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Introduction
In the process of optimizing control functions, small adjustments in microcontroller

firmware can produce significant improvements in embedded system performance.

Coming up with the right values for gains, offsets, delays, hysteresis values and PWM

parameters can be time consuming, but using the right tools can speed the process.

While it’s possible to optimize control systems through calculation and modeling,

today’s design tools enable faster real-world measurements and simpler determination

of optimal design settings.  Flash memory, flexible development environments, and the

capabilities of modern deep-memory, mixed signal oscilloscopes to monitor many

points simultaneously, combine to form a powerful solution toolkit.

Embedded Design Techniques for
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Real-time control applications demand precise interaction 
of firmware algorithms, analog sensors and feedback 
mechanisms. Traditional four-channel oscilloscopes quickly
run out of channels and limit your ability to effectively analyze
your design. With a mixed signal oscilloscope, especially 
one with deep memory, you efficiently gain access to insights
of your process including sensor signals, feedback signals
and firmware timing.

This application note covers three actual applications in 
which specific measurement techniques were used to quickly
optimize key control parameters in microcontroller-based 
systems.

Application 1. Battery Powered
Stepper Motor Control with Switching
Power Supply
In this application example we will look at a low power 
stepper motor driven from a single Lithium cell. The cell 
voltage is stepped up from a nominal 2.5 Volts with a boost
power converter. There are two challenges in this application.
One is that the battery has a limited average current capability
of 120 mA. The other is that the voltage from the boost 

converter sags when high current is drawn. The average 
current drawn by the stepper motor can be reduced by 
putting a delay between steps in the motor drive. There is
also some quiescent current consumption. This means 
that the total energy consumed during the movement of 
the motor increases as the motor is operated more slowly. 
Figure 1.1 shows a block diagram of the system.

The objective in this application is to determine the most 
efficient operating mode for the motor drive considering the
current drawn and the quiescent operating power while also
limiting the battery current to a safe level for the battery. We
also need to identify an even lower current mode in which 
the battery current is limited to 60 mA for when the battery 
is near the end of its life.

In this example, we will be taking advantage of the deep
memory of the MSO4000 Series mixed signal oscilloscope to
take data at several operating conditions at once. We will use
the measurement capability to measure voltages and currents
over specific intervals be using the cursors and setting the
measurements to provide information based on the sections
of the waveforms between the cursors. The cursors will also
provide time measurements between specific events.
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Figure 1.1. Block diagram of motor drive.
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Figure 1.2 shows the capture in which 4 different delays
between the motor steps were tried. Delays of 2, 4 and 8 
milliseconds were tested, in addition to no delay, to cover a
wide range of delay conditions. We can extrapolate between
these settings, and run additional tests to confirm the final
numbers if needed. The yellow trace labeled “SUPPLY_V”
shows the power supply voltage. It is a nominal 6 Volt supply,
but it sags under the load from the motor. The green trace
labeled “CURRENT” shows the battery current. This was
measured with a Tektronix current probe in the line from the
battery to the power supply. The four phase lines of the 
stepper motor are shown as digital lines labeled “PHASE_1”
to “PHASE_4”. Since this is a low voltage motor, the motor
voltage can be applied directly to the digital lines of the 
oscilloscope. Having the motor signals assures that the 
motor phases are being driven correctly. While analog signals
would have been desirable, few oscilloscopes have more
than 4 analog channels available, and the digital signals 
adequately provide the timing information about the motor
operation.

From Figure 1.2, it is clear that the current over the time 
period is highest for the motor operation toward the right 
side of the trace, but that this takes the shortest period. 
The energy used from the battery can be expressed in 
milliamps x milliseconds; that is the current multiplied by 
the time. Thus, a lower current for a longer period of time
may use more of the battery energy than a higher current 
for a shorter time. For the four sections of the capture, 
we will look at the average current and the time to identify 
the best operating point. Of course the maximum operating 
current of the battery is a key factor in the decision of 
which delay to use.

In the lower portion of Figure 1.3, the display is zoomed 
in on the time where the motor is operated with no delay
between motor steps. The zoomed area of the acquired
waveforms are shown with the gray brackets in the upper
right corner of the display. The average current during the
time for the 20 steps of the motor is 224 mA over a period 
of 42 milliseconds for a total energy of 9408 mA * ms. 
The voltage drops to 5.20 Volts, which is below the optimal
voltage for the motor. The battery current is much higher 
than the 120 mA limit.

