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Directional motion of an aircraft in flight is described in terms of pitch, roll and yaw.  The state of an aircraft’s pitch, roll and yaw taken collectively is referred to as the aircraft’s attitude.  The chip which is analyzed in this paper is the heart of a solid-state sensor used to measure angular rotation rates.  Three such sensors can be used as the sensing elements for pitch, roll, and yaw.  Heat diffusion into the sensor is found to be the major cause of the sensor error.  By modeling heat diffusion, the real time temperature of the chip can be inferred from the sensor case temperature.  Our recommendation is to implement a software module which calculates the real time temperature of the chip using this model.  The correct bias reading can then be found using steady state data stored as a lookup table.
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1.  Introduction

Directional motion of an aircraft in flight is described in terms of pitch, roll and yaw.   Pitch is the angle of the aircraft’s long axis in relation to level flight, that is, pitch describes whether the aircraft’s nose is generally pointing up or down [Christy].  Roll is the motion of the aircraft around its long axis, as when one wing rises and the other falls [Knerr].  Yaw is the angle of the plane’s long axis relative to its direction of motion and may be caused by more drag on one wing than the other [Taylor].  The state of an aircraft’s pitch, roll and yaw taken collectively is referred to as the aircraft’s attitude.

Because it is impossible for a human to detect all of the motion of an aircraft in flight, mechanical instrumentation is used to graphically represent the pitch, roll and yaw movements of the aircraft.  This instrumentation is referred to as an attitude indicator [Webb].

The relative position of the horizon is extremely important to a pilot in flight.  The horizon is the pilot’s fixed reference.  However, inclement weather or other conditions may obscure a pilot’s view of the horizon.  In such cases, the attitude indicator can provide a graphical representation called an artificial horizon [Svatek]. 

The attitude indicator like, any mechanical device, is subject to errors.  For example, temperature variations  adversely affect accuracy.  Variations in normal operating temperatures can be responsible for instrument errors which could prove disastrous for flight on instruments.

The sensor which will be analyzed in this paper (referred to hereinafter as Chip I) is a turn-rate sensor used for attitude indication.  It is a solid-state sensor that measures the angular  rate of change of pitch, roll and yaw.  It utilizes a monolithic, vibrating quartz tuning fork sensing element.  Rotational motion about the sensor’s sensitive axis produces a DC voltage proportional to the rate of rotation as shown in Figure 1. 
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Figure 1.   Functional outline of  the sensor

With no compensation, this sensor typically has a static error (bias) of 60 to 300 degrees per hour.  This rate of accumulating error would prove fatal to a pilot who found it necessary to rely on such sensor-driven instrumentation for a prolonged period.  (Within an hour the aircraft could be inverted or retracing its path!)  The error in Chip I is dominated by bias drift with temperature.  The goal of this work was to reduce the bias drift to 8 to 12 degrees per hour by characterizing the sensor bias temperature dependence.  This goal can be reached by modeling the relationships between the temperatures of the sensor and its case.

This paper describes the approach taken to reach the stated goal of locating and correcting the systematic bias drift of the sensor.  Data  gathered from an earlier sensor model (referred to here after as Chip II) suggested a hysteresis effect.  However, when data from Chip I was obtained and analyzed, the original hysteresis hypothesis was found to be incorrect.  Instead, a heat diffusion model was applied and found to be sufficient in reducing the bias drift to within an acceptable range. 

