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Measuring Engine Performance with Agilent USB DAQ Modules
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Figure 1. Schematic overview of test system

Testing of engine performance is often important in the development of engine
and fuel technologies. Many parameters affect an engine’s performance: the
basic engine design, compression ratio, valve timing, ignition timing, fuel,
lubricant, and temperature.

The most critical factor governing an engine’s power, fuel consumption and
emissions is the amount of fuel consumed relative to the amount of air ingested.
This is expressed as the air/fuel ratio; that is, the mass of air used divided by
the mass of fuel burned. Larger engines typically have computer-controlled fuel
injection governing the air/fuel ratio while smaller engines still use carburetors
for controlling the air/fuel ratio. Proper tuning of an engine’s carburetor requires
careful measurements of torque, speed, temperature, and fuel consumption

as a function of throttle position. Agilent USB data acquisition (DAQ) modules
provide an inexpensive, flexible solution for engine testing.

Figure 2. Motorcycle engine mounted
for testing

To test engine performance in the laboratory, the engine is coupled to a
dynamometer, which may be either an engine dynamometer (connected directly
to the engine output shaft) or a chassis dynamometer (connected to the drive
wheels). The dynamometer, which provides a load to the engine, can be easily
controlled to allow testing under a wide range of speeds and torque.
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Figure 3. Top view of dynamometer
(top) and engine (lower half)




Figure 4. Speed wheel (top) and
pickup (below)

Figure 5. TPS pot (right) and throttle
linkage (left)

Figure 6. Controller in the foreground,
engine and dynamometer behind

Overview of Key Measurements

The most critical performance measurements are output torque and speed. The
engine’s brake power (output power) is determined from the engine speed and
torque using the following equation:

P, is brake power in watts
T is shaft torque in Nm
w is shaft rotational speed in rad/sec

Speed is measured with a pickup that monitors the spinning dynamometer.
Typically, a toothed steel wheel is placed on the shaft and an inductive pickup

is placed close enough to the wheel such that it generates pulses as the teeth
pass by. This time-based pulse signal is analyzed in order to measure the period
between pulses and converted to frequency. Shaft speed is directly proportional
to the measured frequency. If the engine output is taken directly from the
crankshaft, then the dynamometer shaft speed equals the engine speed. If the
output shaft is geared (with respect to the engine speed), then the dynamometer
speed must be multiplied by the gearing ratio to determine the engine speed.

Torque is measured by attaching a load cell (force transducer) to the
dynamometer housing. The load cell strains slightly with applied load, and the
strain is measured using strain gages connected to a preamplifier that outputs
a voltage proportional to the load. In accordance with Newton's first law, the
measured torque on the dynamometer housing equals to the torque on the
dynamometer shaft.

Another useful parameter to measure is the throttle position. Many fuel-injected
vehicles include a throttle position sensor (TPS) that relays the throttle position
to the electronic control unit (ECU) of the fuel-injection system. The TPS is
basically a potentiometer configured as a voltage divider that rotates with the
throttle. For carburetted engines, a TPS can easily be added to the throttle
linkage, allowing direct measurement of throttle position.

Generally, a controller provides servo control of the load in order to maintain
constant speed or torque. A typical test might first set the dynamometer
controller to a specific speed and then measure torque variation as a function of
throttle setting. Alternatively, the throttle may remain fixed (for example, wide
open) and the speed control set point varied. The resulting speed and torque
values are measured, and power is calculated i.e., speed times torque.
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During testing, important parameters such as fuel consumption, exhaust
emissions, and air flow may also be measured. These provide quantitative
measures of how efficiently an engine is running. Several temperatures, such as
exhaust gas temperature, lubricant temperature, and cylinder head temperature,
may also be worth measuring. The temperature measurements are useful in
determining if the engine is being operated safely or is overheated. Often, engine
parameters such as air/fuel ratio vary from test to test and the resulting effects
on fuel consumption, overall efficiency, or power are measured.

