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Introduction:

In order to understand many of the instruments used to measure the weather, you must have a working knowledge of basic electronics.  For example, several thermometers rely on a change in resistance with temperature.  Data loggers, which record the output from sensors, generally need a voltage from the sensor.  A change in resistance with temperature can be turned into a measurement by putting a temperature-dependent resistor in a circuit and sending the resulting voltage to the datalogger.  Since the voltage depends on the resistance, which depends on the temperature, the voltage can be converted back into a temperature.

In order to understand the basics of electronics, we will reproduce some of the most basic circuits.

Throughout this lab, you will be constructing circuits.  

We will be using a multimeter to measure voltage, resistance, and current in our circuits.  There are two leads to the multimeter; the red is positive and the black is negative.  There are a few things to keep in mind when using a multimeter:


To determine voltage, the multimeter is connected in parallel with the circuit so that the voltage across it is equivalent to the voltage across the circuit.  Ideally, the multimeter should have infinite resistance such that no current flows through it.  The positive lead should be connected to the end of the circuit at the higher potential, and the negative terminal to the low-potenial end.


To determine resistance, the multimeter is connected in parallel with the resistor or circuit.


To determine current, the multimeter must be connected in series with the circuit.  The ideal ammeter has zero resistance so that it does not change the current in the circuit.  Because of this, connecting the multimeter in parallel with the circuit when measuring current can seriously damage the multimeter as large current is produced in the zero resistance path.  Please do not do this!
We will be using 'breadboards' to construct our circuits.  These are special boards designed to make circuit-building easy and eliminate the need for soldering wires together.  We can simply plug in resistors or wires anywhere we want and the board connects them for us.  The trick is knowing which holes are connected and which are not.  To figure this out, we do a 'continuity check' with our voltmeter.  Put the voltmeter on the setting that looks like a sound symbol.  Check to make sure your power supply is off.  Then connect any two points on the board.  When there is nearly zero resistance between two points, i.e., when the points are connected, a tone will sound.  Use this technique to determine the pattern of connections on the board and make a sketch of this pattern in your lab book.
Resistance

Please read the Electronics Fundamentals discussion of the rules for combining resistors in series and in parallel.


The first thing we will do is simply measure the resistance of a resistor.  To do this, simply insert its ends in the breadboard and connect the leads of the multimeter across the resistor.  Record the resistance in your lab book.


To connect circuit elements in series, we simply put the end of one element and the beginning of the next element in a row of holes that are connected.  Connect two resistors in series on your breadboard.  Measure the resistance across both of them and then across them individually.  How does the total relate to the individual measurements?  Does the result make sense based on the discussion of equivalent resistance for resistors in series?  

Effective resistance is different when resistors are in parallel rather than in series (see the handout on Electronics Fundamentals).  We can connect two circuit elements in parallel by inserting the beginnings of both in holes that are connected and the endings of both in other holes that are connected.  Connect the previous two resistors in parallel on your breadboard.  Measure the resistance across each of them.  Does this value make sense based on the discussion of equivalent resistance for resistors in parallel?
Voltage

Please read the Electronics Fundamentals discussion of Kirchoff’s Voltage Law.

To study voltage, we will apply a power source to closed circuits.  These power supplies convert AC power into DC power with variable voltage.  The voltage settings on their scale are approximate, depending on the load applied by the circuit, so you must measure the voltage from the supply each time in order to have an accurate value.  You can measure the total voltage by setting the multimeter in the VDC mode and inserting the red lead into the red connection on the breadboard and the black lead into the black connection.  You must redo this each time you change the circuit.  Do this now to determine the voltage when there is no load.

In order to supply power to our circuit, we must link it to the red and black connectors which are linked to the power supply.  In your continuity check, you noted that the rows along the top of the breadboard are aligned in a different direction than the rows in the middle of the board.  The rows along the top are generally used for power while the middle rows are used for the circuit elements.  We design our circuit on the middle rows and then connect it to the power rows using wires.  To look at voltage across a resistor, place your resistor so that its two legs are in different breadboard rows.  Connect a wire from the positive power row at the top to the row containing one leg of the resistor and connect a wire from the ground row at the top to the row containing the other leg of the resistor.  This will give you a complete circuit (as in Fig. C.1a in the Electronics Fundamentals section at the end of this lab).  Now turn on the power supply and measure the total voltage at the terminals.  Measure the voltage drop across your resistor.  Does this value make sense? 

When resistors are placed in series, the voltage is divided between them, and we call this circuit a 'voltage divider' (as in Fig. C.1b in the Electronics Fundamentals section at the end of this lab).  Voltage dividers are used extensively in instrumentation.  To see how the voltage is divided, take two resistors of different value, place them in series on the breadboard, and connect the power across them as in the previous step.  Measure the voltage across the entire circuit and then across each resistor.  Does this validate Kirchoff's voltage law stated in the Electronics Fundamentals section at the end of this lab?