2.  Experimental Data From the Earlier Sensor

Initially bias versus temperature data from Chip II was obtained and evaluated since experimental data from Chip I was not yet available.  Chip II also incorporates a quartz rate sensing element, as in Figure 1, but with better long-term and short-term bias stability.  The graphs plotted from this data are shown below in Table 1.  Because of the “loops” in the graphs, where bias change with increasing temperature does not track bias change with decreasing temperature, it was initially postulated that the bias error in the chip was due to hysteresis.
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Figure 2.  Temperature and bias voltage of Chip II

3.  Hysteresis

Hysteresis is a “delay in the production of an effect by a cause” [Webster’s].  Hysteresis is a  phenomenon not completely understood in all its manifestations.  The term is loosely applied to a broad category of observed effects where internal mechanisms appear to have an effect on the expected results.  Hysteresis, by this loose definition, appears in the fields of sociology, biology, chemistry and physics.  It is not apparent whether or not the hysteretic property is present in the chip.  Because hysteresis is a systematic error, it may display characteristics similar to, or it may be masked by, other systematic errors, such as drift.  [Croarkin]

The most common context for discussion of hysteresis seems to be with regard to ferro-magnetic materials.  It is hysteresis which causes ferromagnetic materials such as iron to retain their magnetization after a magnetic field has been applied and removed.  In this sense, ferromagnetic substances are said to have “memory” [Serway].  It is within this context that the concept is most intuitively grasped.  

When a ferromagnetic material is magnetized, some of the domains are driven beyond the point at which the changes are reversible. Then, when the imposed field intensity is decreased to zero, the material retains some degree of magneti​zation.  If the coil current that produces the imposed field is slowly cycled be​tween maximum values in either direction, the corresponding values trace out a closed curve which is called a "hysteresis loop". The phenomena of magnetic hysteresis is very complex, and it is not yet fully understood, despite the many attempts which have been made to develop mathematical models of it for ferro​magnetic and ferrimagnetic materials. [Kehoe and Spekkens]

Figure 1 shows  three graphs, each with two branches with identical start and end points, but each pair of branches themselves will not intersect at any other point.  Because Figure 1 reveals hysteresis-like loops, it was at first hypothesized that hysteresis was causing the change in bias drift.  Upon further thought, and after obtaining additional data, we were led to an alternate explanation employing the simple heat transfer, without  appeal to  hysteresis.

Although there is still a  possibility that the chip exhibits hysteresis, the bias error can be greatly reduced by applying a diffusion model correction as we now explain.

4.  Experimental Data From Chip I

Three different experiments were conducted to ensure the stability of the sensor and to obtain the necessary information for our investigation.  Experiment 1 (consisting of two parts) showed that the sensor behaves consistently under the same conditions.  Experiment 2 was designed to examine the effect of the rate of change of temperature.  Experiment 3 obtained sensor readings of steady state (‘soak’) temperatures

Experiment 1:  To ensure that the sensor behaves consistently, each of the two parts of this experiment was repeated three times.  In the first part of this experiment  the sensor was stabilized   at room temperature (22° C), then placed in an oven and the temperature of the oven was raised to 70° C.  Then the sensor was cooled to room temperature.  In the second part of this experiment the sensor was again stabilized at room temperature, but then was cooled to -40° C and finally returned to room temperature.  Sensor readings were taken every minute during the heating and cooling process for comparison.

Experiment 2:  The rate of change of temperature is varied.  First, the temperature was raised from -40° C to 70° C at a rate of  0.5° C per minute.  The same experiment was repeated two more times with the temperature being raised at a rate of  1° C per minute and  2° C per minute.  Then three similar cooling iterations of this  experiments were done.  The temperature started at 70° C and was then cooled to -40° C using the three different rates stated earlier.  

Experiment 3:  Steady state data was obtained.  Once again the sensor was placed in an oven at room temperature.  Then, the temperature of the oven was raised in increments of 10° C.  The sensor reading was taken when the sensor and oven temperatures reached equilibrium.  This process ensured that sensor readings did not depend on temperature increasing or decreasing, thereby eliminating the apparent hysteresis.  This process was repeated until the sensor reached a temperature of 70° C.  A similar iteration of this experiment was done to obtain steady state (‘soak temperature’) information while the sensor was cooling.

