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1 Introduction

Stepper motors are used in a wide variety of applications.

Many of these applications need to detect when the
motor has reached a known position or if its movement
is impeded. One example is the synchronization of the
pointer position on an instrument gauge.

Methods for synchronization can vary, but some
commonly used techniques are based on sensing Back
EMPF during full step control of the motor. Stepper stall
detection methods utilizing full step control may have
several drawbacks.

» Detection is limited to a full step or quarter-turn
of the motor.

* Mechanical oscillations of full step movement
can dictate detection speeds and can appear as

choppy pointer movement during slower speeds.

» Slow motor speeds may be necessary to avoid
false detection.
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Back Electromotive Force (Back EMF)

» Hardware overhead may be required (Peak Detector, Integrator and so on)

This application note describes a technique to perform high speed stall detection whilst micro-stepping a
motor by measuring the Flyback time. This technique, overcomes many of the drawbacks associated with
traditional Back EMF sensing during full step movement.

» Detection is possible on micro-step resolution.

» Mechanical oscillations are minimized resulting in smoother pointer movement and wider range of
detection speed possibilities.

* Minimal hardware overhead is required (simple input capture).

NOTE

The techniques described in this application note are applicable to both the
S12HY and S12XHY microcontrollers. Where S12HY has been referenced,
the statement is also true for the S12XHY.

2 Back Electromotive Force (Back EMF)

Understanding the basics of stall detection requires knowledge of some motor basics.

When a current flows through a coil, it induces a magnetic field in the coil. This magnetic field in
conjunction with the magnetic field generated by the rotor magnets, enables the motor to move. That is,
the generation of alternating fields in the motor coils (full stepping) produces a rotating magnetic field in
the stator causing rotation of the rotor. This is also true in reverse, movement in the rotor causes a change
in the magnetic field of the stator coil, which results in an induced current (and voltage) in the stator coil.
This phenomenon known as Back EMF can be seen in an electric motor if the voltage across one of its
coils is measured, whilst the motor is still turning.

Stall detection utilizing Back EMF sensing relies on this fact and can be used to detect whether a motor is
stalled or not by simply measuring if there is a voltage present on a coil. If the motor is moving, there will
be a voltage across the terminals of the coil. If the motor is stalled, no voltage will be present.

An advantage of Back EMF sensing is that no additional wiring is required. The same two wires that drive
the coil can be used to measure the Back EMF. By waiting until a point where the coil is not driven or
momentarily stopping the PWM signal, the coil circuit can be opened, allowed to float, and the Back EMF
voltage can be measured. This relies on the fact that the rotor inertia will keep the motor moving.

One phase full step control lends itself well to Back EMF sensing because only one coil normally has a
voltage associated with it while the other coil can be opened for Back EMF sensing.

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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Back Electromotive Force (Back EMF)

At these stages of a full step signal,
the coil is not driven.

Figure 1. One phase full step motor control

However, with full step control, the mechanical oscillation associated with the rotor aligning to the next
step will be seen as an electrical oscillation in the Back EMF. An example of the electrical oscillation seen
on an open coil during full stepping is shown below.
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Figure 2. Full step oscillations

This electrical oscillation can be both beneficial and problematic for accurate full step stall detection. A
benefit is that the peak could be high making sensing of a moving and non-moving motor apparent.
However, it can also be problematic in that it may dictate the stepping speed thereby limiting the flexibility
of this technique. Some methods of stall detection slow the stepping speed down to a point where the
oscillations die out before the next step and some methods speed up the step speed to be faster than the
first peak. Step speeds in the middle may result in undesirable and erratic oscillations and inconsistent stall
detection.

One solution to the above problem will be to limit or eliminate the mechanical (electrical) oscillations. An
obvious solution is to drive the motor with half step or micro-step waveforms. In these methods, there is
a point where the coil voltage is 0 V and the coil could still be opened for BEMF sensing (See Figure 3
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Flyback

below) but the time the coil is opened is significantly less and waiting for the flyback (See Section 3) to

dissipate will eat into the allowable sensing window. Therefore, the number of steps in a cycle, the speed
of detection, and the circuitry used to sense the BEMF may dictate how this method is used. In addition,
the BEMF at slower speeds will be diminished making detection at slow speeds potentially more difficult.

Discrete voltaces are createcwith PWMs Al these stages the coil voltage &
0% and the coil can baopanad to

aliow BEMF sensing

\X/

Figure 3. Micro-stepping Motor Control

3 Flyback

Back EMF sensing, as mentioned briefly above, cannot occur until after the flyback energy has dissipated.
Flyback is an unavoidable phenomenon. The coils used to drive a motor are effectively inductors and it is
well known that current flowing through an inductor cannot change instantaneously. Therefore, when an
applied voltage on an inductor is removed, an induced voltage is generated due to the continuing flow of
current and will remain until the energy in the coil has been dissipated. This induced voltage, known as the
flyback voltage, will be opposite in polarity to that of the initially applied voltage that generated the current
and will rise to a level that sustains the flow of current. The level that the flyback voltage attains will affect
the time that it takes for the stored energy to dissipate. The simple relationship between flyback time and
voltage can be understood from the following equations:

Vflyback =—dl/dt Eqn. 1

or

dt = — dI/Vypack Eqn. 2

where:
dt = the time that it takes for the energy to dissipate in the inductance

dl =the change in the current level that will occur between the beginning and end of the flyback
event

Viiyback = the magnitude of the flyback voltage

The voltage spike may be positive or negative depending upon the direction of the current in the motor
coil. This will occur during Back EMF sensing regardless of whether full step or micro-stepping control
is used.

