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REMOTE MONITORING OF INSTRUMENTATION
 IN SEALED COMPARTMENTS

Clinton Landrón
John C. Moser

Sandia National Laboratories

ABSTRACT

The Instrumentation and Telemetry Departments at Sandia National Laboratories have
been exploring the instrumentation of sealed canisters where the flight application will
not tolerate either the presence of a chemical power source or penetration by power
supply wires. This paper will describe the application of a low power micro-controller
based instrumentation system that uses magnetic coupling for both power and data to
support a flight application.
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INTRODUCTION

The Instrumentation and Telemetry Departments at Sandia National Laboratories have
been actively pursuing technology development to support enhanced fidelity
instrumentation (EFI) of flight test vehicles. This means that the instrumentation must be
as non-intrusive as possible, and in no way may the instrumentation affect the operation
of the test vehicle. Some applications in the flight test community require the
instrumentation of components that are sealed in compartments. In keeping with the EFI
initiative, no cable access holes may penetrate the compartment walls, and no batteries
may reside within the compartment without affecting its performance.

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company,
for the United States Department of Energy under Contract DE-AC04-94AL85000.



This instrumentation system is a novel concept based on magnetically coupling power
into and data out of the sealed component. The major technical challenge in the
development is to couple several milliwatts of power and a data signal through a 1/10”
stainless steel barrier, but it may be applied to any nonferrous material. Obviously, the
operating power for the electronics and sensors inside the compartment is severely
limited. A very low power micro-controller based electronics system provides data
acquisition, sensor interface, data formatting, and power management functions. This
technical choice offers the combination of very low power, high circuit integration, and
programmability, allowing sensors and analog processing circuitry to be powered only
when in use. This paper will describe the development and operation of instrumentation
intended for a feasibility demonstration of the remote monitoring capability. The design
and modeling of power coupling, data acquisition, and data transmission systems will be
discussed.

INSTRUMENTATION DESIGN PHILOSOPHY

The primary concern in the design of the data acquisition circuitry was the consumption
of power. To minimize power consumption, three avenues were pursued: (1) electronic
components with low power characteristics were incorporated, (2) a power manager that
switched power to circuits only as required was designed, and (3) signal conditioning
circuitry was shared or multiplexed wherever possible.

To support the data acquisition and power management features with adequate flexibility
for future applications, a micro-controller based design was chosen. The programmability
of the controller allows flexibility in complex power management sequencing, while still
allowing enough flexibility for a wide variety of sensor types. Micro-controller
technology also offers a high level of system integration including digital timers, serial
communication, and analog-to-digital converters. All these functional blocks are useful
for the Sealed Canister Instrumentation (SCI) application and can be acquired in small-
outline circuit packages. The miniature package outline is important to the development
of a system intended to operate in the confines of the sealed canister.

To meet the requirements and to facilitate the measurements, the PIC16C77 micro-
controller was chosen to control the power manager, sequence the acquisition of data, and
communicate the data serially to the data modulator for transmission through the SCI
barrier. (Please refer to the block diagram in Figure 1 for a view of the major system
components.) The power manager, prompted by the micro-controller, switches power to
three distinct circuit groups in sequence to support measurement of analog strain gages,
measurement of temperatures, and modulation of data. Other measurements such as
system voltages are switched in and out directly by the micro-controller. By sequencing
the data acquisition and transmission tasks, operating current is distributed over time to
minimize peak power requirements. The micro-controller itself is timed by a modest



2MHz clock to avoid the power dissipation associated with faster clock rates. Though
strain and temperature gages were primarily used in this experiment, the micro-controller
allows flexibility for a very wide range of sensor measurements.

The block diagram in Figure 1 shows a telemetry interface as a master controller outside
the SCI. This controller communicates the need for a data sample by gating power to the
power coil. An AM detector internal to the SCI interprets this as a sample strobe and
provides a signal to the micro-controller on an interrupt line. The interrupt wakes the
micro-controller from a power saving sleep mode and begins the process of collecting
and processing each data sample.

Figure 1  Block Diagram of Instrumentation Electronics

To collect the data from the sensors, the micro-controller instructs the application of
power to the appropriate sensor and its associated signal conditioning circuitry, followed
by a set of signals indicating which of the sensors out of a multiplexed set to measure. A
brief settling time that may vary for different types of measurements is allowed to expire
before the micro-controller acquires the data. Upon acquisition, the micro-controller can
select the next sensor out of the multiplexed set, or remove power and continue to the
next measurement. The micro-controller can digitize the measurements with its own built
in A/D converter, or communicate serially with other devices that make the measurement.