This type of testing requires fairly low data-rate measurements because all
variables are averaged over several engine cycles. Data acquired in this manner
are referred to as “cycle-average data.” Relatively slowly changing values, such
as engine speed, fuel flow, engine temperature, and manifold pressure, are
measured directly. Torque fluctuates over the cycle of an engine, being highest
during the power stroke and lowest during the compression stroke. Fluctuating
signals may be filtered electronically to remove this higher-frequency variation,
and various digital techniques (such as exponential averaging) may also be
applied once the data has been acquired.
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Figure 7. Side view of dynamometer and engine



The Measurement System

Given the volume of data and the number of real-time calculations required, a
computer-controlled data acquisition (DAQ) system is generally used to
calculate, display, and archive test data from tests. Agilent DAQ modules
devices such as the U2355A multifunction DAQ module and U2802A 31-chan-
nel thermocouple input module are good examples. When used together, these
devices are especially helpful in engine testing that requires measurements of
speed, torque, throttle position, and temperature of cylinder and exhaust.

The speed, torque, and throttle position signals are measured using the analog
input ports of the U2355A. Shaft speed is calculated from the period of the
sinusoidal speed using the formula:

Speed =60/ (n"T)

Speed is shaft speed in RPM
T is the period of the sine wave
n is the number of teeth on the speed wheel

Depending on the engine characteristics, this speed value may fluctuate based
on the timing of each sample acquisition. For example, a single-cylinder engine
will slow down significantly during compression and speed up during the
expansion or power stroke. To reduce this fluctuation, it is common to perform
an exponential average of the calculated speed value. A simple way to
implement exponential averaging is to declare the averaged value equal to a
weighting factor times the current value, then add one minus the weighing
factor times the previous averaged value. In a scripted language this might be
represented by the following statement.

AverageSpeed = Speed * 0.1 + PreviousAverage * 0.9
PreviousAverage = AverageSpeed

The torque value — minus an offset or zero level — can be multiplied by a
calibration factor, as follows:

Torq = (TorqVoltage — VoltageOffset) * NmperVolt

Torq is the value of the shaft torque in Nm
TorqVoltage is the voltage read from the load cell
VoltageOffset is the “no load” torque reading
NmperVolt is the calibration factor in Nm per volt

Using Agilent’s VEE programming language, we can perform both a

linear calibration of the TPS and an exponential average (Figure 8). In this case,
the current TPS voltage is multiplied by 60 percent and added to the previous
value (from the shift register), which is multiplied by 40 percent. This effectively
yields an exponential average of the TPS voltage, thereby reducing the influence
of electronic noise and high-frequency variations in the signal. The results are
then sent to the TPC calibration formula, where they are linearly interpolated
between the high and low TPS calibration levels. The result is given as a
percentage of full throttle: zero percent when the throttle is closed and 100
percent when it is wide open.
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Figure 8. Exponential averaging and linear calibration of TPS value

The torque value can also be exponentially averaged, as with the speed value.
Power may then be calculated from the measured speed and torque values:

Power = Torq * AverageSpeed * 6.28 / 60

Power is the shaft power in watts
6.28 / 60 converts the speed from RPM to radians/sec

Fuel consumption is generally calculated based on changes in the weight of the
fuel tank over a given period of time (for example, one minute). Precision scales
can be used to report the weight of a fuel tank through a serial port. The scale
weight can be polled for the initial fuel tank weight and then polled again later
after the running engine has consumed part of the fuel. The fuel consumption
is then computed as follows:

FuelConsumption = ( Weight1 — Weight2 ) / FuelPeriod

FuelConsumption is the fuel consumption rate in gm/sec

Weight1 is the initial reported fuel scale weight in grams

Weight2 is the reported fuel scale weight after time FuelPeriod
FuelPeriod is the time between the two weight readings in seconds

Once the data has been properly calculated, the results are presented in
numerical and graphical forms on a computer display. The data is also saved to
a data file for later analysis.