5.  Heat Diffusion

After studying the results of the data obtained from Experiments 1-3, it was apparent that heat diffusion into the sensor could explain the bias drift error without an appeal to hysteresis.  The heat diffusion equation models heat conduction in  uniform materials and other diffusion processes [Springer].  Consider the classical  heat equation,  
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 [Strang].  Imagine a homogeneous rod of  length L and uniform cross sectional area. The lateral surface of the rod is insulated so that no heat can escape from the surface.  Under these conditions the heat equation will accurately model the conduction of heat along the rod [Edwards].  

This physical situation is similar to that of  Chip I.  The quartz element in Chip I is enclosed in an aluminum case.  When heat is applied to the aluminum case, the temperature of the outer surface of the case will rise much more quickly than that of the quartz chip.  This is the source of  the bias drift error. 

Imagine that an aircraft has been sitting outside where the temperature is –30° C.  Thus, both the aluminum case and quartz sensing element are at a temperature of –30° C.  The pilot starts the plane’s engines and the surface temperature of the aluminum sensor case begins to increase due to cabin heat. But there is thermal delay as heat diffuses into the sensor.  Hence when case temperature is used in the algorithm that corrects for sensor bias, an inaccurate bias correction is applied to the sensor output.  The classical heat equation can be employed to predict the actual, real-time temperature of the quartz sensor within the case [see Appendix A].  Heat will diffuse into the Chip I case  in a manner similar to heat diffusion along a rod.  

6. Lumped Circuit Model

The analytic expression found to describe heat diffusion into Chip I is computationally prohibitive [see Appendix A].  To facilitate ease of calculation the distributed phenomenon is approximated by a lumped RC circuit (see Appendix B).


By a famous observation of Kelvin, heat diffusion can be modeled by a cascade of infinitesimal RC sections [MacCluer, 1994].  However, in this application a cascade of three resistors and three capacitors was found to be sufficient  The heat diffusion solution thus estimated provides an accurate approximation of the real-time temperature of the quartz sensing element which can then be employed to improve subsequent bias corrections.

7. Incorporating Thermal Lag

Currently,  output from Chip I is collected using the temperature of the aluminum sensor case.  This collection method  produces a systematic error.  A model which compensates for this bias can be designed using  the temperature of the quartz sensing element itself, rather than  the temperature of the case.  The bias can be more accurately estimated when the real-time temperature of the quartz sensing element is known (based on the heat diffusion solution).


The actual temperature of the quartz sensing element can be approximated by  the heat diffusion model found in Appendix B.  The processing following Chip I can utilize this real-time temperature.  When the temperature of the aluminum case is read, the corresponding chip temperature can be calculated—this process corresponds to the Thermal Delay Model block in Figure 3.  The corresponding bias voltage can subsequently be read from the polynomial lookup table (see Figure 3) derived from Experiment 3.


The third experiment described in Section 4 obtains what is called steady state data, data without any thermal lag.  Once the steady state data is known, a polynomial is fit to its plot.  This polynomial is stored as a lookup table.   The correct sensor bias reading for a given  steady-state temperature is found in this table.


In summation, the temperature of the Chip I case can be used to infer  the actual temperature of the quartz chip via the RC circuit approximation of the heat equation.  Next, the appropriate bias correction for this temperature can be found in the polynomial lookup table derived from the steady state data found from Experiment 3.  This process will improve the accuracy of the bias estimation of Chip I by accounting for the thermal lag between the aluminum case and the quartz sensor.

8.  Recommendations

The correction for bias drift of Chip I can be substantially improved by allowing for the transient diffusion of heat into the case. (See Appendix C for possibilities of further improvements.)  A thermal delay software module should be inserted between the analog-to-digital (A/D) converter and the polynomial lookup as in Figure 3. This added block accounts for the dynamic diffusion of heat into the sensor.
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Figure 3.  Insertion of a thermal delay software module
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Appendix A.  Heat Diffusion Model

In this heat diffusion model the rod is driven at the left end and insulated at the right.
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First the step response of this  system must be found. Then, the impulse response of the system can be calculated by means of the Heaviside Method [MacCluer, 2000]. Finally, we calculate the sensor output as a convolution of impulse response of the system and input f(t).