Figure 1.2. Capture with four different motor step delays. Figure 1.3. No delay between steps.
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In Figure 1.4, a 2 millisecond delay is introduced between
each step. Here the average current is only 132 mA, 
but for a period of 80 milliseconds for a total energy of
10,560 mA * ms. The energy consumed is higher, but the
maximum current is lower.  The voltage at the end the motor
motion period at 5.48 Volts is significantly higher than in the
first case with no delay. The average current is close to the
desired level, but is still too high.

In Figure 1.5, the delay between steps is extended to 
4 milliseconds between motor steps. Here the average 
current is only 93 mA, but for a period of 120 milliseconds 
for a total energy of 11160 mA * ms. The energy consumed is
even higher than the last example, but the maximum current
is lower. The Voltage ends the motor motion period at the
same 5.48 Volts as in Figure 1.4, which has the 2 millisecond
delay between pulses. We can see that the current with 
2 milliseconds between pulses is too high, but the current
with a 4 millisecond delay is substantially lower than the 
specification of 120 mA of battery current. It appears than 
a 3 millisecond delay will be the best compromise using 
less energy than a 4 millisecond delay, but having the battery
current comfortably below the limit.

We still need to find the delay for use when the battery is
nearly depleted and can only provide 60 mA. Figure 1.6
shows the waveform and measurements with an 8 millisec-
ond delay between motor steps. Here the average current is
only 57 mA, but for a period of 200 milliseconds for a total
energy of 11400 mA * ms. The energy is a little higher than 
in Figure 1.5, but the current is now below the level we need 
for a depleted battery. The voltage at the end of the motor
movement is unchanged and is acceptable.

We have used the long record length and the measurement
capabilities of the oscilloscope to quickly determine the best
operating points for a complex stepper motor and voltage
regulator system. Only one scope capture was needed, and
the measurements were made of the various operating condi-
tions by moving the cursors. The ability to measure waveform
parameters between cursors was key to being able to quickly
make this design decision. Capturing the motor phase drive
signals allowed confirming the time between motor steps as
well as confirming the correct operation of the motor.
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Figure 1.4. Two millisecond delay between steps.

Figure 1.5. Four millisecond delay between steps.

Figure 1.6. Eight millisecond delay between steps.
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Application 2. Ultrasonic Range
Detector
In this example we will look at the operation of an ultrasonic
system used to identify the distance of various objects from
the detector. The challenge is to determine the best gain 
setting for distances closer to and farther from the detector.
The detector will work best if the reflected signals are as large
as possible with little or no clipping. We also want to confirm
that the drive to the transmitting transducer is the correct
voltage and frequency. Figure 2.1 shows a diagram of the
system.

The receiver circuit consists of fixed and variable gain 
amplifiers because the return signal from the ultrasonic 
transducer has very low amplitude. Figure 2.2 shows the 
performance at a setting of the gain of the variable gain
amplifier of 8. The detected signal shown in the Yellow 
analog trace labeled “RECEIVER” displays the signal that 
is presented for detection to the A/D converter in the 
microcontroller. The return signals from two targets are

marked A and B. They are at about 14 and 24 milliseconds
after the transmitted signal. Since sound travels at about 
1 foot per second, and the sound needs to make a round 
trip from the transmitter to the receiver, the targets are at
about 7 and 12 feet respectively.

Transmit
Driver

Close Object

Far Object

Transmit
Tranducer

Receiver

Variable Gain
Amplifier

Receiver
Tranducer

Figure 2.1. Block diagram of ultrasonic range detector.

Figure 2.2. Transmitted and received signals with a gain of 8.
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The traces remaining in Figure 2.2 show the two-phase 
drive signals. The digital signals from the microcontroller 
are labeled “DIG_DRIVE-“ and “DIG_DRIVE+. The analog 
voltages to the transducer are labeled “DRIVE_V-“ and
“DRIVE_V+”.  The difference of the voltages is shown in 
the red trace as “DRIVE_V”.

