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This application note describes the implementation of Pulse Width Modulation (PWM)
and Quadrature Decoder/Counter modules for motor control and motor sensor
applications.

The on-chip FPGA (up to 40K gates) can be used to implement multiple programma-
ble PWM and Quadrature Decoder modules, allowing designers to implement multiple
channels of programmable PWM and Quadrature Decoders. The high performance
8 - bit microcontroller provides up to 3 additional PWM counters that can be config-
ured as 8-, 9- or 10-bit PWM's. The added advantage of the on-chip microcontroller is
that it can be used for reading PWMs and Quadrature decoders, and to perform the
required processing in determining the motor speed and the distance traveled, provid-
ing the single chip solution for most of the motor related applications, see Figure 1.
Typical applications are printers, plotters, Data X-Y Logger, industrial and medical pre-
cision equipment, robotics, audio amplifiers, copiers, scanners and many others.

Figure 1. Motor Control Block Diagram

PWM H-Bridge

MOTOR

Encoder
Quadrature

Decoder/Counter

C
O
N
T
R
O
L
L
E
R

FPSLIC Device

FPGA
1



Description To control the speed of a D.C motor we need a variable voltage D.C power source.
Pulse Width Modulation provides a logic “1” and logic “0” for a controlled period of time.
The speed of the motor can be adjusted by changing the Pulse Width Ratio. To control
the speed of the motor, the switches of the H-bridge are opened and closed at different
rates in order to apply different average voltages across the motor, see Figure 2.

Figure 2. Typical Application of PWM in Motor Speed Control

The quadrature decoder/counter takes some of the real-time computational load off the
microprocessor. When the processor reads the output signals of the position encoder,
every change in state must be detected. This means that for an encoder of 250 pulse
per channel per revolution turning at a modest 6000 rpm, the processor must detect and
decode 100,000 state changes per second. This is difficult for most microcontrollers,
and many systems use higher speeds and/or even denser encoders.

The solution is a circuit that will read the encoder outputs (90 degree out of phase), and
detect each of these state changes and generate the direction signal depending upon
the relation between the encoder outputs. Each time a state change is detected in the
positive direction, the decoder will increment the counter; a change in the other direction
causes the counter to be decremented. Thus the counter will keep a running count of
how far the encoder has moved, until it overflows. If you use an 8-bit counter, the
counter can count from -128 to +127. Now the microprocessor can read the number in
the counter and compare that number to a previous reading in order to measure the dis-
tance traveled, see Figure 3.

Figure 3. Typical Application of Quadrature Decoder/Counter in Motor Control
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Motor Control
Design
Implementation

Pulse Width Modulator This document details VHDL® implementations of a 12-bit Pulse Width Modulation
timer. The PWM timer is often used instead of a Digital to Analog Converter (DAC) and
is well suited for FPGA implementations. With a filter outside, it can be used to generate
slow analog waveforms.

The first implementation uses a simple comparator. This allows a system frequency of
+30 MHz. The second implementation uses a 4-stage pipelined 12-bit comparator to
achieve 50 MHz + system frequency.

The PWM timer consists of three basic elements: a 12-bit wrap around up counter, a
PWM register, which contains the expected duty cycle; and a comparator, which com-
pares the counter with the register, see Figure 4. The PWM output is High as long as the
counter is less than or equal to the register. The user can load the register by keeping
the chip select (CS_Z) Low at a system clock edge and thus program the duty cycle of
the PWM timer.

The PWM frequency is calculated as:

f PWM = f system / 2BITWIDTH

However, a minimum PWM frequency around 10 kHz would keep the cost of the digital
filter down.

Figure 4. Simple PWM Timer

While the design above is simple, the PWM frequency is a little bit lower than desired.
Synthesizing the design for an AT40K05AL (see VHDL file) with Leonardo v1999.1i and
Place and Route with timing constraints using Atmel Figaro (IDS) provided a maximum
system clock cycle of 31 MHz +. A system frequency of 30 MHz is selected to provide
some margin and the PWM frequency can be calculated as:

f PWM = 30 x 106 / 212 = 7,324 kHz
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This is still lower than the desired 10-20 kHz PWM frequency.

It is always possible to increase PWM frequency by reducing the resolution. If the PWM
timer is reduced to 10 bits, then the PWM frequency becomes:

f PWM = 30 x 106 / 210 = 29,297 kHz

It is likely that, when the bit width goes down from 12 to 10 bits, the system frequency
can be increased as well, providing a further increase in the PWM frequency. If the 12-
bit resolution is important, then other means are needed. The desired system frequency
to achieve a 12-bit resolution and a 10-kHz PWM frequency is:

f SYSTEM = f PWM x 2BITWIDTH = 10,000 X 4096 = 40,96 kHz

The static timing analysis provided by Figaro is used to find the critical path. This turned
out to be the 12-bit compare function and it was decided to move to a pipelined architec-
ture of the comparator. The pipelined comparator introduces a latency of one or more
clock cycles, which sometimes is a problem. Specifically in a PWM timer, the problem
does not exist as long as the phase is not important. Regardless of the phase, the duty
cycle remains the same.

Two different pipelined comparator designs were tested. The first pipeline uses a 4-
stage pipeline and the second uses a 1-stage pipeline followed by combinatorial logic.
Care was taken to implement in a fashion where a single CLB would contain all the func-
tions in a pipeline stage. The AT40K CLB has up to 4 inputs so not more than 4 inputs
were used, see Figure 5.