S12HY and S12XHY Stepper Stall Detect, Rev. 1

4 Freescale Semiconductor



Stall Detection Using Flyback Time
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Figure 4. Flyback on an open coil
Figure 4 shows a PWM signal driving a motor coil and the resulting current. In this example, when the
PWM signal is stopped and the coil is opened to measure Back EMF, flyback is induced as shown by the

negative voltage spike. Eventually, the flyback voltage dissipates and the voltage on the coil is purely due
to Back EMF that will be proportional to the motor speed.

As mentioned above, to obtain an accurate measurement of the Back EMF, it will therefore be necessary
to wait for a certain amount of time until the flyback voltage has dissipated. The time it takes for the
flyback energy to dissipate is known as the flyback time and it will vary depending upon the coil current
and the motor speed.

4 Stall Detection Using Flyback Time

Rather than wait an indeterminate amount of time for the flyback voltage to decay and then measure the
Back EMF to detect a stall condition, it is possible to exploit the properties of flyback to achieve this.

-
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Figure 5. Coil current flow with transistors Q1 and Q4 ON
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Stall Detection Using Flyback Time

Figure 6. Coil current flow with transistors Q1 and Q4 OFF

Figure 5 depicts current flow through a coil and transistors Qland Q4. Figure 6 shows the same circuit
immediately following the turn-off of Q1 and Q4.

NOTE

The current continues to flow in the same direction through the caoil,
whereas the voltage across the coil inverts. This flyback voltage is clamped
to VDD plus the forward voltage drop of the body diodes of the Q3 and Q2
transistors, respectively. This simple circuit can be modified to model the
winding of a stepper motor (Figure 7 and Figure 8).

Figure 7. Stepper motor winding showing Back EMF with Q1 and Q4 ON
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Stall Detection Using Flyback Time
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Figure 8. Stepper motor winding showing Back EMF with Q1 and Q4 OFF
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NOTE
The inclusion of a Back EMF voltage, Vggpg in series with the coil.

The Back EMF voltage will affect the flyback time in two ways:

» The current through the coil prior to Q1 and Q4 turn off will be affected, depending upon it's
magnitude and polarity.

» The effective flyback voltage across the coil after Q1 and Q4 are turned off will also be modified
by the addition of the Back EMF voltage.

Since the Back EMF will be zero when the motor is stalled, and potentially non-zero when moving then
there will be a difference in the flyback time between a stalled motor and a moving one depending upon
the value of the current and BEMF at the moment that the drive transistors are turned off, effectively
disconnecting the supply from the winding. The change could be positive or negative depending upon the
direction of the coil current and the polarity of the Back EMF (direction of the motor rotation); but it is
predictable based upon the characteristics of the electrical drive cycle at the moment that the coils are
disconnected. Using these characteristics, it is possible to detect a stall condition by measuring the flyback
time.

The flyback time can be easily measured using only a simple timer as the rest of this document will now
explain. In the previous example, when the coil was disconnected, the flyback voltage caused a negative
spike on the motor coil, and a rising edge was created as the current decayed to zero. This rising edge will
go up to the Back EMF voltage. These edges can be used to trigger a timer input capture to measure the
flyback time.

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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Stall Detection Using Flyback Time
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Figure 9. Flyback falling and rising edges with moving motor

If both ends of the motor coil are open, and assuming that there is no motor movement, then as the flyback
voltage decays, the voltage across the coil will tend to 0 V.

Measurement Gap
(Motor Coil Open)

i
s

Figure 10. Motor coil behavior with stalled motor

To trigger a timer input capture, a rising edge that crosses the timer threshold is required. However, the
Back EMF voltage cannot be guaranteed to achieve this as it's value can vary from 0V, in the case of a
stalled motor, up towards VDD for a rotating one. For this example, it is necessary to cause the end of the
coil being measured to be driven all the way to VDD to guarantee that the rising edge crosses the timer
threshold. This can be accomplished in two ways:

* The non-measurement side of the coil could be driven to VDD for the duration of the measurement
period.

* A pull-up device could be connected on the coil end being measured.

VoD VDD

HiZ HiZ —— HiZ
COIL+ COIL- COIL+ COIL-

Drive non-measzurement side to VDD

Caonnect a pull-up device to measurement zide

Figure 11. Ensuring the Rising edge crossing the Timer Threshold
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S12HY Family Implementation

Measurement Gap
(Motor Coil Open)
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Figure 12. Triggering a timer input capture

Then, to measure the flyback time, all that remains is for a timer enabled for input capture to be connected
to the end of the coil being measured.

VDD VDD
Timer Hi 7 Timer
[ Input Capture Input Capture
COIL+ - - COIL+ COIL- :
colL (Hi 2) (Hi 2)

Figure 13. Timer connections

This description showed how the flyback time can be measured using a timer when there is a negative
flyback voltage. The flyback voltage spike may be positive or negative depending upon the coil current
direction. For a positive flyback voltage, the same principle is used except one end of the coil should be
tied to ground and the timer configured to capture on a falling edge.

Timer Hi 7 Timer
Input Capture ! i Input Capture
COIL - - COIL+ COIL )
coi (Hi 2) (Hi 2)
GND

Figure 14. Connections for flyback time measurement with positive flyback voltage

5 S12HY Family Implementation

Stall detection can be accomplished by monitoring the flyback time on a disconnected coil. This is
achieved by ensuring that an end of the coil is held at VDD or GND (depending upon the current direction)
and connecting the other end to an input capture timer.

