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Abstract

Position and velocity estimations are important for the feedback control of rotary
systems. Incremental encoders are employed in many applications due to their reliability,
availability, and insensitivity to external disturbance. In general, the encoder is directly connected
to a microprocessor of the control system. This leverages the workload of the microprocessor and
results in slowing down the execution speed of the microprocessor. With these limitations, the
work in this report focuses on designing a high speed and multi-channel incremental encoder
interfacing using PLD in order to reduce the workload of microprocessor.

The circuit is designed with VHDL language, and programed to FPGA. It supports
two encoders. The circuit has three sub-circuits, the position meter, the period meter, and the
frequency meter. Each channel has its own circuit to estimate the position and velocity. The
control unit, the register memory and the 32 bit I/O port are shared resources for both channels.
The circuit is capable of estimating the position and velocity when the encoder frequency is not
greater than 150 kHz.

With respect to the test results, the circuit gives a maximum position error of a
quater of the encoder signal’s period. For velocity estimation, the period meter method yields low
error at low encoder frequency. While the frequency meter yields low error at high encoder
frequency. For lowest estimation error across the encoder frequency range, the period meter
method is used when the encoder signal frequency is less than 1550 Hz and the frequency meter
method is used when encoder signal frequency is greater than 1550 Hz. The circuit gives a

velocity estimation error of no greater than 0.0044%.

Keywords: Incremental Encoder, Position meter, Period meter, Frequency meter, VHDL, FPGA,

PLD
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3.2.1 2995¢i08 Quadrature Generator
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Entity Quadrature is

Port (  Qclk :instd_logic;
A :instd_logic;
B :instd_logic;
dir : out std_logic;
Q : out std_logic);

End Quadrature;

o 9

amilsznou 3-3 msdszmaaidyananiuduazihosn

V99995808 Quadrature Generator

__IA dir —
— B
— 1 Qclk ob—

o v o 1
AMNYTLNOV 3-4 1ITTLAVUUNINMITUATIZHINNTHOY Quadrature Generator

9
o 9 o

wﬂJﬂlﬂWﬂ!HWlﬂLLﬁSﬁ1®ﬂﬂﬁll’fNNi]§Ei®fJ Quadrature Generator ngail

&

o ) o [

1 [ a 3 I~
® Qclk Lﬂuamuﬂunmuwfﬁqaqmaazﬁuum 1 Ua ddgyon Qelk iludyaa
A Ao A ' Ao o & A4 )
TWNNUANUDIFINNANUDAYYIU A HASTYYIU B U109 e luniioy 1

o

=

o a v 4 Y o {
FUYIUUIWNINANUDITSUU Lﬁﬁ]i’ﬂﬁHJ'Iiﬂ@]i?i]i]ﬂﬂ'lilﬂaﬂuuﬂﬁ\i"llEN

@ o Y
A tazdynu B 1A

o R o

I o Y (] a A 9 4
® ALﬂuﬁﬂgﬂﬁmunﬂnqaﬂﬂ’iﬂeﬂﬂlum 1 Us BIAD ﬂJﬂJ;IﬂH]'IﬂL@UTﬂﬂLﬂ@ﬁW\IﬁA

o Y @

I o 1 [} a & A 9 4

® B !,‘]_Iuﬁ@m;]mu’lﬁl’lq’)ﬁﬂﬁﬂﬂﬂﬂlu’m 1 U ¥3In0 mm’]ﬂm’]ﬂl@uiﬂﬂlﬂﬂﬁlﬂﬁ B
. 3 o o [ a & A o A KX A

® Dir Lﬂuﬁ@@’]ﬂlu’l@@ﬂﬁ]’]ﬂﬂﬂﬂmu’]ﬂ 1 Ua $IADAUYIUNUINDIINANINNIG

I < a < a
mgwumLauiﬁ’mﬂai311/iagummwmwmﬁ§ammwumwm

[ a d! A [ d'