Place two resistors in parallel on the breadboard, connect to the power, and measure the voltage across each of them (as in Fig. C.1c in the Electronics Fundamentals section at the end of this lab) and across the entire circuit.  How does this validate Kirchoff's voltage law?

Current

Please read the Electronics Fundamentals handout regarding Kirchoff’s Current Law and Ohm’s Law.

We will now use the previous circuits to validate laws governing current flow.  Put your multimeter in the 400mADC mode.  Remember, when measuring current, the multimeter must be in series with the circuit!  

We begin with the single resistor circuit.  Place your multimeter in series with the resistor, connect this circuit to the power rows, and record the current.  Check that your measurement verifies Ohms's Law (you will need to measure the total voltage in the circuit as well as the resistance).
When resistors are connected in series, the current through each of them must be the same in order that charge is conserved.  Place two resistors in series and measure the current before the first resistor, between the two resistors, and after the second resistor.  How does this relate to Kirchoff's current law?

Now connect the resistors in parallel.  Measure the current through each branch by placing the multimeter in series with each of the resistors.  Then measure the current before the resistors and after the resistors.  Does this validate Kirchoff's current law?

The Potentiometer:
It should be clear that we can increase resistance by connecting resistors in series.  Imagine, then, that we had one large resistor and we were able to have our circuit use some or all of it depending on where along this resistor we connected our circuit.  We could, in effect, break the resistor into two parts by including only a portion of it in our circuit.  This is the principle behind the potentiometer.  We can slide our connection along this resistor and obtain a resistance between zero and the value of the entire resistor.  When this is connected to power in a circuit, the voltage taken from our connection point to ground will be a certain fraction of the total voltage depending where our slide is.  At one end, the potentiometer will have almost no resistance which leads to very high current.  To avoid this, we put another resistor in series with the potentiometer so that there is always some appreciable resistance in the circuit (as in Fig. C.3).  As you can imagine, circular potentiometers are very useful for wind direction measurement such that voltage varies as the wind vane rotates and moves the slide.


To become familiar with the way the potentiometer works, first have one person hold it while another measures the resistance.  You will notice that there are three leads.  The leads on the far sides represent the ends of the total resistor.  Measure and record the total resistance of the potentiometer using these leads.  The lead in the middle represents the slide or 'wiper arm' which divides the resistance into two pieces.  Measure the resistance between the middle lead and each of the other leads.  Do the numbers make sense?  Turn the small dial on the side of the potentiometer to move the slide and redo your measurements.  How have they changed?

Let's see how this could be used to give us a variable voltage based on how far the dial is turned.  Connect the potentiometer in series with another resistor and connect to the power to complete the circuit (as in Fig. C.3 in the Electronics Fundamentals section at the end of this lab).  Measure the voltage drop between the slider arm and ground.  Observe the change in voltage as you turn the dial.  Give a short explanation for the voltage change.

Summary:

The goal of this lab was to introduce the basic concepts of circuits and review all of the fundamental laws of circuitry.  Please write a one page summary of what you learned in this lab and summarize the relevant circuit laws.

Electronics Fundamentals

Taken from Meteorological Measurement Systems, F. V. Brock, University of Oklahoma.


Some simple circuits with only resistor elements are shown in Fig. C-1.  In this figure, electrical resistance is designated R and the appropriate unit is the ohm, (.  The performance of resistors can be expressed in terms of resistance value and precision (e.g. 1000 ( ±5%), stability and temperature coefficient.  All resistors have some temperature coefficient.


The voltage symbol is V (E is sometimes used) and the measurement unit is the volt, V.  Voltage is sometimes called the potential difference or electromotive force (EMF).  The source of the voltage applied to a circuit may be a battery, a generator or solar cells.


The current symbol is I (sometimes i).  The unit is the ampere or amp (A).  Current is said to flow from high voltage (positive) to low voltage (negative) even though electrons actually flow from negative to positive.

[image: image32.wmf]Fig. C- 1 Illustration of circuit fundamentals.


Ohms's law.  The voltage across a resistor is related to the resistance and current by V = IR.  In Fig. C-1(a) this becomes V2 - V1 = IR.


Kirchhoff's current law.  The sum of all currents into a node or point equals the sum of currents out; this is a statement of conservation of charge.  In C.1(b), the current  through R1 is I1 and must be equal to the current through R2 which is I2 since the current flowing from V1 to V2 must also flow from V2 to V3.  We can replace the two resistors with an equivalent resistor, Re and the current through it must be I.  Application of Ohms's law to this circuit yields IRe = V1 - V3, I1R1 = V1 - V2, and I2R2 = V2 - V3.  From these equations we can determine that Re = R1 + R2 or that resistors in a serial circuit can be added.