NOTE

The implementation of the software stepper stall detect is the same on the
S12XHY. Motor and timer pins are compatibile between the S12HY and
S12XHY.

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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S12HY Family Implementation

The technique is basically as follows:

1.

©o Ok wN

5.1

Disconnect the coil

Force an end of the coil to VDD or GND
Connect an input capture timer to the coil
Wait for an input capture event to trigger
Reconnect the coil

Calculate the flyback time

S12HY Family Pin Configuration

The S12HY Family is particularly suited to the flyback measurement technique because some of it's Motor
Control pins are shared internally with it's Timer pins. That is, each COIL- pin is connected to both the
Motor Control PWM and a timer channel. Other microcontrollers may have to make this connection
externally in order to perform stall detection using flyback.

TIMO cho NN

VAR
TIM1I chl I

TIM1 _ch2
TIM1 ch3 I

Figure 15. S12HY Family timer and Motor Control pins

When the Motor Control pins are disabled, they default to general purpose 1/0 pins, effectively
disconnecting the motor coil (Step 1).

The general purpose 1/0 pin on the COIL+ end of the motor coil can be configured as an output
and driven to VDD or GND depending upon the current direction. Alternatively, the pull device of
the general purpose 1/0 pin on the COIL- end of the motor coil can be configured to hold COIL-
at VDD or GND as required (Step 2). This will ensure the input capture timer sees a valid edge.

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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S12HY Family Implementation

» The timer channel on COIL- can be enabled as a timer input capture on a rising or falling edge
depending upon the current direction (Step 3).

» Once avalid edge has been detected, the timer and the general purpose 1/O pin can be disabled, and
the Motor Control pins are re-enabled. On the S12HY Family, the motor control function takes
priority over the timer and general purpose 1/0 functionality (Step 4).

* Re-enabling the motor control effectively disables the timer and general purpose 1/0 and
reconnects the motor coil (Step 5).

» Software can then read the captured timer value, calculate the flyback time and determine whether
a stall condition is present (Step 6).

5.2  Coil Current Flow with the S12HY Family

The edges used by the timer to measure flyback time depend upon the polarity of the flyback voltage. This
is determined by the direction of the coil current and which side of the coil is used to perform the
measurement. On the S12HY Family, this will always be the COIL- due to the pin configuration of the
microcontroller.

Each Motor Control PWM channel consists of two pins MnCxP (COIL+) and MnCxM (COIL-). One of
the pins is used to generate a PWM signal whilst the other is held high. Swapping the signals on each pin,
causes the current flow in the motor coil to reverse and allows the generation of a full sinusoidal waveform.
An example is shown below for a coil connected to PWM channel 0 (MOCOP and MOCOM).

COIL Current ’l

96 100 104 108 112 116 120 1248178

L L L L I L L L L
4 8 12 16 20 24 28 32 36 40 4
| |

|
|

. 4 Positive COIL Curren

[ gl

- = sb

Figure 16. Positive and negative coil currents

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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S12HY Family Implementation

Figure 17. Coil current flow

When MOCOP is connected to VDD and MOCOM to GND, the current flows through drivers Q1 and Q4
creating positive current flow. When MOCOM is connected to VDD and MOCOP to GND, the current flows
through drivers Q2 and Q3 creating negative current flow.

5.3 Measuring Flyback Time Using S12HY
With positive current, the current flows out of MOCOP and in to MOCOM.

Figure 18. Positive current flow

If the drivers Q1 and Q4 are turned OFF during positive current flow, flyback will resist the change by
attempting to maintain the current flow causing the polarity of the voltage across the coil to reverse.

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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S12HY Family Implementation

Figure 19. Flyback due to positive current flow

With the drivers disabled, the only path for the current flow is through the body diodes of Q3 and Q2. The
flyback voltage appears on both ends of the coil, it's magnitude limited to the voltage drop across the body
diodes.

On the MOCOM side of the coil, the flyback voltage results in a rising edge followed by a falling edge. By
enabling a timer on MOCOM configured for falling edge capture and using the general purpose 1/O on the
other side of the coil to drive MOCOP to GND, the flyback time can be measured.

Flyback Time
Figure 20. Measuring flyback time on MOCOM with positive current

It is also possible to measure the flyback time on the negative side of the coil by enabling a pull-down on
the negative side.

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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S12HY Family Implementation

I
—_—
MOCOP MOCOM
— - -V +

Figure 21. Measuring flyback time using a pull-down on MOCOM

Similar behavior occurs during negative current flow, that is when current flows out of MOCOM and in to
MOCOP.

Figure 22. Negative current flow

When the drivers Q2 and Q3 are disabled during negative current flow, flyback will maintain the current
flow momentarily. The voltage across the coil will reverse, and the flyback voltage will be seen on both
ends of the coil limited by the body diodes of drivers Q1 and Q4.

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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S12HY Family Implementation
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Figure 23. Flyback due to negative current flow

Unlike positive current flow, the flyback voltage from negative current causes a falling edge on MOCOM
followed by a rising edge. To measure the flyback time, a timer configured for rising edge capture needs
to be enabled on MOCOM and the general purpose 1/0 on the other side of the coil used to drive MOCOP
to VDD.