3| [ 0 {
o Qludyananiteennniesdesuing 1 Ua Ffedaaunimanlasunlas

9
v o [ =

1w J 1
q\iﬂ’ﬂﬁﬂgﬂlﬂml’GUIﬁ}mﬂ@iﬂ AUV A LazautyIal B 99 4 11

e g g



18

Qw>
[=R=N

@ 4 Y
amwilsznou 3-5 MmIasnaeudyn m A uaz B iieas udynnm Q

g

Q _|

amilsznou 3-6 myadedyan Q

[

<
amilsznew 3-5 uaznmlsgnew 3-6 Wumsadudyana Q Tasmsasiaaouns

k4
J v o o

A o Y £~ o o o dy
Lﬂﬁﬂullﬂﬁ\‘lm@ﬂﬁiyﬂtjTilli]”lﬂ!,i’)uiﬂﬂmﬂi‘i/l AUV A HAZTEYYIU B IUNANNITNINIUAIU

Y o £ g o ~Nq Y = = v o Y
myasndygin Q suludyanunlianuazieads 4 mMvesdayraoulag

g

J 2 o v o o o o
wos Taglddyananiudnfedyana A wazdyaia B hlddmuaaouzvesdyna Q
IS Y = o
Wy 4 aougamunnilsznen 3-5 Tasanvazmslasuuasaoiuzvesdyg v A uay
o o a 4 1 [
dyanm B shldawnsonswianumsnyuveseu Inamesuazns wngo Uz vesda g w
o 1 @ ' | ll
A uazdygwu B ugazdamizmanyuinaziuediels
Y 1
MIMUVDNIGN asrvdeumslasuulasvesdyn i A uasdyain B
4 Jd < a
AN IZNOY 2-3 1INOATINADUNMTHYUVDUDU IAAADS ITHYUAINHS ONIWTNUIAN
[ [ 4 J <3 a
vinglunuvesdyae A uvazdyara B iieoulaamos nyuauyionmanunm

aunsnhweenuuugluuumsadudygra Q lamunmilsznou 3-5 Aetdyam A



19

v

o 1 a g o ° o ' 4
nazdynnu B lmasindluge <17 uazd1<0” awdwunswmualdegluanue su e

4 Y 389 Yo [ - a ) = A 9
ma’ﬂﬁau"lﬂﬁmuz stl Llaaﬂﬂlﬁﬁﬂgmﬂm Q ImnuasInNgy “1” Gﬁjﬂlmzﬁu\i@'ﬂlﬂﬂﬂﬂllﬂﬂl‘l'}

[ a

Y 1 [
wuldfisaedngs 17 A9 1 snaudyaraundnmnldlunmsaseasumanlasuuilas

[ [

o o o [ a a d
sy A uavdyana B udididyns A uavdyana B dilisiasinmilowaunag

1 Y A a Y o A& a o
aﬂwag‘luﬁmuz stl mnaummmﬂwaaﬁym Qllﬂ"ll‘]JLlﬁ@ﬁ]ﬂ@T “O”GHIJ?JTJLL‘U‘]Jﬂﬁ‘ViHu

Y J Y Y J < a o =
EU’E)QLQUIT’]QL@@59‘]13Jﬂ1W1J§$ﬂ9‘]J 2-3 ﬂ%ﬂuiﬂﬂlﬂﬂﬁ HHUMUAVNUIWNIT YD1 A 38U

a 1 I a [ v a 1 I a
aoanae lilluaedings 17 uazdyana B azlidrasinae liifluaeings <17 wiooulda
J = <3 a o a1 a o o a1
PBTNYUIBUMIMVINAM T IH A sziauduasindl <07 uazdyara B azlauilu

a o s A ll dy = @ [ Jya
avINA1 “0 Lhﬂﬂﬂﬂiﬂﬂﬂuﬂilﬂﬁﬂﬂﬂﬁlﬂaﬂullﬂaﬂﬂlﬁlﬂﬁiyﬂuﬂm A uazamﬂapm B Vlﬂﬂfﬂz