Two resistors in parallel are shown in Fig. C-1(c) and, again, they can be replaced by a single equivalent resistor, Re.  According to the current law, the current through Re, I = I1 + I2.  Using I = (V1 - V2)/Re and the equations for I1 and I2, we can determine that 1/Re = (1/R1) + (1/R2) which is the rule for resistors in parallel.


Kirchhoff's voltage law.  The sum of voltage drops around any closed circuit is zero.  The circuit in Fig. C-1(d) has a battery to generate a voltage across the resistors.  We usually measure voltage with respect to ground, an arbitrary reference voltage, which is simply one side of the battery in this case.  The ground point is designated by the symbol below R1.  An alternate ground symbol is shown in C.1(e).  According to the voltage law, the voltage generated by the battery must be exactly equal to the voltage drop across resistors R1 and R2.


Resistors.  The resistance of a piece of material is a function of its cross-sectional area and length.  So we could define the resistivity as ( = RA/L where R is the resistance as before, A = area and L = length.  The unit of resistivity is the ohm meter (1 ( m).  The semiconductors are of special importance because of the way the resistivity is affected by temperature and by small amounts of impurities.

Simple Circuits

We can apply Ohm's Law to resistor R1 in Fig. C-2(a) where V1 - 0 = IR1.  The voltage across R1 is taken to be V1 since the other side of the resistor is tied to ground (0 volts) as indicated by the small triangle symbol.
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Fig. C- 2 A voltage divider is shown in (a) and in (b), a bridge ciruit in (c), and an instrumentation amplifier in (d).


Applying Ohm's Law to resistor R3, we get VR - V1 = IR3 and the current through R3 is equal to that through R1 if no current flows in the branch to V1, which we will assume here.  Then
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(C.4)

and, solving for V1,
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(C.5)

where VR is assumed to be a constant reference voltage.  Since V1 < VR, this circuit is called a voltage divider.  It is used in temperature measurement where R1 might be a resistance temperature detector (RTD) while R3 is a fixed resistor.  In another implementation, R3 is a thermistor, another type of temperature sensitive resistor, and R1 is the fixed resistor.


Another example of a voltage divider is shown in Fig. C-2(b) where, following the above procedure, we find that
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The circuit in Fig. C-2(c) is called a bridge circuit and careful inspection reveals that it is identical to the two voltage dividers in (a) and (b) taken together.  If we take the difference between voltages V1 and V2, using equations (C.5) and (C.6), we get






[image: image6.wmf]÷

÷

ø

ö

ç

ç

è

æ

R

+

R

R

-

R

+

R

R

V

 

=

 

V

-

V

4

2

2

3

1

1

R

2

1



(C.7)

and, in the special case where R3 = R4 = R2, this becomes






[image: image7.wmf].

2

1

-

R

+

R

R

V

 

=

 

V

-

V

2

1

1

R

2

1

÷

÷

ø

ö

ç

ç

è

æ




(C.8)

A bridge circuit is easy to analyze if we take it apart and see that it is just a pair of voltage divider circuits.


The last circuit element in Fig. C-2(d) is called an instrumentation amplifier.  It is sufficient to our purposes to consider that it multiplies the difference between its two inputs by a constant.  This constant is called the gain, G.  The transfer function for the instrumentation amplifier is
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and, if we connect V1 of circuit (c) to V1 of (d) and V2 of (c) to V2 of (d), we get
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(C.10)


An instrumentation amplifier can have fairly large gains, ranging from 1 to 1000, so it is used to amplify the output of circuits, such as bridge circuits, to useful levels.  The input impedance or resistance of an instrumentation amplifier is very high, on the order of 109 ohms.  Therefore, when the voltage divider or bridge circuit output is connected to the instrumentation amplifier input, some current must flow into the amplifier. But the assumption that no current flows into the V1 or V2 branches of the circuit is justified because the resistors used in voltage dividers or bridge circuits is typically less than 103 ( and certainly less than 105 (.  The current flowing into the amplifier must be at least 4 orders of magnitude less than flowing in the voltage divider or bridge resistors.
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Fig. C- 3 A variable resistor (pot) driven by a wind vane.

When a wind vane is connected to a pot (potentiometer, a variable resistor), RP, as shown by the dashed line in Fig. C-3, the voltage output, VD, should be proportional to the wind direction if VR is a constant.  The voltage, VD, must be read by some device, usually a data logger, which presents some load resistance, RL.  This load resistance is the input impedance of the data logger.  Let VR = 1 V and RP = 10 k(.  Assume that the vane moves the pot arm such that VD = 0 when the wind direction Dir = 0( and VD = VR when Dir = 360(.  Actually, the pot is formed in a circular arc such that the ends nearly meet and the vane shaft is co-axial with the pot.  The vane rotates the pot arm (a wiper that contacts the pot resistance).  In this arrangement, it is impossible to have the pot ends meet or, even be very close together.  If this happened, the pot arm would bridge the two ends when the wind direction was from the North and short VR to ground.  Therefore there is usually a 5( gap in the pot, usually oriented to North.  Then the circuit output, VD, will be 0 V for 0( < Dir < 2.5( and for 357.5( < Dir < 360(.  This is called the dead zone of the pot and the data logger interprets 0 V as North.  Since a finite load resistance causes an error, it is useful to have an instrumentation amplifier incorporated into the data logger.
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Introduction:

The static calibration of an instrument is the process of varying an input over the possible range of values while observing the output in a steady-state condition, i.e., when the input has been held steady long enough for the output to stabilize.  This process is continued over the desired range of inputs and the measurements are used to determine the relationship between input and output.