Flyback Time

Figure 24. Measuring flyback time on MOCOM with negative current

The above examples show how to measure the flyback time on the negative side of the coil by driving the
positive side to VDD or GND depending upon the current direction.

It is also possible to measure the flyback time on the negative side of the coil by enabling a pull-up on the
negative side when there is negative current flow.

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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S12HY Hardware Implementation
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Flvback Time
Figure 25. Measuring flyback time using a pull-up on MOCOM

6 S12HY Hardware Implementation

Three modules are used to implement flyback stall detection on the S12HY Family. The Motor Controller
is used to create pulse modulated signals on the stator coils producing a rotating magnetic field in the stator
causing rotation. When the Motor Controller is disabled for stall detection, the Timer Module is used to
measure the flyback time whilst the Port Integration Module is used to ensure that the flyback voltage
crosses the timer threshold.

On the S12HY Family, the functionality of these three modules are shared on the same device pins. The
following table shows how the functionality is shared and the relative priority of the functionality.

Table 1. Pin Functionality and Priority

Package Pin <— Lowest Priority Functionality Highest priority—>

100LQFP 64LQFP 18t Func. 2"d Func. 3" Func. 4" Func. 51 Func. 6t Func.

3 2 PUO 10C0_0 MOCOM — — —

4 3 PUL MOCOP — — — _

5 4 PU2 10CO_1 MOC1M — — —

6 5 PU3 MOC1P — — — —

9 8 PU4 10CO_2 M1COM — — —

10 9 PU5 M1COP — — — —

1 10 PU6 10CO_3 M1C1M — — —

12 11 PU7 M1C1P — — — —

13 12 PVO MISO PWM4 SCL IOC1_0 M2COM

14 13 PV1 MOSI PWM5 M2COP — —

15 14 PV2 SCK PWM6 I0C1_1 M2C1M —

16 15 PV3 S PWM7 SDA M2C1P —

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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S12HY Hardware Implementation

Table 1. Pin Functionality and Priority (continued)

Package Pin <— Lowest Priority Functionality Highest priority—>
100LQFP 64LQFP 18 Func. 2"d Func. 3" Func. 4" Func. 5" Func. 6" Func.
19 — PVv4 I0C1_2 M3COM — — —

20 — PV5 M3COP — — — —

21 — PV6 10C1_3 M3C1M — — —

22 — PV7 M3C1P — — — —
NOTE

The relative pin functions are identical between the S12XHY and S12HY in
that the timer input capture and motor control exist. The reference manual
should be adhered to for any other differences.

*  MnCxM and MnCxP are Motor Controller functions
e 10Cn_x are timer functions
* PUn and PVn are port functions

Table 1 shows that of the three modules used in flyback stall detection, the Motor Controller function has
the highest priority followed by the Timer and finally the Port Integration module.

6.1 Motor Controller

The Motor Controller is a Pulse Width Modulator (PWM) capable of driving instrument dials in a cluster
display. It is used to create pulse modulated signals on the stator coils producing a rotating magnetic field
in the stator causing rotation. This is achieved by varying the duty cycle of the PWM channel, creating
microsteps, and swapping the PWM signal between the channel pins to reverse the current flow and
generate a full sinusoidal waveform. For details, refer to Figure 16.

The Motor Controller PWM channels can be used in different output modes, and alignments. Each PWM
channel has a Motor Controller Channel Control Register (MCCCXx) that is used to establish the output
mode and PWM alignment.

7 6 5 4 3 2 1 0
R 0 0
MCOM1 MCOMO | MCAM1 MCAMO cD1 CDO
W
Reset 0 0 0 0 0 0 0 0

Figure 26. Motor Controller Channel Control Register (MCCCx)

The output mode of a PWM channel is governed by the bits MCOM][1:0]. The mode should be selected to
match the motor configuration used. The MCOM][1:0] settings and the corresponding output mode can be
seen in Table 2.

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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S12HY Hardware Implementation

Table 2. PWM channel output mode

MCOM[1:0] Output Mode
00 Half H-bridge mode, PWM on MnCxM, MnCxP is released
01 Half H-bridge mode, PWM on MnCxP, MnCxM is released
10 Full H-bridge mode
11 Dual H-bridge mode

The MCAM[1:0] bits of the Motor Controller Channel Control Register select the PWM alignment as
indicated below.

Table 3. PWM alignment mode

MCAM[1:0] Output Mode
00 Channel disabled
01 Left aligned
10 Right aligned
11 Center aligned

In addition to selecting the PWM alignment mode, the MCAM][1;0] bits disable the PWM channel
allowing flyback to occur and releasing the PWM outputs for the Timer and Port Integration Module
functionality to be used in the flyback duration measurement.

The timer counter clock and the PWM resolution are controlled by the Motor Controller Control Register
0 (MCCTLDO).

7 6 5 4 3 2 1 0
R 0 0
MCPRE[1:0] MCSWAI FAST DITH MCTOIF
l.‘l'l'
Reset 0 0 0 0 0 0 0 0

Figure 27. Motor Controller Control Register 0 (MCCTLO)

The motor controller timer counter clock is derived from the bus clock. Its frequency, f1¢, is determined
by the bits MCPRE[1:0] as shown below.

Table 4. Timer counter clock frequency

MCPRE[1:0] frc
00 fsus
o1 faus/2
10 fausl4
11 faus/8

The FAST bit determines whether the Motor Controller operates using 11-bit resolution or 7-bit resolution.
Setting the FAST bit makes the PWM operate with 7-bit resolution and the duty cycle registers of all

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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S12HY Hardware Implementation

channels are switched to byte access. With the FAST bit clear, the PWM operates with 11-bit resolution
and the duty cycle registers of all channels are switched to word access.