The reflected signals are visible on the RECEIVER trace, 
but are of very low amplitudes, so it appears that the gain 
is too low. The noise at the early part of the trace is due to
signals mechanically coupling from the transmit transducer 
to the receive transducer. Since we are only interested in 
distances starting at about 2 feet (4 milliseconds), we can
ignore these early signals.

We also need to confirm that the drive signal is correct. 
The drive signal needs to be about 1 millisecond in duration
and at about 40 kHz. Both of these values can be confirmed
by magnifying the trace in Figure 2.2. Figure 2.3 is the 
magnified trace showing the drive digital and analog signals.
This figure shows the 1 millisecond duration of the pulse 
train and the correct frequency. Note that the digital drive and
the resulting voltage waveform is a symmetric two phase sig-
nal as desired. The voltage drive in the combined signal
“DRIVE_V” has a peak to peak value of about 60 volts as
expected.

In Figure 2.4, the gain of the variable gain amplifier is
increased by a factor of 2 to a total value of 16. With the
higher gain setting, the signals are much larger. Note that the
reflected signals are much larger than in Figure 2.2, but are
still substantially below the clipping level of about 5 Volts.
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Figure 2.3. Transmitted signals magnified.

Figure 2.4. Transmitted and received signals with a gain of 16.
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In Figure 2.5, the gain is again increased by another factor 
of 2 to a total of 32. Here we can see that the signal from 
the close target is starting to saturate the amplifier and clip,
though the signal from the target that is farther away is near
the full range of the amplifier at 5 Volts, but it is not clipping.

In Figure 2.6, the gain is further increased to 64. At this gain
setting, the signals from both the near and the far targets 
are causing the amplifier to clip which reduces the accuracy
of the distance reading. Clearly this gain setting is too high.
Also note that there are multiple extraneous reflections 
showing on this trace which will make ranging more difficult.

In this example, we have used the deep memory of the 
oscilloscope to analyze the received signal of an ultrasonic
distance measuring system to determine the appropriate 
gain setting of the drive signal. It appears that the best gain
for this system is 32 because the measured signals are as
large as possible with only a small amount of clipping. A finer
adjustment of the fixed gain amplifiers could provide a slightly
lower gain to provide the maximum usable signal without 
clipping. We were also able to verify that the drive signal is
clean and of the correct timing, frequency and phase.

Figure 2.5. Transmitted and received signals with a gain of 32. Figure 2.6. Transmitted and received signals with a gain of 64.
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Application 3. High Brightness LED
Power System
In this example we will look at the operation of the power
supply electronics for driving high brightness LEDs. The 
challenge of this example is to assure that the drive current is
stable despite gradual changes in the impedance of the LEDs
as they heat up in normal operation, or as the battery voltage
drops. The drive is based on a standard microcontroller 
pulse width modulated (PWM) controller. The LED current is
measured by the microcontroller using an internal 8 bit A/D
converter. The microcontroller incrementally adjusts the duty
cycle to maintain the preset current. Because the current can
only be adjusted in discrete increments of pulse width, there
is the risk of noticeable flicker in the LEDs if the duty cycle
changes back and forth between two states. Thus, some
hysteresis must be introduced into the control loop to assure
that there is no perceptible flicker. Figure 3.1 shows a block
diagram of the system.

The power source is a battery, which could either be 
disposable or rechargeable. The battery provides power to
the microcontroller and to the power circuit that controls the
current to the LED.  The microcontroller is programmed to
control the duty cycle of the power transistor. A transformer 
is used because the battery voltage can be above or 
below the LED voltage depending on the state of charge of
the battery and the temperature of the LEDs. In Figure 3.2,
the green trace labeled “LED_I” shows the LED current meas-
ured at the LED with a current probe. The digital trace labeled
“UPDATE” is a marker temporarily put in the microcontroller
software to indicate when the microcontroller is updating the
duty cycle of the power supply. The purple trace labeled
“CUR@MICRO” is a filtered and amplified version of the LED
current, which is fed to the A/D converter in the microcon-
troller to be compared with the programmed current value to
make the pulse width adjustments. The yellow trace labeled
“LED_V” is the voltage across the LEDs. The blue trace
labeled “DRAIN_V” is the voltage at the drain (switching termi-
nal) of the power transistor, which drives the transformer to
power the LEDs. The digital signal labeled “DRIVE” is the
drive to the gate of the power transistor.
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Figure 3.1. Block diagram of LED power system.
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In Figure 3.2, the hysteresis value is set to one, so that even
a 1 bit change in the measured current signal will cause 
a change in the pulse width of the power drive signal. 
As can be seen, the pulse width and hence the current is
changed each time the microcontroller software compares
the measured current with the target value, as indicated 
by the markers. This results in the ripple current shown.