For instruments such as a temperature sensor, this can be a lengthy process.  For a wind vane, however, this process can be done quite quickly and makes provides a good example of a static calibration process.

First, it is necessary to examine how a wind vane works…

A Basic Wind Vane:

A wind vane is a flat plate or airfoil that can rotate about a shaft and, when it reaches a steady-state, is oriented along the wind vector.

Lab 1 examined the use of a potentiometer; you should be able to imagine its usefulness in the case of the wind vane.  We saw that we could vary the resistance in a circuit by connecting the circuit to the wiper arm of the potentiometer and varying the arm's position.  By applying a fixed voltage across the potentiometer and measuring the voltage drop between the wiper arm and ground, we obtain an output voltage that varies as the position of the wiper arm varies.  All that is required in order to measure wind direction is to make the vane change the wiper arm position.  We do this by putting the potentiometer in a circle and connecting the wiper arm to the vane.  As the vane rotates, we get a voltage that varies with wind direction.

A calibration can be done by recording the output (voltage) as the input (wind direction) is varied.  By plotting the value of output and input, we can determine the relationship between them.  Once we decide on the proper relationship (straight line, quadratic, etc…), we can find the best-fit curve using a least squares procedure.  

Notice that the circular resistor cannot be continuous (i.e., there must be a 'gap' or 'dead zone' somewhere).  The vane output exhibits interesting behavior in the dead zone region.  

Procedure:

The wind vane potentiometer is analogous to the potentiometer used in Lab 1.  In this case it is not possible to see the wind vane's potentiometer, but there are three wires that are connected to the three potentiometer leads.  The black and red wires are connected to the far ends of the potentiometer, while the green lead is connected to the wiper arm.  First, connect the black lead to ground and the red lead to a positive voltage (similar to Lab 1) to create a voltage across the entire potentiometer.  Then, measure the voltage difference between the green lead (the wiper arm) and ground.

1. To determine the voltage across the entire potentiometer, connect the digital multi-meter (DMM) in the VDC (used to measure direct current voltage) setting to the black and red leads of the wind vane and record the reading. 

2.  Now connect the DMM in the VDC setting to the green and black leads.  This will give the voltage drop from the wiper arm to ground. We must first align the vane correctly.  We would like the voltage to vary from 0 to the full-scale voltage as the vane rotates from 0 to 360.  Thus, 180 degrees should give an output voltage that is 1/2 the full-scale voltage.  To ensure this, align the vane with 180 degrees and rotate the base of the vane until the output voltage is one-half the full value you recorded in part 1.  Then tighten the clamp on the base (be careful not to rotate the base as you tighten it). 

Measure the voltage drop for the following angles by aligning the wind vane with the polar coordinates on the base.  (In this respect you serve as the reference instrument). Then make extra readings in the dead zone as indicated):

Input Angle (degrees) (xin)
Raw Output V (volts) (yi)
Calibrated output (degrees) (
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3.  Create a plot voltage on the y-axis and wind angle on the x-axis use the measurements you recorded above (by hand or with a spreadsheet).  

4.  Using the method of least squares (and one of the open computers if necessary), determine an equation giving voltage as a function of angle (ignore the 10( on either side of the dead zone).  

5.  What is the static sensitivity of the wind vane?  Static sensitivity is defined as the change in output (voltage) divided by the corresponding change in input (wind direction).

6.  Using equation found in step 4 above, determine the calibration equation (this is an equation that gives wind direction as a function of voltage).  This is what is used to relate a measured voltage to a given angle.  In other words, this gives the calibrated output (
[image: image13.wmf]x
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) given a value of raw output (yi).

7.  Now use your measured output values (yi) and your calibration equation to determine the calibrated output (
[image: image14.wmf]x

ˆ

).  Find the error for each point (
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8.  Calculate the imprecision, bias, and inaccuracy of the vane.  Imprecision is defined as 2 times the standard deviation of the errors.  Bias is defined as the average error.  Inaccuracy is defined as the bias +/- the imprecision.

9.  Summarize your understanding of the operation of a wind vane and what you learned about doing a static calibration.
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Introduction:


In this lab, we will examine a sensor's response to a changing input.  In particular, the input will be temperature and the sensor is a thermistor.