When the Motor Controller timer overflows, bit MCTOIF is set, indicating the end of a PWM boundary.

The Motor Controller PWM signal can be either active high or active low. This is selected using the
RECIRC bit of the Motor Controller Control Register 1 (MCCTL1).

7 6 5 B 3 2 1 0
R 0 0 0 0 0 0
RECIRC MCTOIE
w
Reset 0 0 0 0 0 0 0 0

Figure 28. Motor Controller Control Register 1 (MCCTL1)

Setting the RECIRC bit causes the PWM output to be active high. Otherwise, the PWM output is active
low.

The Motor Controller Period Register (MCPER) is used to configure the period of the Motor Controller
PWM channels.

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
R| O 0 0 0 0

P10 | P9 P8 P7 P86 PS P4 P3 P2 P1 PO

Reset 0O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Figure 29. Motor Controller Period Register (MCPER)

The content of the Motor Controller Period Register (MCPER) represents the period of the Motor
Controller PWM channels in motor controller timer counter clocks.

Each PWM channel has an associated Motor Controller Duty Cycle Register (MCDCX) that is used to
configure the duty cycle of the PWM channel. The Motor Controller Duty Cycle Register (MCDCXx) can
be 11 or 7 bits wide depending upon the PWM resolution mode.

15 14 13 12 11 10 9 8 T 6 5 4 3 2 1 0

R S S S S
S D10 | D9 D8 | D7 D6 D5 D4 D3 | D2 D1 DO

Reset 0O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Figure 30. Motor Controller Duty Cycle Register (MCDCXx) in 11-bit mode

15 14 13 12 1" 10 9 8 ) 6 5 B 3

[ )
-
(=]

S DS | D7 | D6 | DS | D4 | D3 | D2

Reset O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Figure 31. Motor Controller Duty Cycle Register (MCDCx) in 7-bit mode

The duty cycle bits D[10:0], or D[8:2] depending upon the resolution, define the number of motor
controller timer counter clocks that a PWM output is active.

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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S12HY Hardware Implementation

Each different duty cycle represents a different micro-step. Changing the duty cycle will change the current
flowing through the coil causing a change in the magnetic field of the stator and induce movement of the
rotor.

The S bit of the Motor Controller Duty Cycle Register determines which PWM channel output the PWM
signal appears on. By swapping the PWM signal between the PWM channel outputs, the coil current
direction can be reversed.

Together the duty cycle bits and the S bit can be used to approximate a full sinusoidal waveform.

The frequency or speed of the motor can be varied either by changing the PWM period, or by varying the
number of micro-steps used to approximate a sinusoidal waveform.

6.2 Timer

The Timer Module is used to measure the flyback time. A rising or falling edge triggers an input capture
event causing the timer to latch the value of it's counter into a register. By subtracting the value of the
counter at the beginning of the flyback measurement from the latched counter value, the flyback time can
be calculated. To evaluate whether a stall condition exists the flyback time is compared against a set of
pre-determined limits.

The Timer Input Capture/Output Compare Select Register (TIOS) configures the timer channels as either
an input capture or an output compare channel.

7 L 5 4 3 2 1 0
R
" 1057 1056 10585 1054 1053 1052 1051 1050
Reset 0 0 0 0 0 0 0 0

Figure 32. Timer Input Capture/Output Compare Select Register (TIOS)

Clearing a bit in the TIOS register configures the corresponding timer channels as an input capture
channel.

Input Capture channels can be configured for rising edge capture, falling edge capture, or both. Each timer
input capture channel has two bits that are used to configure the edge detector circuit. These bits are found
in Timer Control Registers 3 and 4.

T

6

R
EDG7B EDGTA EDGEB EDGEBA EDGSB EDGS5A EDG4B EDG4A
w
Reset 0 0 0 0 0 0 0 0
7 6 5 4 3 2 1 0
R
EDG3B EDG3A EDG2B EDG2A EDG1B EDG1A EDGOB EDGOA
w
Reset 0 0 0 0 0 0 0 0

Figure 33. Timer Control Registers 3 and 4 (TCTL3, TCTL4)
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The bits EDGnB and EDGnNA are used to configure the input capture channel for rising or falling edge
detection as shown in the table below.

Table 5. Edge Detector Circuit Configuration

EDGnB EDGnA Configuration
0 0 Capture disabled
0 1 Capture on rising edges only
1 0 Capture on falling edges only
1 1 Capture on any edge (rising or falling)

When the flyback measurement begins, a record should be made of the initial timer counter value. The
current timer counter value can be obtained by reading the Timer Count Register.

15 14 13 12 " 10 e g
R
TCNT15 TCNT14 TCNT13 TCNT12 TCNT11 TCNT10 TCNT9 TCNTS8
W
Reset 0 0 0 0 0 0 0 0
7 6 5 < 3 2 1 0
R
W TCNT7 TCNT6 TCNTS TCNT4 TCNT3 TCNT2 TCNT1 TCNTOD
Reset 0 0 0 0 0 0 0 0

Figure 34. Timer Count Register (TCNTH, TCNTL)

The Timer Count Register is a 16-bit up counter driven by the Timer clock. The Timer Count Register
increments with each Timer clock cycle. The Timer clock is derived from the bus clock.

