CALIBRATION 

AND CALCULATED VALUES 

Digital 
output, 

N 

Type of 
calibration 

Calculated 
Measured 

Calculated 
Measured 

Calculated 
Measured 

Calculated 
Measured 

Temperature,  OC 

Input signal voltage, 

I Vin, mV 

25', 50°, and 70' C. Table IV il lustrates the comparison between the measured engine 
system calibration and the values calculated by using table 111. All the calibration data 
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were  within +O. 2 percent of full scale of the calculated values. The data variation with 
temperature  was about 0 .01 percent per degree C over the 25' t o  70' C temperature  
range, corresponding to a total maximum e r r o r  of *O. 4 percent of full scale  if  no correc-  
tions are applied to the data. Table V lists the calibration signal output words for  the 
channel 1 and channel 2 voltages as a function of tempekature. The maximum variation of 

TABLE V. - CALIBRATION 

SIGNAL OUTPUTS 

m r z u i e ,  o : ~  I 
Digital output word, 4 -~ 

one count is equivalent to 0 .4  percent of full scale. In conjunction with thermistor  tem-  
perature  measurements on the data system housing, the channel 2 calibration signal wil l  
a l so  allow for temperature  corrections for  data from the rotating system. 

S UI\I1MARY OF RESULTS 

A data system, using commercially available microelectronics and a rotary 
t ransformer ,  mounts on and rotates with the shaft of rotating machinery at speeds to 
15 000 rpm. T w o  versions of the data system were  built, a prototype version for testing 
purposes, and an engine version to  process  thermocouple signals from experimental jet 
engine turbine blades. The prototype is capable of processing two groups of differential, 
steady state, input signals, 12 channels at 1 volt full scale and the other 24 at 40 milli- 
volts full scale,  making a total of 36 channels. The engine system processes  72 channels 
of 50 -millivolt full-scale differential signals. 

division multiplexing, (3) amplification of the multiplexed signals, and (4) analog-to- 
digital conversion of the amplified signals. The prototype system uses  two amplifiers, 
one for  each of the two different voltage level signal groups. The engine system uses  
just one amplifier since it is required to process  just one full-scale voltage level. 

electronics in the form of 10-kilohertz square waves and to  send the digital data from 

7 

Each system consists of four basic  sections: (1) power conditioning, (2) t ime-  t 

A rotary t ransformer  with four  separate windings is used to  send power to the 
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the shaft to  stationary electronics. The 10-kilohertz square waves (counted down by a 
factor of 8) are also used as a clock signal fo r  the whole system. 

Most of the electronics in the shaft data system (as well as in the stationary readout 
system) was constructed with readily available commercial microelectronics. 

The system was  tested over a temperature range from 25’ to  70’ C, and over a 
rotational speed range from 0 t o  15 000 rpm. The measured system e r r o r  was l e s s  
than *O. 5 percent of full scale. 
under normal operating conditions since the temperature a t  the data system location 
in the engine is fairly constant. 

‘I 

This e r r o r  would most likely drop to -1.0. 3 percent 
“e 

i 
b’ 

I 

CONCLUDING REMARKS 

One modification which might be required in certain applications is the elimination 
of the rotary t ransformer as a coupling device. 
former  was chosen because (1) the end of the shaft was available for its location, (2) it 
simultaneously solves the problems of power to  the shaft and data from it, (3) it is com- 
mercially available, and (4) there  were no size o r  shape restrictions which prevented 
its use,  If for  some reason this device cannot be used, the problem of coupling data 
from the shaft can be resolved by optical, capacitive, o r  radio-frequency means. The 
problem of coupling power onto the shaft, however, is not as simply solved. Power for 
the electronics could be supplied by batteries on the shaft if batteries can be found which 
meet all the restrictions on s ize ,  capacity, and environmental tolerance. The advent of 
micropower complementary MOSFET integrated circuits could greatly reduce the battery 
capacity required. 

to  provide a separate signal path from the shaft for  the SET output from the multiplexer 
f o r  f r a m e  synchronization. 
chronization scheme and enhance synchronization reliability. 

In our application the rotary t rans-  

Another modification, which would be worthwhile under certain circumstances, is 

This would certainly simplify the readout equipment syn- 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, November 18, 1969, 
720-03. 
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