A @ Y 3 A A Y g <
naeuaniuz s s2 dudumsnyuaundvuninm vioaiug se duiumsvyuniudy

a 9y Y1 o I a v A A o a Aq ¥
uWWﬂWLLﬁ’JlWﬂ1ﬁﬂJﬂﬂlﬂm Q Lﬂuﬁ@i]ﬂ’sj:\i “1” NUN uazmaﬁtyﬂﬁmmwmw1%1uﬂ1imiaﬂﬁau

:j [ 1 = a = a Jd Y o = O~ a
ﬂi\‘i@]@llﬂWU’ﬂf‘fﬂlﬂﬂm A ngﬁ'ﬂluilﬁm B 11?]166ﬂﬂlﬂﬂﬂu!ﬂhﬂ%%iﬂﬁiyﬂﬁm Q umgﬂuaam

g‘i’] 6(07,
9 [} dy = A Y o = B~ a
Tagagiua 2esdesiazimsn)asuanuzuaz lvidygia Q NaAnlluaodngs “1”

2 ' H
NN 9 aseNasnumslasuntasvesdyaa A uazdyg s B uASIATINAOUNUI

[ [ o (= A S o Y a Y
doyann A vazdynie A uazdyana B lulimsn)asundasndaddegluaouzauuaz 14
U =

1 g a ol = Y o
gy Q uautluaedndi <07 Wﬂﬂ%qﬂﬁﬂluﬂlu']ﬂ! Q amummnisenou 3-6

1495698 Quadrature Generator NNAIY AU 1HDOONUVVAIEAIY VHDL 11aziing

[ 4 [ [
FunszyiasateTdsunsy  Xilinx 7.1 d2 ldmadiu msldnswensuazinaidanin

senen 3-7



20

Device utilization summary:

Selected Device : 3s200tq144-5

Number of Slices: 3 out of 1920 0%
Number of Slices Flip Flops : 4 out of 3840 0%
Number of 4 input LUTs: 5 out of 3840 0%
Number of bonded IOBs: 5 out of 97 0%
Number of GCLKSs: 1 out of 8 0%

Timing Summary

Speed Grade: -5

Minimum period : 2.824 ns (Maximum Frequency : 354.114MHz)
Minimum input arrival time before clock : 3.046ns

Maximum output required time after clock : 6.280 ns

Maximum combinational path delay : No path found
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Entity Position Est is

Port (  Pclk :in std_logic;
reset : in std_logic;
en : in std_logic;
q_signal :in std_logic;
dir : in std_logic;
Position :out std_logic_vector (31 downto 0) );

End Postion_Est;
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Device utilization summary:

Selected Device : 3s200tq144-5

Number of Slices: 19 out of 1920 0%
Number of Slices Flip Flops : 34 out of 3840 0%
Number of 4 input LUTs: 37 out of 3840 0%
Number of bonded IOBs: 37 outof 97 38%
Number of GCLKs: 1 out of 8 12%

Timing Summary

Speed Grade: -5

Minimum period : 5.082 ns (Maximum Frequency : 196.755MHz)
Minimum input arrival time before clock : 6.137ns
Maximum output required time after clock : 6.280 ns

Maximum combinational path delay : No path found
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Entity Period Est is

Port (  PRclk :in std_logic;
reset : in std_logic;
en : in std_logic;
ch a : in std_logic;
ch b : in std_logic;
pcounta :out std_logic_vector (31 downto 0) ;
pcountb :out std_logic_vector (31 downto 0) );

End Period_Est;
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Device utilization summary:

Selected Device : 3s200tq144-5

Number of Slices: 147 out of 1920 7%
Number of Slices Flip Flops : 198 out of 3840 5%
Number of 4 input LUTs: 131 out of 3840 3%
Number of bonded IOBs: 69 outof 97 71%
Number of GCLKs: 3 out of 8 37%