7 6 5 e 3 2 1 0
R 0 0 0
TOI TCRE PR2 PR1 PRO
w
Reset 0 0 0 0 0 0 0 0

Figure 35. Timer System Control Register 2 (TSCR2)

Bits PR[2:0] of Timer System Control Register 2 select the frequency of the Timer Clock by applying a
prescaler to the Bus Clock as shown below.

Table 6. Timer Clock Frequency

PR2 PR1 PRO Timer Clock
0 0 0 Bus Clock/1
0 0 1 Bus Clock/2
0 1 0 Bus Clock/4
0 1 1 Bus Clock/8

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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Table 6. Timer Clock Frequency (continued)

PR2 PR1 PRO Timer Clock
1 0 0 Bus Clock/16
1 0 1 Bus Clock/32
1 1 0 Bus Clock/64
1 1 1 Bus Clock/128

Each Timer channel has a pair of registers that latch the value of the Timer counter when a valid input
capture or output compare event occurs.

15 14 13 2 n 10 ? 0
R
Bit 15 Bit 14 Bit 13 Bit 12 Bit 11 Bit 10 Bit9 Bit8
W
Reset 0 0 0 0 0 0 0 0
7 6 5 - 3 2 1 0
R
Bit7 Bit6 Bit5 Bit4 Bit 3 Bit 2 Bit 1 Bit 0
w
Reset 0 0 0 0 0 0 0 0

Figure 36. Timer Input Capture / Output Compare Register (TCxH, TCxL)

When the flyback voltage crosses the threshold of the timer input capture, the counter value is latched into
the Timer Input Capture / Output Compare Registers of the corresponding Timer Channel. The flyback
time, in Timer clock cycles, is the difference between the latched counter value in TCxH, TCxL, and the
initial counter value recorded at the beginning of the flyback measurement.

When an input capture event occurs on a timer channel, a corresponding flag is set in the Main Timer
Interrupt Flag 1 Register.

7 6 5 < 3 2 1 0
R
C7F CEF CSF C4F C3F C2F CiF COF
w
Reset 0 0 0 0 0 0 0 0

Figure 37. Main Timer Interrupt Flag 1 Register (TFLG1)
The flags are cleared by writing 1 to the set flag bit.

Rather than polling the input capture flags to identify when an input capture has occurred, an interrupt can
be enabled. To enable an interrupt for a particular timer input capture channel, set the corresponding bit in
the Timer Interrupt Enable Register. When a valid edge is detected on the timer input capture channel, the
resulting interrupt will notify software that a valid input capture event has occurred.

S12HY and S12XHY Stepper Stall Detect, Rev. 1
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7 -} 5 < | 3 2 1 0
R
C7l Csl Csl c4l C3l c2 c1l col
w
Reset 0 0 0 0 | 0 0 0 0

Finally, to enable the Timer module bit, TEN, in the Timer System Control Register 1 (TSCR1) must be

Figure 38. Timer Interrupt Enable Register (TIE)

set.
7 8 ) 4 3 2 1 0
R 0 0 0
TEN TSWAI TSFRZ TFFCA PRNT
W
Reset 0 0 0 0 0 0 0 0

Figure 39. Timer System Control Register 1 (TSCR1)

6.3

The Port Integration module is used to ensure that the rising (or falling) edge of the flyback voltage crosses
the threshold of the timer input capture channel. This can be achieved either by forcing the
non-measurement side of the coil to VDD (or GND) or by enabling a pull-up (or pull-down) on the timer

Port Integration Module

side of the coil.
7 [.] 5 4 3 2 1 0
R
DDRU7 DDRU6 DDRUS DDRU4 DDRU3 DDRU2 DDRU1 DDRUO
W
Reset 0 0 0 0 0 0 0 0
7 8 : 4 3 2 1 0
R
o DDRV7 DDRVE DDRVS DDRV4 DDRV3 DDRV2 DDRV1 DDRVO
Reset 0 0 0 0 0 0 0 0

Figure 40. Port U and V Data Direction Registers

The Port U and Port V Data Direction Registers determine whether a port pin is an input or an output.
Setting a bit configures the associated port pin as an output.
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=l

R
W PTU7 PTUG PTUS PTU4 PTU3 PTU2 PTU1 PTUO
_ 10C0_3 —_ 10C0_2 — 10C0_1 _— 10C0_0
Altermn.
Funct MI1CI1P MI1C1M M1COP M1COM MOC1P MOC1M MOCOP MOCOM
Resat 0 (1] 1] D D 0 0 0
7 6 5 4 3 2 1 0
R
- PTVT PTVE PTVS PTV4 PTV3 PTV2 PTV1 PTVD
_ — — — S5 — — MISO?
— —_ —_ — PWM7 PWME PWMS PWM4
—_ —_— —_— —_ SDA SCK MOSI SCL
- 10C1_3 —_ 10C1_2 —_ 10C1_1 —_ I0C1_0
N‘e.m‘ M3C1P M3C1M M3CoP M3COM M2C1P M2C1M M2COP M2COM
Function
Reset 0 0 0 0 0 ] 0 0

Figure 41. Port U and Port V Data Registers

If none of the higher priority alternative functions are enabled, the Port U and Port V data registers

determine the value driven on a port pin if the associated data direction bit is set to configure the port pin
as an output.

The Port Data Direction Registers in conjunction with the Port Data Registers can be used to drive the
non-measurement side of the coil to VDD (or GND) ensuring the flyback voltage crosses the threshold of
the timer input capture.