Figure 5. Pipelined Comparator Decision Logic

The 4-input limit means that a 2-bit comparator is the largest possible, which can fit into
a single CLB. The first pipeline stage consists of 6 x 2-bit comparators, which each pro-
vide an “Equal” and “Less Than” output.

The second pipeline stage will look at the output from two 2-bit comparators again gen-
erating “Equal” and “Less Than” outputs, forming a 4-bit comparator, see Figure 6.
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Motor Control
Figure 6. PWM using a Pipelined Comparator

The “Less Than” signal is asserted if the most significant 2-bit comparator activates its
“Less Than” signal or, if the most significant comparator activates the “Equal” signal, the
“Less Than” signal from the least significant comparator is forwarded as the result.

Further pipeline stages will look at the output of two 4 or 8-bit comparators and generate
the final result.

The PWM OUTPUT signal is asserted if either the “Equal” or “Less Than” signal is
asserted.

The comparator block was synthesized using Leonardo and a Timing driven Place and
Route was done. The achieved frequency was 76 MHz, showing promise for the com-
plete PWM timer design.

When the complete PWM timer block based on the new pipelined timer block was ana-
lyzed, the resulting frequency became 51 MHz+ providing a PWM frequency of:

f PWM =50 x 106 / 212 = 12,207 kHz

The design uses 68 Logic cells, of which 49 are registered, and 19 are pure
combinatorial.

Quadrature
Decoder/Counter

A Quadrature Decoder/Counter is used to decode the signals from a quadrature
encoder and to maintain an internal counter, which represents the encoder position.
The quadrature decoder/counter module has a 16-bit position counter, 1-bit position
latch and an 8-bit microprocessor interface. The module reads the 90-degree out of
phase singles (CHA, CHB) from the encoder and decodes the signals to determine the
direction using internal state machine and decoding logic. The position counter counts
up or down based on the up/dn signal from the decoder and the counter value is stored
in the position latch. The bus interface logic will allow placing the 8-bit data on the data
bus. SEL controls which byte is being accessed, OE allows the chip to place data on the
microprocessor data bus, and the falling edge of CLK is used to initiate data transfers,
see Figure 7.
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Figure 7. Quadrature Decoder/Counter

Digital Filter The Digital filter is responsible for rejecting noise on the incoming quadrature signals.
This is achieved by using Schmitt triggered inputs and a three-clock cycle delay filter,
which reject low-level noise and large, short duration noise spikes that typically occur in
motor system applications.

The signals on each channel are sampled on rising clock edges. A time history of the
signals is stored in the four-bit shift register. Any change on the input is tested for a sta-
ble level being present for three consecutive rising clock edges. Therefore, the filtered
output waveforms can change only after an input level has the same value for three con-
secutive rising clock edges. By this method the short noise spikes between rising clock
edges are ignored and pulses shorter than two-clock period are rejected.

Quadrature Decider The decoder logic decodes the incoming filtered signals into count information. The
decoder samples the outputs of the Channel A & B samples. Based on the past binary
state of the two signals and the present state, it outputs a count signal (CNT) and direc-
tion signal (UP_DOWN) to the position counter. Channel A leading Channel B results in
counting up. Channel B leading channel A results in counting down, see Figure 8.

DIGITAL
FILTER
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SEL OERST

D [7:0]

CLK

Table 1. Pin Description

CLK System Clock

CHA CHB CHA and CHB are inputs that accept the outputs from a quadrature-encoded
source, such as incremental optical shaft encoder. Two channels, A & B,
nominally 90 degrees out of phase.

RST Asynchronous active Low reset signal, which clears the internal position
counter and position latch.

OE Active Low output enables input.

SEL The input controls the data byte from the position latch is enabled into the 8-bit
tri-state output buffer. “0” selects High byte and “1” selects Low byte

CNT Pulse generated from the decoder when the quadrature decoder has detected
a state transition

UP_DOWN Output from the quadrature decoder. This signal will determine whether the
counter is counting up or down.

D [7:0] 8-bit output data bus
6 Motor Control
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Motor Control
Figure 8. Decoder Logic

For better system control and improved resolutions designer can multiply the resolution
of the incoming signals by a factor of four (4 x decoding)

Position Counter Binary up/down counter that counts on rising clock edge. Channel A leading channel B
results in counting up. Channel B leading Channel A results in count down.

Position Data Latch The position data latch captures the position counter output data on each rising clock
edge, except when its inputs are disabled by the inhibit logic during 2-byte operation.
The inhibit logic samples the OE and SEL control signals and does the conditional
inhibit of the position data register, see Table 2.

Bus I/F Logic Consists of multiplexers and tri-state output buffer. This allows the independent access
to the low and high bytes of the position data latch.

A simple two-channel quadrature decoder/counter is implemented using VHDL. The
design involves two-channel digital filter, Quadrature decoder, 16-bit position counter,
16-bit position latch and 8-bit bus interface logic.

The design is successfully fitted into Atmel AT40K05AL (87 core cells and 17 I/OS).
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Table 2. Inhibit Logic Samples

SEL OE CLK INH Action

L L H-L H Read High Byte

H L H-L H Read Low Byte

X H X 0 Output Tri-state
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