Timing Summary

Speed Grade: -5

Minimum period : 6.335 ns (Maximum Frequency : 157.858MHz)
Minimum input arrival time before clock : 5.228ns
Maximum output required time after clock : 6.216 ns

Maximum combinational path delay : No path found
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Entity Frequency Est is

Port (  Fclk :in std_logic;
reset : in std_logic;
en : in std_logic;
count :in std logic vector(31 downto 0);
q_signal :in std logic;
dir :in std_logic
fcount :out std_logic_vector (31 downto 0) ;

End Frequency Est;
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Device utilization summary:

Selected Device : 3s200tq144-5

Number of Slices: 103 out of 1920 5%
Number of Slices Flip Flops : 131 out of 3840 3%
Number of 4 input LUTs: 106 out of 3840 2%
Number of bonded IOBs: 69 outof 97 71%
Number of GCLKSs: 2 out of 8 25%

Timing Summary

Speed Grade: -5

Minimum period : 7.839 ns (Maximum Frequency : 127.571MHz)
Minimum input arrival time before clock : 7.988ns

Maximum output required time after clock : 6.216 ns

Maximum combinational path delay : No path found
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Abstract

The use of an incremental encoder as a speed sensor in a
motion control system can consume a large amount of
microprocessor time, especially when a high pulse-per-
revolution encoder is needed. This paper proposes an
FPGA design to interface with the encoder, which reduces
the microprocessor’s workload. Our implementation is
based on the full period meter and the frequency meter
methods for velocity estimation. Test results show that our
FPGA works correctly.

Keywords: FPGA, incremental encoder interfacing.

1. Introduction

Position and velocity estimations are important for
the feedback control of robotic systems. Incremental
encoders are employed in many applications due to
their reliability, availability, and insensitivity to
external disturbance. The encoder signals are pulses
with a period proportional to the encoder’s rotation
speed, and position data can be estimated by counting
the number of pulses. An incremental encoder’s output
signals consist of two square waves, with a 90°
electrical gap (quadrature), as shown in Figure 1.

Fixed board with slits
Slit of ( Slit of Phase B

Ph A
ase "A 8
%utodetector
Z

& Slit of Phase Z

Light sources

Codewheel

Figure 1. The basic components of an incremental
encoder.

The basic components of an incremental encoder are a
light source, a codewheel or codestrip, and photodetectors
[4]. As the codewheel rotates, the light from the source
travels through the codewheel’s slits to the photodetector.
And an alternating pattern of light and dark is seen by the
photodetector. Circuitry attached to the photodetector turns
the light/dark pattern into electrical output signals. The
number of codewheel slits determines the number of pulses
per revolution (PPR) for the encoder.

The frequency meter and the period meter methods are
two well-known approaches for estimating the velocity of
an incremental encoder. The frequency meter counts the
number of pulses generated by an encoder over a period of
time, yielding high accuracy when the encoder pulses are
high frequency. However, when the encoder is rotating
slowly, the number of counted pulses may not accurately
represent the rotation speed. In that case, the period meter
method can be utilized. It requires a high frequency clock
signal since it measures rotation velocity by counting the
number of clock ticks during the duration of the encoder
pulse.

A high PPR encoder is usually needed to build an
accurate system, but care must be taken with the encoder’s
interface circuitry. For systems where simplicity and low-
cost are the main concerns, the encoder is directly
connected to the microprocessor. Hence, the
microprocessor will have to perform the pulse counting and
speed calculations. For a high PPR encoder, the
microprocessor will have to spend much of its time on
speed and/or position estimation, and the danger is that if
the microprocessor lacks the necessary performance, then
the estimated speed and position will be incorrect. One
solution is to design an encoder interfacing circuit which
reduces the microprocessor workload by having the
encoder take care of the position and speed calculations
itself.