A sensor’s time constant is determined by recording the response of the sensor to various changes in the input.  In this laboratory, we will verify the theoretical sensor response to one type of input, the step function, through direct measurement using two sensors with different time constants.  We will also see how we can use this data to verify that our sensors behave like first-order systems and to quantify their time constants.

Goal #1:  The goal of this lab is to determine the time constant for each of the sensors and to directly observe the influence of the time constant on the output for a step change in input.

Goal #2:  The second major goal of this laboratory exercise is to guide you through a complete data collection experiment, from beginning to end.  

In this lab, a datalogger will be used to record the data.  This is a common device used for collecting and storing data from sensors.  You will become familiar with its operation by wiring the sensors (thermistors) into it and running a program on the connected laptop to collect your temperature data.  At the end of the data collection portion, you will download your data onto a floppy disk for later analysis.  This will give you experience with all of the major steps in collecting data.
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Materials Required:

Datalogger and Battery


Laptop computer

Temperature Sensors (one with a balloon 

and one without)


2 Mason Jars


Paper Towels


1 Floppy disk per person

Preliminary Procedures:

Whenever you do an experiment, it is good scientific practice to record the serial numbers of the instruments being used.  Please take a few minutes to do this.  This can be very useful if you need to redo any portion of the experiment or if an equipment problem is later suspected based on your results.

It is also good practice to record the names of your partners – please include their names in your lab notes.

Throughout the experiment, record any information you think might be useful to you later – for example, always record the times corresponding to the beginning and ending points of important data.  This can be very useful when you are doing analysis of the data in the future.

Experimental Procedure (Data Collection):

1. Wiring the datalogger:

The top of the datalogger is the wiring panel, on which different types of input channels are marked with different letters.  In this lab, we will be using H and L ports for the signal from the sensor; E (excitation) ports for supplying the reference voltage to the sensors, and AG (analog ground) and G (ground) ports for supplying a reference ground.  Locate these different types of ports on the datalogger's wiring panel.

Wires are attached to the datalogger by unscrewing the proper port.  This opens a small square below which the wire may be inserted.  Tightening the screw fastens the wire.  You will be told which wires should be attached to which ports.
2. Communicating between the laptop and the datalogger:

The program used to communicate between the laptop and the datalogger is called PC208. The particular program (TIMCONST) we will be using was written specifically for this laboratory exercise to collect 1 s data from 2 temperature probes.  We will go through program startup as a group.

After the program is running, check to be sure that you are receiving reasonable temperature values from both of your sensors.

3. Measuring the response to a step function input:

An easy way to produce a step function input for determining the time constant of the sensors is to go from the air (~25 C) to an ice bath (0 C) or vice-versa.  

You have two jars – one filled with ice water and the other empty.  Two people from the group should each hold one of the thermistors (be careful that you do NOT hold it on the sensing surface itself or breathe on it or you will artificially raise the temperature).  The two sensors should report roughly equivalent air temperatures.  Simultaneously, both people should lower their sensors into the ice bath to roughly equivalent depths without resting either sensor on the side of the jar.  Hold the sensors still and observe the change in output as they respond to this step function input.  After some time, the sensor temperatures should once again be equal.  

Read the entire following paragraph before removing sensors from ice bath:

After the sensors in the ice bath have approximately equal temperatures, two people should remove them from the bath at the same time.  This provides a step function input in the opposite direction – i.e., an instantaneous increase in temperature.  The trace should now show an increase in temperature with time, eventually reaching the air temperature.

Once the sensors have reached an equilibrium value and are closely matched again, repeat the above procedure.  You should end with two cycles of decreasing temperature and two cycles of increasing temperature.

4. Downloading the data:

This data will be used to determine the time constants for the sensors.  We must first copy it from the datalogger (where it has been stored thus far) onto the laptop.  From the graphics mode, hit the escape key twice.  This should bring you to a menu in which U stands for ‘collect uncollected data’.  Press U and the data from the datalogger will be placed in a file called timconst.dat on the hard drive of the laptop.  After it has finished, press ‘Q’ to exit the program.  

At the DOS prompt, type ‘dir timconst.dat’ to check that the file exists and is of an appropriate size (~70-100 Kb).  Each person in the group should create their own copy of the data.

Data Analysis:

The data file produced will be a comma-delimited ASCII file with the following format:

Ignore the first column, the second column is year, third is ordinal day of the year, fourth is hour and minute, and fifth is seconds.  Six and seven are your temperature data.

Create a plot of temperature versus time for your data.  Compare your curves to those expected for a step input and also note the differences between the two sensors. 