Alternatively, a pull device can be used on the timer side of the coil to ensure the flyback voltage crosses
the timer input capture threshold.

7 8 5 2 3 2 1 0
PERU7 PERUS PERUS PERU4 PERU3 PERU2 PERU1 PERUD
W
Reset 0 0 0 0 0 0 0 0
7 8 5 - 3 2 1 0
R
PERV7 PERVS PERVS PERV4 PERV3 PERV2 PERV1 PERVO
W
Reset 0 0 0 0 0 0 0 0

Figure 42. Port U and Port V Pull Device Enable Registers

The Port U and Port V Pull Device Enable Registers activate a pull device if the associated pin is used as
an input. Although, the functionality of the timer has a higher priority than a general purpose 1/O port pin,
the port pins are inputs during timer input capture mode and the behavior of the pull devices are unaffected.
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7 8 5 - 3 2 1 0
=
PPSUT PPSUG PPSUS PPSU4 PPSU3 PPSU2 PPSU1 PPSUO
W
Reset 0 0 0 0 0 0 0 0
7 8 5 < 3 2 1 0
R
PPSV7 PPSV6E PPSV5 PPSV4 PPSV3 PPSV2 PPSV1 PPSVOD
W
Reset 0 0 0 0 0 0 0 0

Figure 43. Port U and Port V Polarity Select Registers

Port U and Port V Polarity Select Registers determine whether an activated pull device is a pull up or a
pull down. Setting a bit in these registers configures the enabled pull device as a pull-up on the associated
port pin. Otherwise, an enabled pull device is configured as a pull-down.

7 Hints and Tips for Usage

In Section 5, the implementation of stall detection utilizing a change in flyback was defined. In Section 6,
the modules that are utilized to perform the stall detection were outlined. In this section, tips on how to
implement this knowledge will be described.

7.1  Flyback Measurement Conditions

Flyback sensing for determining stall detection can be implemented using full step, half step, or
micro-stepping control methods. This is possible because flyback sensing is a relatively quick event. As
mentioned earlier, full step methods may offer limited flexibility in terms of motor speeds during stall
detection whereas micro-stepping offers a wide variety of sensing speeds because of the smooth torque
production.

In implementing the flyback measurement stall detection technique in conjunction with micro-stepping, it
is important to maintain consistent measurement conditions to compare flyback on a moving motor against
a stalled motor. The flyback measurement must be made at the same point in the waveform cycle with the
same steady state motor speed to accurately detect a stall condition. Any change in the measurement
conditions will cause a change to the flyback measurement and may result in erroneous stall detection.

A change to the micro-step duration or the number of micro-steps in a cycle will affect the motor speed.
As discussed earlier, Back EMF is proportional to the motor speed. Changing the motor speed will alter
the Back EMF voltage, one of the components of the flyback voltage, and in turn the measured flyback
time.

The motor speed is determined by the micro-step duration, the number of micro-steps in a cycle and the
step angle of the motor as shown below.

Motor Speed (Deg/s) = Step Angle / (N x D) Eqgn. 3
Where:
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Step Angle = Number of Degrees Movement per Electrical Cycle

N = Number of Micro-steps per Electrical Cycle

D = Duration of one Micro-step
The Back EMF voltage also varies in relation to the coil waveform cycle (See Figure 44). Different points
of the cycle have different Back EMF voltages. If the sampling point changes, then the Back EMF voltage

will change also. It is therefore important to ensure that the sampling of flyback occurs at the same point
in each waveform cycle.

The period of the waveform cycle is governed by the number of micro-steps per cycle, and the duration of
each micro-step.
Waveform Cycle Period =N x D Eqgn. 4

Where:
N = Number of Micro-steps per Electrical Cycle
D = Duration of one Micro-step
Waiting one Waveform Cycle Period before making the next flyback measurement ensures that the

measurement is made at the same point in each waveform cycle. However, there are four points in the
waveform cycle that would have the same flyback value (See Figure 44).

Table 7 shows some examples of how the micro-step duration and the number of micro-steps in a cycle
affect the motor speed and the Waveform Cycle Period for a motor that has a 2 degrees step angle.

Table 7. Effect of Micro-Steps and Micro-Step duration on Motor Speed and Cycle Period

Time. “S8S | Spoed | perioa || 'Tme | SIS | S | perioa | |'Time S5  Speed | period
(ms) (Deg/s) (ms) (ms) (Deg/s)| (ms) (ms) (Deg/s)| (ms)
0.5 8 500.0 4 0.5 16 250.0 8 0.5 32 125.0 16
1 8 250.0 8 1 16 125.0 16 1 32 62.5 32
2 8 125.0 16 2 16 62.5 32 2 32 31.3 64
3 8 83.3 24 3 16 41.7 48 3 32 20.8 96
4 8 62.5 32 4 16 31.3 64 4 32 15.6 128

7.2 When to Sample the Flyback

Normally, the best time to open the motor coil and sample the flyback is when the drive voltage is 0 V.
However, because flyback measurement technique takes very little time, the step at which flyback
sampling is performed can be chosen to be any point in the generated waveform as long as it is consistent
from cycle to cycle. Ideally, the point chosen would be when the BEMF signal is at its peak to ensure the
greatest change in the flyback time. As illustrated in the simulation below, it just happens that the peak
BEMF coincides approximately with the 0 V step.
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— COIL1 —COIL2 —BEMF COIL1 —BEMF COIL2