Upon completion of all measurements, the micro-controller forms a data packet including
frame synchronization words and a checksum for error detection. Power is then applied to
the data modulator as the data is transferred via the micro-controller’s built in UART.
After all the data has been transferred, the micro-controller commands the power
manager to remove power from the data modulator before it enters its sleep mode.



POWER COUPLING DESIGN

The power coupling design task presented for the SCI project involves the delivery of
energy to sensor control and signal conditioning electronics circuitry operating within a
hermetically sealed nonferrous container. A suitable power delivery scheme must be
capable of driving the electronics for an extended period of time and or be capable of
being switched on/off in order to minimize power consumption when the SCI electronics
are not required for acquiring data. The power source must deliver +5VDC @ 3mA
continuous, ±5VDC @ 12mA pulsed (20ms and 1Hz sample rate), and +7VDC @ 7mA
pulsed (20ms and 1Hz sample rate). An acceptable power source should also be self-
contained, small in size, require minimal maintenance, and possess a long stand-time
capability.

A major design constraint placed on the power source is that breaching of the canister
boundary is not permitted. This immediately excludes energy coupling to the internal
electronics through wire or fiberoptics from an external source. A self-contained power
source placed within the canister, such as a battery, would be capable of supplying the
required power; however, a battery is not considered a viable option in this particular
application for several reasons. First, most batteries have a finite stand-time capability
and must be periodically recharged. Second, batteries have a relatively large, albeit finite,
amount of stored energy which is present at all times until it is discharged which is an
undesirable characteristic for the proposed SCI application.

Since the power source must be self-contained within the canister and have minimal
long-term energy storage capability, it is reasonable to conclude that the power source
must be a field-coupled power converter device. One possible approach is to couple
energy magnetically/inductively as with a transformer.

To develop the magnetic/inductive power-coupling source, several observations are
made. First, this particular application will involve the use of a high loss transformer that
has no yoke to assist in magnetic flux guidance between the primary and secondary coils.
Second, a gap will separate the primary and secondary coils by a distance at least equal to
the thickness of the canister boundary. Third, the canister boundary will have an
attenuation factor for the magnetic flux that will be a function of frequency due to eddy
current generation. Fourth, the magnetic flux must be confined to a region near the coils
in order to prevent disruption of any nearby circuitry.

The fact that a high loss transformer will be used is governed by the physics of the
application; however, certain losses can be minimized with the use of a ferrite pot core
around the primary and secondary coils which will assist in magnetic flux guidance. The
use of the pot core will also assist in confining the flux to a region near the coils since pot
cores are inherently magnetically self-shielding. If the coils' axes are coincident or nearly



coincident, then almost all of the magnetic flux will be confined between the volume of
the pot cores reducing the possibility of flux linkage to nearby circuitry.

The canister boundary material does present an attenuation factor, but it too can be
minimized. If the frequency of the primary coil driver can be kept relatively low, the
surface currents can be maintained at a negligible level. This relates to a boundary that
appears essentially “transparent” to the magnetic field. Transparent in this context means
that the boundary thickness affects the magnetic coupling just as a comparable air gap at
the chosen drive frequency. Therefore, the driving attenuation factor is the total gap
between the transformer coils, which is primarily defined by the boundary thickness.

It was determined for this particular application that a transformer dedicated to power
transfer and a separate much smaller transformer dedicated to data coupling would be
designed. This single-use approach allows each transformer to be optimized for its
intended use without compromising the design for secondary applications.

PSPICE was employed to assist in the design of the power transformer. A first-order
computer model for a lossy transformer using a 3019 pot core was designed and
incorporated into a PSPICE schematic, which was then simulated and optimized. The
result was a baseline transformer design requiring 68 turns on the primary, 550 turns on
the secondary (turns ratio of 1:9.483) operating at ~4.5kHz drive frequency. From the
input voltage, output voltage, input current, output current, operating frequency, and
number of turns requirements, it was determined that a physical transformer could be
constructed to meet the electrical requirements and also fit into the 3019 pot-core
assembly.

DESIGN CHARACTERIZATION

The test setup used to characterize the power-coupling transformer consists of a 1′x 1′x
0.060″ type 304 stainless steel (SST) plate mounted vertically to a horizontal type 304
SST plate having the same dimensions, refer to Figure 2. The transformer primary coil
and pot core assembly is mounted to the geometric center of the vertical plate using a
double-sided adhesive tape. The secondary coil and pot core assembly is mounted to the
opposite side of the vertical plate in a similar fashion with an attempt made to maintain
axes coincidence between the coils. An assumption made using this setup is that the 1′x
1′ surface area of the vertical plate appears as an infinite area conductive plane to the
transformer. This permits fringing effects of the electric flux to be neglected.