[Tip:  The data file you received has time expressed in terms of minutes (4th column) and seconds (5th column), but plotting will work best if you convert these into one column of time in seconds in your spreadsheet.  Since data is collected every 1 second, you can simply create a new time column in your spreadsheet that has values 1,2,3…]  
In the following handout, it is shown that a first-order system has the following theoretical output given a step change in the input from xi to xf:
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where xf is the final value of the step, xi is the initial value of the step, t is set to zero at the beginning of the step, and ( is the time constant.  We can rewrite this as
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Thus, after ( seconds, the change in the output is equal to (1-e-1)~63.2% of the total step.  Use this to estimate the value of the time constant from your T vs. time graph for one increasing step and one decreasing step.
You should have obtained different time constants in going from air to water than you did going from water to air.  Discuss why this should be the case given your knowledge of what determines the time constant for a temperature sensor. 

Fundamentals of Dynamic Performance Characteristics

Taken from Meteorological Measurement Systems, F. V. Brock, University of Oklahoma.


When the input to a sensor is changing rapidly, we observe performance characteristics that are due to the change in input and are not related to static performance characteristics.  In this chapter we will assume that a static calibration has been applied so we can consider dynamic performance independently of static characteristics.  The terms “linear” and “nonlinear” have been used in Chapter 3 in the static sense. Now they are being used in the dynamic sense where “linear” connotes the applicability of the superposition property. A given sensor could be nonlinear in the static sense (e.g., a PRT is nonlinear in that is static sensitivity is not constant over the range) but could be linear in the dynamic sense (modeled by a linear differential equation).


We use differential equations to model this dynamic performance realizing the models can never be exact.  If the dynamic behavior of physical systems can be described by linear differential equations with constant coefficients, the analysis is relatively easy because the solutions are well known.  Such equations are always approximations to the actual performance of physical systems that are often nonlinear, time variant, and have distributed parameters.  The justification for the use of simple, readily solved models must be the quality of the fit of the solution to the actual system output and the usefulness of the resulting analysis.


Dynamic performance characteristics define the way instruments react to measurand fluctuations. When a temperature sensor mounted on an airplane these characteristics will indicate what the sensor “sees”. If the airplane flies through a cloud with a slow sensor (time constant is large) it may not register change of temperature or humidity. That would not be tolerable if we wanted to measure the cloud. Similarity, if the airplane flies through turbulence we would like to measure changes in air speed. Variations in temperature and humidity would be vital in the flight of a radiosonde so again the time constant of the sensors would be considered. Fluxes of heat, water vapor and momentum near the ground requires fast sensors (with small time constants).

6.1 First-Order Systems

Differential equations describe the behavior of physical systems in which a redistribution of energy is taking place.  In a mechanical system, a mass in motion stores kinetic energy and may store potential energy by virtue of its position in a force field.  When a mechanical system does not store potential energy but does dissipate energy, the differential equation is first order in velocity, e.g.,
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where
v = velocity,


dv/dt = acceleration,


m = mass,


D = dissipation factor, and


F = external force.

The above equation applies to a cup anemometer because the anemometer can store kinetic energy in the cup wheel as moment of inertia but, because the cup wheel has no preferred position with respect to the wind vector, it cannot store potential energy. It dissipates kinetic energy into the wind stream.


A thermal system, such as a thermometer, could be described by
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where m = mass in kg, C = specific heat in J kg-1 K-1, Ti = input temperature, T = sensor output temperature, U = heat transfer coefficient in J K-1 s-1 m-2, A = effective area for heat transfer in m2, and t = time in s.  For a temperature sensor immersed in a fluid, such as air, the heat transfer coefficient, U, is a function of the type of fluid and it's velocity.  We can rearrange this equation as follows:
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where the coefficient mC/UA has the units of time and so is called a time constant, .


For a linear system, the response to a sum of inputs is simply the sum of the responses to these inputs applied separately.  This is the superposition principle and can be taken as the defining property of linear systems.  This is an extremely useful property because it allows analysis of the response to complex signals in the frequency domain by superposition of responses to individual frequencies.  This the justification for using linear models even when the fit is far from ideal.


A physical system is said to be in a static state when the distribution of energy within the system is constant with time.  When there is an exchange of energy within the system, the system is in a dynamic state and its performance is described by a differential equation containing derivatives with respect to time.  To determine static characteristics such as threshold, measurements of the output must be made for many different values of the input.  Each measurement is made while the system is static (i.e., not changing).  During the transition from one static state to another, the system is dynamic.  We wait until the dynamic energy exchange has ceased before making the static measurement.


When forces are applied at discrete points and are transmitted by discrete components within the system, the system can be defined by lumped parameters.  But when it is necessary to describe the variation across space coordinates of a physical component, the system must be described with distributed parameters and is modeled by a partial differential equation.


Dynamic performance analysis is concerned with modeling the performance of dynamic, lumped parameter systems with ordinary differential equations where time is the independent variable.  The number of dynamic performance parameters is equal to the order of the system so, for a first‑order system, the performance equation can be written in the canonical form
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(6.2)

where  is the time constant with units of time.


