wr
PRt

Freescale Semiconductor Document Number: AN3775
Application Note Rev. 0, 09/2008

Quadrature Decoder
Implementation on MCF51AC256

How to Read Encoder Position and Speed on a Platform
With No Dedicated Peripheral

by: Jaroslav Musil
Czech Republic

1 Introduction Contents
1 Introduction .. ... ... 1

This application note describes the evaluation of speed 2 Quadrature Encoder ............................ 1

. . 3 Connection ....... .. .. .. 2
and posmon on the MCF51AC256 pl‘a‘tform using a 4 Implementation ... >
conventional quadrature encoder position sensor. 41 LowSpeedMode ...................iiii.. 2
MCF51AC256 does not have any hardware support to j-g ;‘rig*r:gpoenege'\t""::n- e g

. o, . . It weenthelvlodes ................

decode the quadrature signals, so it is necessary to 44 TPM Configuration. . .. ..........oooooonoo 9
somehow reuse the timer inputs with the help of
software.
This application note discusses the common difficulties
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2 Quadrature Encoder
The quadrature encoder is a sensor that generates two
signals (phase A, phase B) of rectangular pulses if the
rotor changes its position. The signals are logical, similar
to the clock signal. They are offset from each other by 90
degrees. If we consider that one period of such a signal is
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360 degrees long, then 180 degrees is the period of the on- or off-pulse. Therefore a position of 90 degrees
is in the middle of the on- or off-pulse.
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Figure 1. Quadrature Encoder Signals

The quadrature encoder has a certain number of pulses per one mechanical revolution. Taking into
consideration that the signal has one phase edge per one pulse, two phases of such signals must generate
four edges per one pulse. It means that the encoder has a capability of position recognition with a precision
that is four times higher than the number of pulses in the specification.

3 Connection

MCF51AC256 does not offer any hardware peripheral for quadrature encoder signal processing. Therefore
it is necessary to connect the quadrature encoder’s signals to a timer peripheral.

A timer that can be used for the quadrature encoder must have the capability of running in the input capture
mode, must have two free inputs, and must offer reading of the input pin status. The clock frequency of
this timer must be high enough to enable measurement of the time between the capture events — in this
particular case, between the encoder signals’ edges that can be generated with a really high frequency. The
timer must also have the possibility of setting the timer for a free running mode with an external clock.

A good timer that fulfills the above-mentioned conditions to be used with MCF51AC256 is the TPM3.
This timer has two input channels: TPM3CHO and TPM3CHI1. Phase A of the quadrature encoder will be
connected to the pin TPM3CHO and phase B to pin TPM3CHI1. TPM3 has also another pin that serves as
an external clock input for its counter. The pin is named TPMCLK and the quadrature encoder’s phase A
signal will also be connected to this pin.

4 Implementation

The principle of position recognition using the quadrature encoder requires two modes:
* Low speed mode
* High speed mode

While the former is used when the speed of rotation is low (around zero), the latter is used for high rotor
speeds. Description of these modes is found in the following sections.

4.1 Low Speed Mode

In low speed mode the TPM3 module is set up to use the bus clock (20 MHz) as the source clock for the
counter. Channel 0 and channel 1 are configured for the input capture mode of both edges. In other words
on any arriving edge the timer saves the time of the arriving edge and generates an interrupt.
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In this interrupt the state of the channel O and the channel 1 pins is read. This state is compared to the
previous state and the rotation direction is detected this way. Then the position variable is incremented or
decremented by one with respect to the rotation direction.

To evaluate the speed the time of the previous phase A edge (which is stored in a variable from the previous
step) is subtracted from the actual phase A's edge time. This period says how many bus clock periods were
measured between two phase A's edges.
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Figure 2. Low Speed Mode

The zero speed detection is made via TPM3’s overflow interrupt. An overflow counter variable is zeroed
in the TPM3 channel O capture interrupt. When the TPM3’s counter overflows and its interrupt is
generated, an overflow counter variable is increased. If this variable is greater than two, in other words the
max 16-bit range was reached, the variable that carries the information of the time between two edges is
set to its maximum, 65535.

The speed itself is calculated by the means of time between two edges in a periodical timer interrupt of
FTM2. This interrupt is generated with a period of 5 ms, so the speed variable is updated once per 5 ms.
If the time between two edges is 65535, the speed is set to 0.