Figure 2: Transformer Characterization Setup

Transformer characterization data indicates that the power coupling efficiency as a
function of coil separation behaves as expected with an approximate 1/d2 dependency.
Overall power coupling between the transformer coils is essentially equivalent for an air
gap spacing and a stainless steel spacing between the coils. This data verifies the
assertion that the selected conductive boundary would appear essentially transparent to
the magnetic flux at the desired frequency of operation.

Data collected with respect to the use of the pot cores supports the assertion that magnetic
flux is contained within the volume of the pot cores. Axial displacement of the coils
resulted in a very fast roll off of the power coupling efficiency. It was also determined
that the presence of the pot cores is critical in order to maximize the power coupling
efficiency between the coils. Data indicates that the power coupling efficiency is
increased by a factor of ~6.3 with the use of the pot cores.

An optimal transformer drive frequency equal to ~9.5kHz was determined empirically.
This is compared to the 4.5kHz drive frequency suggest by the PSPICE simulations and
optimization. The discrepancy between the simulated and empirical drive frequencies can
be attributed to the simulated drive frequency being a local maximum for the PSPICE

optimization software. This is verified empirically in Figure 3.

Characterization data suggests that increasing the duty cycle of the drive signal
corresponds to an increase in power coupling efficiency, within limitations. Peak power
coupling efficiency appears to be attained with a 9.5kHz @ 30% duty cycle drive signal.
Increasing the duty cycle beyond this point is detrimental to the efficiency since the pot
cores are probably saturated due to the increased DC magnetic field. This data suggests
that duty cycle is a variable that can be adjusted to increase the power coupling efficiency
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to compensate for physical losses introduced in a real application such as axial
misalignment of the coils.

Power Coupling Efficiency vs Frequency/ Average Output Power vs 
Frequency (10% Duty Cycle Rectangular Pulse)
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Figure 3: Power Coupling Efficiency vs. Frequency and Average Output Power vs.
Frequency for 10% Duty cycle Drive Signal attached to the Transformer
Characterization Setup.

BENCH DEMONSTRATION CONFIGURATION AND ANALYSIS

The next logical step is to determine if the transformer can be used to couple power into a
sealed nonferrous conductive canister. A type 304 vacuum tube nipple is used to
implement a fully enclosed, cylindrical SST test canister. The endplate flanges are
machined to permit hardware attachment and proper spacing between the transformer
coils; however, no holes go all the way through either of the endplate flanges or the walls
of the cylinder. A copper gasket is used to make a conductive seal between the endplate
flanges and the vacuum tube nipple to ensure an electromagnetic seal of the canister,
refer to Figure 4.

Experiments similar to those conducted during transformer characterization were
performed but only “spot check” measurements were obtained as can be seen in Figure 5.
Note that the SST boundary thickness for the sealed canister tests were 0.1”, while the
bulk of the testing with the SST plate was at 0.06”. Acquired data indicates that the peak
power coupling efficiency is still obtained with a drive frequency of ~9.5kHz. The
observed decrease in the power coupling efficiency with respect to the flat plate
characterization data is expected since the spacing between the coils has been nearly
doubled.



Figure 4: Sealed Test Canister

Power Coupling Efficiency vs. Frequency/ Average Output Power vs. Frequency 
(10% Duty Cycle Rectangular Pulse; 0.10" Thick Endplate; 2.5k Resistve Load)
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Figure 5: Power Coupling Efficiency vs. Frequency and Average Output Power vs.
Frequency for a 10% Duty Cycle Rectangular Drive Signal through a 0.10”
thick endplate attached to the Demonstration Canister

MAGNETIC COIL DATA COUPLING

The SCI Instrumentation System relies on magnetic coupling of the data through a
transformer. The serial data stream originates inside the SCI Instrumentation System at
the micro-controller, refer to Figure 6. Data is coupled through a pair of transformer pot
core coils mounted on the inside and outside surfaces of the canister, refer to Figure 7.
Only a few µwatts of modulated signal power are required for data detection outside the
canister (as compared to 10 milliwatts required for the power coupling). Thus a smaller
transformer pot core was chosen, with the coil driven by a standard CMOS logic gate.
One consideration in the selection of the data modulation frequency is to maintain
adequate separation from the 9.5kHz power coupling frequency. A local resonance in the
data coupling coils was identified at 250kHz, which was deemed to have adequate
separation from the power coupling frequency. The 150 kHz high-pass filter was added to



reject the 9.5 kHz power modulation from the data detection circuit. The transformer
design and modulation parameters for the data coupling were chosen on the basis of a
few simple laboratory observations and could be optimized for specific applications using
PSPICE simulations and optimization.