The solution to eqn. 6.2 is x(t) = xT(t) + xS(t) where xT(t) is the transient solution and xS(t) is the steady-state solution.  The transient response, or complementary function in mathematical terms, is obtained when the forcing function is set to zero and the system is released from some set of initial conditions at time t = 0.  The distribution of energy in the system storage elements at the time of release must tend towards zero due to the always present energy dissipation.  In system terms, the output for a given initial energy distribution and driving input is the transient solution plus the steady‑state solution.  In mathematical terms, the equation solution for a given set of initial conditions and a forcing function is the complementary function plus the particular function.


The steady-state solution can be found by the method of undetermined coefficients.  Given that the input is some function xi(t), repeatedly differentiate xi(t) with respect to t until the derivatives go to zero or repeat the functional form of some lower-order derivative.  This is also the test for the applicability of the method: if neither of the above conditions prevail, the method of undetermined coefficients cannot be used.  Write the steady-state solution as
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(6.3)

where D is the differential operator d/dt.  The right hand side of eqn. 6.3 must include one term for each functionally different form found by examining xi(t) and its derivatives.  The constant ki do not depend upon the initial conditions.  They are found by substituting eq. 6.3 into eq. 6.2.

6.1.1 Step‑Function Input

One of the simplest inputs to consider is the step function, a function which is zero for t < 0 and equal to some non‑zero constant for t > 0.  We can model this by setting xi = xc, a constant, and by setting the initial condition x(0) = 0.  A first‑order equation has only one initial condition and so this specifies that the sensor is at rest with output equal to zero at time t=0 then it responds to the input, which is constant for t>0.  One way of solving for the transient response of eqn. 6.2 (with xi(t) = 0) is to integrate it directly; we can write it in the form:
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Fig. 6- 1 Positive step response. In the top curve, ( = 2 s and ( = 6 s in the bottom curve. The output ratio is x(t)/xc.
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The transient solution is
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where C is an arbitrary constant.  The steady-state solution of eqn. 6.2, with xi = xc, a constant, must be xS = xc so the complete solution is given by
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The constant C can be determined by applying the initial condition.  The initial condition is x(0) = xc + C = 0 so C = ‑xc therefore 
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The first‑order step‑function response is shown in Fig. 6-1 for two different time constants.  Both systems exhibit 63.2% response to the step input when t = , 86.5% response when t = 2, and 95% response when t = 3.
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Fig. 6- 2 Response to a negative step with ( = 4s.

A first‑order response to a decreasing step input is shown in Fig. 6-2.  This condition may be obtained by setting the input xi(t) = 0 and the initial condition x(0) = xc.  The solution, similar to eqn. 6.6 
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As before, 63.2% response is obtained when t = .


A general step function solution for any step from some initial state, xIS, to a final state, xFS, is given by









(6.9)

Solutions (6.7) and (6.8) are special cases of (6.9).

Example.


A thermometer is moved rapidly from an ice bath (0(C) to room temperature (25(C). The  following data are obtained:


Time (sec.)

0
1
2
3
4
5


Temperature((C)

0
7.09
12.16
15.80
18.41
20.28

Determine the time constant. We know the initial and final temperatures and the solution is of the form T(t) = 25(1 - e-t/(). When t = (, T(() = 25(1 - e-1) = 25x0.632 = 15.80(C. The solution was exactly this value when t = 3 sec so ( = 3 sec. This is too easy since, in a real experiment, we might not have collected data at the time that turned out to be the time constant or, if we had, that datum might have been contaminated with noise.

Example.


A more realistic step-function test of a thermometer produces the following results:


Time (sec.)

0
3
6
9
12
15


Temperature((C)

20.00
35.54
39.00
39.78
39.95
39.99

In this case, we know the initial value, TIS = 20.00(C, and the final value is probably TFS =  39.99(C plus or minus a small uncertainty. Accepting this, the solution form is 

T(t) = TFS - (TFS - TIS) e-t/(. When t = (, T(() = 40 - 20x0.632 = 27.36. There is no datum with this value but we can see that 0 ( ( ( 3 sec. We can solve for the time constant, at any point where data is available, by writing
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We can repeat this calculation for t = 6, 9, 12 and 15 s and obtain ( = 2.00, 2.00, 2.00, and 1.97 s respectively. One would expect to get the same value for the time constant each time if the system is really first-order. The last value obtained differs slightly from the expected value of 2.00 because the output was recorded to only four significant digits.

Short Course Hands-On Workshop

Laboratory #4

Tipping Bucket Raingauges

January 14, 2001

Yvette Richardson, University of Oklahoma, Norman, OK

Scott Richardson, University of Oklahoma, Norman, OK

Introduction:

Tipping bucket rain gauges determine rainfall rate by counting the number of bucket tips over a period of time.  In this laboratory, we will simulate rain, calculate rainfall using the tipping bucket, and examine some of the possible errors encountered with this instrument.