In Figure 3.3, the hysteresis value is changed to 2. There is
still ripple on the current, but less, indicating that this is a 
better setting than in Figure 3.2.

In Figure 3.4, the hysteresis value is further increased to 4.
As can be seen, there is less current ripple than in Figure 3.3,
but this could still be objectionable.

Finally is Figure 3.5, the hysteresis value is increased to 8.
The waveform shows no ripple at all. Thus, this is the best
option.

Figure 3.2. LED operation with current hysteresis value of 1. Figure 3.4. LED operation with current hysteresis value of 4.

Figure 3.3. LED operation with current hysteresis value of 2. Figure 3.5. LED operation with current hysteresis value of 8.
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Figure 3.6, is a magnified display of the trace in Figure 3.5 
to show the PWM drive and the detailed waveforms at 
the operating frequency of the power supply. The detail 
is available from the same acquisition as the longer time
frame used to analyze the power supply stability. The drain
voltage and measured current show clean switching of the
power supply.

In this example, we have used the analog and digital 
capabilities of the mixed signal oscilloscope to display the
detailed operation of the power supply. The digital inputs
allow display of a very short marker, which would not show
up in an analog trace at this time scale. The use of markers 

is a very powerful technique for interpreting the performance
of electronic systems. From a succession of measurements, 
we determined the best selection of operating hysteresis 
to get stable operation of the LED power supply. The deep
memory of the oscilloscope also allows inspection of 
the detailed operation of the power circuit from the same
acquisition. 

Summary
Using specific measurement techniques, we were able to
highlight examples where key control parameters could be
optimized in your microcontroller-based systems. With the
right tools, you can quickly and easily determine appropriate
values for common settings such as gain, offset, and delay 
to deliver significant improvements in the performance of 
your embedded system.

With a mixed signal oscilloscope, especially one with deep
memory, you efficiently gain access to insights of your
process including sensor signals, feedback signals and
firmware timing. The MSO4000 Series is a powerful oscillo-
scope with enough logic analyzer functionality to enable 
you to visualize analog and digital signals on one instrument.
Its familiar oscilloscope operation, large display and innovative
user-friendly features have been designed to make your work
easier. Add to this industry-leading specifications and you
have the ultimate all-in-one debug tool for embedded design.
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Figure 3.6. LED operation with current hysteresis value of 8 magnified.
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Using Markers to Provide Visibility
into Firmware Timing
Gaining visibility into firmware execution in microcon-
troller-based systems presents a challenge. For real-time 
control systems, the operation of the circuitry and of the
microcontroller must be monitored when running at full
speed. When microprocessors used external program
memory, a logic analyzer could be used to track execu-
tion and measure timing. However, with on-chip pro-
gram memory this approach is unfeasible. Today, almost
all microcontrollers are supported by in-circuit debug-
gers and these tools typically have limited break points
and limited, if any, real-time trace capability.

One useful technique to identify what the software in 
a microcontroller is doing is to toggle one or more 
I/O port pins at key points in the program execution. 
Often there are unused I/O port pins, or a port pin that 
is not used in the part of the code being debugged. 
The incremental cost of selecting a microcontroller with
extra port pins to facilitate debugging is very small. 
A port pin can be toggled in various patterns to show 
different places in the code. For example, one, two,
three or more consecutive pulses, or pulses of different
widths can be used to mark different places in the 
code. While limited use of this technique is possible 
with just an analog oscilloscope, often the number of
signals that must be monitored to debug or confirm 
the operation of the product exceeds the capability of
conventional oscilloscopes and other traditional bench
instruments. The Tektronix MSO4000 Series mixed 
signal oscilloscope is the ultimate all-in-one digital 
debug tool for embedded design.
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