Knowing the number of encoder pulses per one mechanical revolution and knowing the bus clock
frequency, we can state:

Loy = Lpe X Nph Eqn. 1

where:

t,oy — time of one revolution
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the — time between two edges

Npn — number of encoder edges in one phase

N, = Nx2 Eqn. 2

where:

N — number of encoder pulses
the = — Eqn. 3
b f;’nt

where:

t — measured timer clocks between two edges

f. . — frequency of the counter source (20 MHz)

1

frotor = Eqn' 4
trev
where:
fiotor — rotor frequency (revolutions per 1 s)
For the mechanical speed in RPM we can state:
Orpar = 60X frp10r Egn. 5

where:
®rpMm — speed in revolutions per 1 minute

Putting Equation 1, Equation 2, Equation 3, and Equation 4 into Equation 5 we obtain the following
equation:

Sent

Oppy = 60Xm Eqn.6
To simplify this statement we can write the following equations:
K
Oppyr = 71 Eqn.7
Jent
K, = 30x ~ Eqn. 8

where:

K — speed constant
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The minimum measurable speed can be calculated as follows:

fcnt

Nxi Eqn. 9

Orpymin = 30 %

where:

thax — the maximum period that can be measured (limitation of the 16-bit register)

If the encoder has 1024 pulses per mechanical revolution the counter source is the bus clock of 20 MHz:

o = 30x —20X10° g0 pprs Eqn. 10
RPMmin 1024 x 65535

As mentioned above, this mode requires an interrupt to be generated on each arriving edge. If we consider
the encoder of 1024 pulses per one mechanical revolution, in other words 4096 interrupts per one

mechanical revolution, we can calculate the maximum speed for the lowest acceptable period between two
input capture interrupts:

trevmin = tint x4 x N Eqn- 11
60 60
OrpPMmax = P = AxNxt Eqn. 12
revmin int

where:

t — minimum time of one mechanical revolution

revmin

ORPMmax — Maximum possible speed

t;,¢ — minimum acceptable time between two interrupts

Therefore if we accept the minimum time between two interrupts as 100 us and the encoder has 1024
pulses, the maximum possible speed for this mode will be:

60

. = 146.5RPM Eqn. 13
4 %1024 x 100x10~

OrpMmax =

If the application should run over 146 RPM it is necessary to use another mode that will not occupy the
processor so much.
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4.2 High Speed Mode

High speed mode was created because of high processor usage in low speed mode. In this mode channel 0
and channel 1 of the timer are set up for free running. In this mode no interrupt is generated when an edge
arrives. The counter clock source is set up for the external clock source which is the phase A signal in this
case. So the counter will count the pulses generated by the encoder's phase A.

Encoder M TPMCLK o Direction of rotation known from Low Speed Mode
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* Position updated every 50us in a periodical interrupt
* Speed calculated every 5ms in a periodical interrupt
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Figure 3. High Speed Mode

To read the position a periodical interrupt is necessary. In this case FTM2 was chosen where the period of
the interrupt generation is set to 50 us. When this interrupt is generated, the application subtracts the
current TPM3 counter position from the previous position (which is stored in a variable from the previous
interrupt). As the counter only counts one type of the edge (rising) and as just one channel is used, this
information must be multiplied by a factor of four before it is used. The multiplied position difference is
added to the position variable in the case of positive rotation and/or subtracted from the position variable
in the case of negative rotation.

To evaluate speed in this mode a divider variable was put into the periodical interrupt to get a period of
5 ms for the speed calculation. The longer the period is, the more speed precision is gained, but the delay
is longer. So an optimum value must be set up.

Knowing the period of speed evaluation interrupt and knowing the number of encoder pulses, we can state:

=

edls Eqn. 14

f;’otor = N
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where:
fiotor — frequency of rotor (revolutions per 1 s)
Neg1s — encoder edges per one 1 s

N — number of encoder pulses

N,
Nedls = edt Eqn. 15
tspeed
where:
N.q1s — edges in the speed evaluation interval
tspeed — speed evaluation period
Oppyy = 60 %10, Eqn. 16
where:
orpMm — speed in revolutions per 1 minute
Putting Equation 14 and Equation 15 into Equation 16 we obtain the following equation:
N, dl.
To simplify this equation we can write the following equations:
Oppy = Ky x N,y Eqn. 18
60
K, = ———— Eqn. 19
? N x tspeed 9

where:

K, — speed constant

As mentioned above, this mode’s precision is four times lower in comparison to low speed mode.
Nevertheless to obtain two times higher resolution in this mode, it is possible to use a XOR gate with inputs
of the encoder’s phase A and phase B signals and its output connected to the TPMCLK pin. In this case
the precision would be only two times lower in comparison to low speed mode.