We will calculate the step response of the system. Our conditions are
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After  the substitution 
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the above PDE and conditions i), ii) and iii) become
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By imposing the conditions, we get
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The step response of the system is therefore
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The impulse response p(t) of the system is obtained by taking the generalized derivative of the step response:
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Finally, the response y(x,t) of the system to f(t) is therefore the convolution of f with the impulse response p(t):
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As a result, the sensor output (at the right end) is
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Appendix B.  Lumped Circuit Model
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In our PDE model, we used the heat equation. It is possible to replace the heat equation by the RC circuit approximately as shown in the figure.

In this section, we find the response T(t) of this lumped system where f(t) represents the outside temperature versus time. 

Figure 4.  RC circuit model for heat equation

T(t) shows the delayed temperature inside the sensor. To find the temperature inside of the sensor, the input f(t) will be convolved with the impulse response of the RC circuit, giving T(t).

Let us write our circuit equations in the frequency domain:
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Then, multiply each side of the equations by R to obtain
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i.e.,
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Substitute this into equation (5) to obtain
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(8)

Substitute V1 and V2 found in equations (7) and (8) into equation (4).
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Set 
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, the reciprocal of the time constant. Rewrite equation (9) as
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The following gives us the impulse response H(s) of the RC circuit in frequency domain:
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(10)

To find the impulse response in time domain, transform the frequency domain equation (6) to time domain.

h(t)=0.19384(e-3.247(t-0.43556(e-1.555(t+0.24172(e-0.19806(t

= ( (0.19384e-3.247(t-0.43556e-1.555(t+0.24172e-0.19806(t)



(11)

As a result, equation (10) gives us the impulse response of the RC circuit in time domain. To obtain T(t), h(t) is convolved with the input f(t),

viz.,  T(t)=f(t)*h(t)=
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Appendix C.  Future Work

In this project, we have  concentrated on time history and thermal lag only.   The following items are additional issues which may be addressed with the possibility of further reducing the bias drift of the sensor.

•  Low frequency noise

All of the data files contain noise. One noise component appears at a low frequency,  i.e. with a period of about 20 minutes.   This may be the result of the juxtaposition of two related effects.  The first effect is the possibility of interference between the tuning fork oscillation frequency and the A/D sampling rate (which are in the same frequency range) resulting in a 'beat' frequency. Regardless of how careful the sensor design is, some tuning fork noise will appear in the sensor output. A related issue is the time-frequency width of the A/D sampling window. Either is capable causing a problem by itself or with the thermal delay effect discussed next. 

•  Oscillator frequency variation with temperature

The separate oscillators which control the tuning fork and the A/D converter will have frequencies that vary with temperature. Almost certainly these will not drift in the same way, therefore any 'beat' interaction will be temperature dependent. These effects are not likely to be software correctable --- they are most probably hardware design issues.

•  Temporal temperature gradient

Bias can also be a function of time gradient of temperature (time derivative). An experiment could be done to find the relation (if there is one) between bias and time gradient of temperature.

•  Spatial temperature gradient

Thus far the temperature of the aluminum case was assumed to be constant.  However, this may not be an accurate assessment.  One side of the aluminum case may heat faster than the other due to its location or other physical circumstances.  Experiments could be done to evaluate whether there are indeed variations in the aluminum case temperature at any given point in time and what effect these variations have on bias drift.

•  Difference in behavior between the yaw sensor and the roll and pitch sensors  

As can be scene from Figure 5, the yaw sensor behaves differently from the roll and pitch sensors. This may be explained by the fact that the sensitive axes of the roll and pitch sensors are in the plane.  Whereas  the sensitive axis of the yaw sensor  is perpendicular to the plane.  Experiments could be formulated to verify if this is indeed the case. Understanding the cause of this behavior may lead to further improvements in Chip I.
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Figure 5.  Comparison of pitch, roll and yaw sensors
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