Figure 44. Back EMF voltage and coil waveform

7.3  Determining Coil Current and Flyback Polarity

As discussed in the description of functionality previously, knowing the current / flyback polarity is
essential in successfully implementing the flyback measurement technique. Although current / flyback
polarity can be determined by the voltage applied to the coils, another option is to read the input port pin
associated with the measurement side of the coil, COIL-. Logic "1" implies positive coil current / flyback,
logic '0' negative. The input capture edge and the pull-up or pull-down device can now be configured
accordingly.
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o Release motor coil

from PWM control
(turn to high Step Boundary Step Boundary

impedance input)

Coil -

Coil +

© 7 e ~_
* Take timer reading et o .®  Wait for Edge
* Read Input Port Pin }4_,|‘\ * Capture Timer Reading

* Enable Pull-Up or Pull-Down device Re-enable Motor Colls

depending upon the flyback polarnty o
Measure Flyback Time

Figure 45. Reading port pin logic level to determine flyback polarity

Stopped : Trigger @ 3/16/2009 9.35

Coil is Released Read Input Port

ﬁ Pull-Down Enabled

Detect Falling edge

I CHHH T
HHMH uv fill

Re-Enable
Motor Driver

Figure 46. Scope shot of flyback measurement

7.4  Releasing the Motor Coil

As discussed in Section 6, releasing the motor coil is done by setting the MCAM bits in the MCCCx
register to 00 (channel disabled). Then, the pin will be connected to the general purpose timer for flyback
measurement. However, writing 00 to the MCAM bits does not release the coil immediately. The coil will
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not be released until a PWM boundary is reached. Therefore, after setting the MCAM bits to 00, it is
necessary to monitor the MCOTIF bit (PWM overflow flag) in the MCCTLUO register.

See example code below:

MCCcCcO0 = 0x00; /4 disakle COIL1 on Motorl
MCCTLO MCTOIF = 1; /S clear PWM overflow flag
while (MCCTLO MCTOIF == 0); // wait for PWM toc cocverflow

7.5  Stall Detection and Motor Speed

The speed at which stall detection occurs can vary greatly from slow speeds (10 deg/s) to very fast speeds
(300 deg/s). However, the faster the speed, the larger the BEMF and hence the greater the change in
flyback time making a stall condition easier to detect. But, faster speeds also mean that the motor must first
be ramped up to speed before detection can occur. In the case of synchronizing a pointer on an instrument
gauge to it's zero stop position, the motor should be pulled sufficiently away from the zero stop position
to allow it to ramp up to its required speed before starting stall detection.

'y

Speed
(Deg/s)

Degrees

Pull out

Figure 47. Ramp of motor

The flow chart below shows the steps required to synchronize a pointer to it's zero stop position.
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Figure 48. Zero stop synchronization flowchart
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Another factor to consider is the natural motor resonant speed. This is the speed where the motor will
exhibit oscillatory behavior even with micro-stepping. The resonance speeds of the motor should be
avoided for reliable and accurate stall detection.

7.6 Characterization

Another important step for implementing any stall detection technique is characterizing the motor at a
given speed and sample points across temperature and variations of the motor. There are ways to do auto
calibration of the pointer during manufacturing but it is always a good idea to characterize the motor.
Figure 49 shows an example of the measured flyback times of the motor moving and when a stall is
detected. Two cases are illustrated: a slow speed where no ramp up is needed and a fast speed where a ramp

up is needed.
1 Moving ‘

1 Stalled

Measured Flyback Time

0 20 40 60 S0 100 120 140 160 180 200 220 240 260 280 300 320 340 360 330 400 420 440
Samples

1] 10 20 30 40 50 &0 70 80 S0 100 110 120 130 140 150 160 170 180 190 200 210 220

Degrees of Movement

Figure 49. Slow speed (35 deg/s) flyback times
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Moving
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e

Stalled

Figure 50. High speed (150 deg/s) flyback times

7.7  Other S12HY Implementation Tips

As mentioned above, the S12HY device connects a timer channel with the motor control PWMs to enable
flyback measurement stall detection. Scheduling motor movement is also typically done with a timer
channel. The same timer channel used for measurement can also be used to schedule motor movement. For
example, setting up the step times for each step can be achieved utilizing the output compare functionality
of the pin. Then, when it is time to measure the flyback, the timer channel can be reconfigured for input
capture, measurement can occur and finally the timer channel can be reset back to an output compare.

Doing this minimizes the number of timer channels required for the application.

Table 8. Timer output compare and input capture utilization

Timer Channel

Output Compare

Input Capture

Motor O TIMO_CHO Schedule next step time for MO Measure MOCOM
TIMO_CH1 Measure MOC1M
Motor 1 TIMO_CH2 Schedule next step time for M1 Measure M1COM
TIMO_CH3 Measure M1C1M
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Table 8. Timer output compare and input capture utilization (continued)

Summary

Timer Channel

Output Compare

Input Capture

Motor 2 TIM1_CHO Schedule next step time for M2 Measure M2COM
TIM1_CH1 Measure M2C1M
Motor 3 TIM1_CHO Schedule next step time for M3 Measure M3COM
TIM1_CH1 Measure M3C1M

8 Summary

Measuring flyback time on an undriven coil permits stepper stall detection whilst micro-stepping a motor.
This has the advantage of:

* Reducing mechanical oscillations
» Wide range of stall detection speeds

» Detection can be performed on any micro-step

* No additional hardware is required
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