The speed evaluation precision can be calculated as follows:

60

(’ORPMprec = Nxt P
spee

Eqn. 20
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So for the 1024-pulse encoder and for the speed evaluation period of 5 ms the result is:

60

— B - 117RPM Eqn. 21
1024 x 5x10~

0)RPMprec =

So the system is able to detect the speed with a precision of £11.7 RPM. In case of the speed when the
system is switched from low speed mode to high speed mode (that is, 146 RPM), the relative error is
11.7/146 x 100 = 8%.

In high speed mode, the processor load is not very high, but in this mode it is not possible to recognize the
direction of rotation. Therefore this mode can be used for a certain speed where it is absolutely sure that
the velocity will not immediately reverse.

4.3 Transition between the Modes

As mentioned above, the application uses two modes of position evaluation. What was not mentioned is
how the transition between these two modes is made.

From a standstill, the application is in low speed mode where the application is able to recognize the
direction of rotation. As the absolute speed grows, the system must switch the speed mode to high speed
mode at a certain speed threshold. When the speed reaches this threshold, the application must execute
several steps that are important for safe mode switching:

1. In the periodical interrupt where the speed is updated every 5 ms, the application sets a command
for a transition to high speed mode. At this moment the application is in a transition mode where
the speed is not updated.

2. The transition is completed in the phase A interrupt when the phase A edge arrives. If the edge is
rising, the timer setting is reconfigured in this way:

— The TPM3 counter clock is switched to the external clock source.
— The TPM3 interrupts are disabled.
— The actual counter register of TPM3 is stored as the current step position.
3. Now the application is in high speed mode.
When the absolute speed falls below a certain threshold, the system is switched to low speed mode. The
following steps are important for successful switching of the mode:

1. In the periodical interrupt where the speed is updated every 5 ms, the application sets a command
for a transition to low speed mode. At the same time TPM3’s channel 0 is configured for a rising
edge capture only, its possible flag is cleared and interrupt enabled. At this moment the application
is in a transition mode where the speed is not updated.

2. The transition is completed in the phase A interrupt when the phase A rising edge arrives. The
following steps are taken:

— The TPM3 counter clock is switched to the bus clock source.

— The actual TPM3 channel 0 and channel 1 states are stored.

— The TPM3 channel 1 possible flag is cleared and its interrupt enabled.
— The TPM3 channel 0O is switched to capture both edges.
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3. The position variable is updated according to TPM3 channel O's captured value.

— The TPM3 overflow flag is cleared and its interrupt is enabled.

Implementation

— TPM3 channel 0's capture value is read and incremented/decremented by one because the
capture time was not updated as the edge of clock occurred at the same moment.

4. Now the application is in low speed mode.

As the transition is initiated according to the speed information that is updated every 5 ms and the system
then waits for the rising edge, the system has certain limitations that consist in the slope of the speed. If
the slope of the speed ramp is very steep and if the speed reverses, there is a risk of error in position
evaluation. For safety reasons the slope of speed should be about 100 ms from the threshold speed to zero.
The reason is that the system must switch to low speed mode before the speed is reversed — otherwise a
few pulses can have the wrong sign.

4.4

TPM Configuration

To be able to use the TPM as the quadrature decoder it is necessary to make the following setting:

PTBD bits 0, 1 to O (as input)

PTBPE bits 0, 1 to O (pull-up disable)

PTED bits 2, 3 to O (as input)

PTEPE bits 2, 3 to O (pull-up disable)

TPM3 COSC = 0xC (channel O input capture on any edge)
TPM3 C1SC = 0xC (channel 1 input capture on any edge)
TPM3 CNT = 0 (counter reset)

TPM3 SC = 0x8 (bus clock on TPM3, divider 1)

TPM3 COSC CHOIE to 1 (channel O interrupt enabled)
TPM3 C1SC CHIIE to 1 (channel 1 interrupt enabled)
TPM3 TOIE to 1 (overflow interrupt enabled)
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