Materials Required:

Rain gauge


Syringe  


Bucket for holding the water


Water bottle and holder 


Small funnel

Procedures:

As with any scientific process, record the names of your lab partners and the serial numbers of the instruments being used.  You should always do this as part of good scientific practice.


To interpret the data from a rain gauge, you must know the amount of water necessary to produce a single tip, and you must verify that the tipping rate accurately represents the rainrate (i.e., some errors will only occur when the bucket is tipping back and forth).  Thus, we will first perform very precise measurements to determine the bucket volume and then we will simulate rainfall and count the number of tips produced given a known volume of rain.

Part I: Calibrating the Rain Gauge


First, you must check that the rain gauge is level.  Looking at the leveling bubble in the bottom of the gauge, adjust the rain gauge feet (using pennies) to level the gauge.  

Next, take a moment to familiarize yourself with the scale on the syringe which reads in cubic centiliters (cc’s).  Fill the syringe with water.  Record this starting value in the following chart.  Squirt water from the syringe into one of the buckets until it tips.  Be careful to add water very slowly as you approach the tipping point (i.e., when you get close to a tip, go drop by drop until the bucket tips).  Repeat this exercise three times for each bucket and record the starting and ending water levels from the syringe on the following chart:

Other parts of the chart will be filled in as you work through the rest of this section.

Bucket A:




    Bucket B:

Start
Stop
Difference(volume per tip)
Error

Start
Stop
Difference (volume per tip)
Error





























































Average  Volume per tip



Average Volume per tip



Average Rainfall depth per tip



Average Rainfall depth per tip



Bias


Bias



The difference between the starting and ending points represents the volume of water required to produce a tip.  Record this value for each tip and compute the average value for each bucket.  Given a 12” catch area and the average volume per tip, determine the depth of rainfall per tip and enter this value in the chart above.  

The gauge is calibrated such that each tip reported is interpreted as a rainfall depth of 0.01” over the 12” catch area.  Given this interpretation, what is the reported volume of water per bucket tip?

Find the difference (error) between the reported volume and the actual volume for each tip and enter this in the chart.  What are some possible causes for this error?
Determine the bias (average error), if any, of each bucket.

Did all of the water empty from the buckets when they tipped?  If not, did you notice any difference in the values recorded for a given bucket due to this effect?  Briefly discuss your answer.

Did you notice any difference in values for the two buckets?

Part II: Determining Rainfall Rate Errors


Now that the volume of each bucket is known, we can use the gauge to determine the rainfall rate.  To simulate rain, we will use the water bottle and holder.  First, to obtain an accurate volume measurement, fill the volumetric flask to the 1L line (the shape of the flask aids in the accurate determination of volume).  Use the funnel to pour this water into the drip calibrator water bottle.  Notice that the holder for the bottle has two holes at the bottom so that two different rainrates can be simulated.  We will produce differing rainfall rates by leaving one or both holes open.  Begin with only one hole open and place the bottle in the holder.  (This will be turned over above the gauge to simulate rainfall.)


Before inverting the bottle, you will need one or two lab members selected to count the tips as the water empties from the bottle, and one member selected to keep track of the time.  (It is difficult to know when the final tip is going to occur a priori.  Thus, we suggest you estimate the number of expected tips using the known volume of water and the known bucket volume and begin recording the tip times when you approach this number.  In this way, you will be sure to know the time of the final tip.)  Carefully invert the bottle, being sure to line up the exit hole with the opening of the black cylinder on the gauge.  Record your readings in the chart.  Estimate the amount of water left in the tipping bucket after the tips have stopped (you can add water using the syringe and then subtract this amount from an average bucket volume to get a precise value).
Empty the tipping bucket and refill the water bottle as before.  This time you will leave both holder holes open (take out the small amount of putty covering one hole) to increase the flow rate.  Because it is difficult to line up the holder directly with the rain gauge when both holes are used, you will use the catch funnel instead.  Place the catch funnel over the gauge and repeat the rainfall simulation as before.  Record your readings in the chart.

You should check that the number of tips was approximately accurate given the known volume of water that passed through the gauge.  Using the volume per tip and the total number of tips, determine the total volume represented by the number of tips and record this value in the chart.  Does it represent the correct volume?
What are possible sources of error?

An average rainfall rate can now be determined for the two setups.  To find this, assume that the volume of water is spread over the catch area evenly rather than in a narrow stream (i.e., the actual rain would fall at the same rate but over the larger catch area and would be funneled into the bucket area).  You can then determine the total depth expected for this catch area given the known total volume of water.  The rainfall rate will be this value divided by the total time (we are assuming that the rainfall rate is constant over this time).  Enter this value in the chart.

1 opening
2 openings

# Tips



Total time:



Rainfall Rate:



Total volume represented by tips:

Known volume:

Error in volume reported:



Are there differences in the accuracy for the two different rates?

What meteorological phenomena would you expect to produce rates similar to these?

Please summarize what you learned about rain gauges and rainfall measurement in this lab.
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