A simple Amplitude Shift Keying (ASK) data modulation scheme was chosen for
simplicity in implementation and low power operation. A serial data stream modulates
the 250kHz carrier onto the coil for logic high, while the carrier is keyed off for the logic
low (or mark) condition. Significant power (2.5 ma) is drawn only when logic high is
being driven onto the coil, while the inactive power consumption is negligible (a few
µamps). The drive-side circuitry inside the canister is based on CMOS digital logic,
which can drive adequate current into the coils. The data receiver is a simple envelope
detector with a differential amplifier connected to the coils to minimize common mode
coupling. The output of the threshold detector was buffered to RS-232 level for
connection into a laptop computer for the bench demonstration. This modulation scheme
could also be used with a continuous pulse code modulation (PCM) bitstream if that type
interface were preferred.

Serial Data from Controller
(9600 baud)

250 kHz
Oscillator

Highpass Filter
fc = 150 kHz

Diode
Rectifier

Lowpass Filter
fc = 20 kHzThreshold

Serial Data
Received

(9600 baud)

-
+

Differential Amp
Gain = 100

Inside CanisterOutside Canister

Data Coils

1/10" Stainless
Steel Wall

Figure 6: SCI Instrumentation System Data Coupling

Figure 7: Position of Data and Power Coils
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BIT ERROR PERFORMANCE

The SCI Instrumentation System data coupling design was fabricated and tested for bit
error performance through stainless steel canister walls of varied thickness. Since the data
stream includes error detection based on an 8-bit checksum, the bit error tests were
straightforward to perform. The laptop data interface computer software implemented the
error detection diagnostic continuously as the data streamed in through the canister wall.
A known data test pattern was used to create the bitstream on the data modulator input.
This bitstream was transmitted through the plate, while the laptop computer received the
data and checked for bit errors. The received signal power did vary considerably as the
canister wall thickness was varied from 0.05” to 0.15”. And, it was necessary to decrease
the baud rates to achieve good error performance through the thicker plates (see Table 1).
For each of the experiments listed in Table 1, the probability of bit error was verified to
be better than 1.0E-06. These tests demonstrate data coupling through plates up to 0.15”
thick at relatively high transmission rate. It seems likely that data coupling is possible
through even thicker plates at lower data rates.

Table 1: SCI Data Coupling Bit Error Performance

Canister Wall Thickness 0.05” 0.1” 0.15”
Maximum Tested Data Rate 19.2kbaud 19.2kbaud 2.4kbaud

CONCLUSION

To prove the feasibility of the sealed canister instrumentation (SCI) concept, prototype
hardware was developed for a bench demonstration. The demonstration proved that
adequate power can be coupled into a sealed nonferrous canister to operate
instrumentation circuitry. Refer to tables 2, 3 and 4 for a description of the capabilities of
the bench demonstration hardware instrumentation and magnetically coupled power
supply.

At the outset of the project, it was assumed that the dominant limitation to
instrumentation performance and complexity would be the amount of power coupled into
the canister. However, it was demonstrated that a more than adequate amount of power
was available for the specific application. The limiting factor became the time response
of the circuitry and sensors to power management. Most off the shelf circuitry is not
designed to be powered on and off rapidly.

Future developments for sealed canister instrumentation may include a search for low
power electronics and sensors that have an improved power up response, extension of the
application to ferrous materials with ultrasonic coupling devices, and development of the
magnetic coupling models to optimize power coupling efficiency given a specific load.



Table 2: Demonstrated Instrumentation Capabilities.

Number of Channels: 8 channels: Analog Strain Gauge

8 channels: Component Temperature

4 channels: Voltage Diagnostics

Sampling Rate: 1.0 to 8.0 sam/sec/chan

Strain Measurements ± 500 µstrain
1% accuracy

10 bit resolution

Temperature Measurements 0 to 70° C

± 1.0° C Accuracy
8 bit resolution

Power Required 2.0 mA @ 5Vdc (continuous 1sam/sec)

Table 3:  Power coupling specifications.

Canister Wall 0.1” stainless steel

Power Coupling Magnetic/Transformer

Power Transformer
Primary(internal)   = 68 turns

Secondary(external) = 550 turns

Pot Core Size 1.2” O.D. By 0.37” high

Power Modulation Frequency 9.5 kHz

Primary Power Input
12 Vdc @ 0.2 A(avg)

30% duty cycle

AC Coupling Efficiency 13% (unconverted secondary power)

Table 4: Data coupling specifications.

Canister Wall 0.1” stainless steel

Data Coupling Magnetic/Transformer

Data Transformer
Primary   = 60 turns

Secondary = 120 turns

Pot Core Size 0.55” dia. by 0.17” high

Data Modulation
ASK (UART format)

250 kHz Carrier

Data Rate 9600 baud

Probability of Bit Error Less than 1.0E-06