Several temperatures are generally monitored during testing. For example,
lubricant temperature is monitored to ensure that the engine has achieved
normal operating temperature. If the lubricant is too cold, engine friction will be
unusually high, adversely affecting power and fuel-efficiency measurements.
Another example is cylinder-head temperature, which is especially crucial
during high-power operation. Running with a high air/fuel ratio (for example,
too little fuel for complete combustion of the oxygen present in the air) is
referred to as lean operation. While lean operation is desirable at low loads, as
it is cleaner and more efficient, it can rapidly overheat and destroy an engine at
high loads. Therefore, it is important to monitor the cylinder-head temperature
at high power conditions to ensure that the temperature is low enough to avoid
engine destruction.




Previously, either a dedicated thermocouple reader was required, or a special
amplifier was needed. With the Agilent U2802A, however, we can now read
thermocouples directly, greatly simplifying the system.

Sample data and screen shots
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Figure 9. Computer screen with Agilent VEE front panel during engine testing
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Figure 10. Post-processed data (from run shown above) with power calculated
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Figure 11. Agilent VEE 8.5 program used during engine testing




The Testing Sequence

A typical test will consist of running the engine at a number of speeds and loads
under varied engine conditions. For example, when investigating the effect of
carburetor tuning, it is important to test at both high and low speeds and high
and low throttle settings. Table 1 shows an example set of test points.

Table 1. Example test conditions

Speed | Torque | Power

(rpm) | (Nm) (W)
1500 1 157
1500 8 1257
2500 4 1047
2500 8 2094
4000 5 2094
4000 12 5027
6000 10 6283

At each test point, the system software sets the dynamometer speed and then
opens the throttle until the desired torque is achieved. The engine is then
operated at the desired condition long enough to consume a significant amount
of fuel. This generally takes one or two minutes, which is enough time to obtain
results from exhaust-gas emissions analysis. Once the test point is finished, the
system proceeds to the next test point. Once all of the test points have been run,
carburetor tuning may be adjusted and a new test performed using the entire set
of test points.

Trends in fuel consumption, emissions, or engine temperature can then be seen
as a function of the carburetor settings, making it possible to determine the
optimum settings. Sample results from an example study are shown in Figure 12.
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Figure 12. Brake-specific fuel consumption vs. engine power for stock and tuned
carburetor



Offline Analysis

Often, it may be useful or necessary to calculate other factors at a later time.
Examples include overall thermal efficiency of the engine, the brake specific fuel
consumption, and the brake mean effective pressure.

The overall fuel conversion efficiency, nt, (sometimes called brake thermal
efficiency), is the power output divided by the chemical energy of the fuel
consumed. Chemical energy of the fuel can be calculated by multiplying the
mass consumed per unit time (for example, FuelConsumption mentioned
previously) times the heating value (the chemical energy, typically approximately
42 kJ/gram for hydrocarbon fuels) of the fuel Q,

nt= Pb / ( FuelConsumption * o'lhv)

A convenient way to compare engines of different sizes is through brake-specific
fuel consumption (BSFC), which is the fuel consumption rate divided by the
power output:

BSFC = FuelConsumption / P,

Finally, a common measure of an engine’s power density is the brake mean
effective pressure (BMEP), which is calculated from the brake power divided by
the engine’s displacement volume times the engine speed. One additional factor
is the number of revolutions per power stroke. This factor, denoted n, is 2 for
four-stroke engines and 1 for two-stroke engines:

BMEP =P, *n/ (Vd " Speed / 60 )

BMEP is the brake mean effective pressure in Pascals
n is the number of revolutions per power stroke
Vd is the displacement of the engine in m?

Speed is the engine speed in RPM

Conclusion

Given the world’s limited petroleum resources and the growing concern over
environmental issues, it is important and beneficial to tune engines to ensure
the proper balance of power, fuel consumption, and emissions. Agilent USB

DAQ modules such as the U2802A and the U2355A allow rapid development of
flexible systems capable of measuring the various parameters required for proper
engine tuning. These systems also have the added advantage of simultaneously
receiving data from other sources such as serial devices. Finally, the U2802A has
the ability to directly read thermocouples, simplifying system design and helping
ensure safe operation of the engine under test. This provides an excellent
solution for seamless integration into existing engine dynamometer test beds.
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