This paper presents the design of a circuit employing a
field programmable gate array (FPGA) which estimates the
position and velocity of an incremental encoder using
VHDL [8, 10, 13].

2. Velocity Estimation



The period meter method is more accurate than the
frequency meter method when producing velocity
estimates for an incremental encoder [1, 2, 3, 4]. The
period meter method counts the ticks generated by a
high frequency clock (Fg) on the time interval
between two adjacent rising edges in the encoder’s
output pulses. This is equivalent to measuring the
encoder’s pulse period. Figure 2 illustrates how this
method works and some notation employed in the
speed calculation.

Iq— 'Ip —

Phase A B

|
I, '
I = f |
1.t —
Figure 2. A full period meter.

In Figure 2, ap is the angle that the encoder’s
shaft has to rotate to span one full period of the

1
encoder’s output signal. t = F is the period of the

N

high clock frequency, and n, is the number of pulses
occuring during the angle OCP. The period of the

encoder signal, T, , is determined by:

T.=n,t €))
The estimated velocity (b ) is:
(24
= 2
() T 2

Note that ap =#, where PPR is the

number of pulses per revolution of the encoder. It
follows that

FS
* ~ PPRN, ©
For a particular system, F; and PPR are known
and fixed, while n, depends on the encoder speed.
High frequency clock results in a high n, value, and

accurate speed estimates. However, a compromise has
to be reached between high accuracy and high clock
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frequency, since it is preferable to keep the F value as

low as possible.

Most period meter method implementations only use
the “high” part or “low” parts of the encoder signal in order
to reduce processing time. However, encoder signals are
not always symmetry (50% duty cycle) [6, 11], and duty
cycle deviations can reach as much as 25% [11, 12]. To
reduce the estimation error, our period meter method
implementation utilizes the full period of the encoder
signal.

The frequency meter method offers higher accuracy,
than the period meter method when the encoder frequency
is high [1, 2, 3, 4]. The frequency approach counts the

number of quadrature pulses over a fixed duration (T, ), as

shown in Figure 3 [4]. The generation of the quadrature
signal employs the Phase A and Phase B signals from the
encoder, and the resulting signal has a four times higher
frequency than the Phase A or Phase B signals. For
example, a quadrature signal obtained from a 100 PPR
encoder is equivalent to 400 pulses per revolution.

1 |
PHASEA [ L[ L1 1 |: L
I
piases [T [ L[ LI Tl
: I I
O_Slgnalllullll|||||||!|||
1y g [
I| Oy N I
I -,

T
Figure 3. The output signals of an incremental encoder, and
the resulting quadrature signal.

In Figure 3, X is a quater of the encoder pulse
angle, T, is the duration for counting the number of
pulses from the quadrature signal, and N, is the number of
counted pulses. The rotated angle, & , over the duration
T, is:

Ny
= 4

4.PPR @)
The estimated velocity, (0 , obtained with the

aef

frequency meter method is:
04
=== ©)
f

In equation (5), (s can be replace by and

f
4PPR’

1
Tg by T when T, <1 second. This gives:
f



. - ne.Ty ©)
" 4PPR
In equation (6), T; and PPR are fixed, and n;,

depends on the encoder speed. Large T values result

in large N ‘s and higher accuracy.

3. FPGA design

The encoder interfacing circuit was designed in
VHDL [8, 10, 13], and Xilinx ISE 7.1i was used for its
synthesis, placement and routing. The design was
implemented on Placement and routing. The design
was implemented on a SPARTAN-XC3S200-TQ144-
4C, running at 25MHz [5].
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Figure 4. Block diagram of the circuit design.

The circuit has five main components, as shown in
Figure 4. The first is the encoder signal generator, which
produces 3-phase encoder pulses (Phase A, Phase B, and
Phase Z). The second part consists of a quadrature
generator, a full period meter, and a frequency meter. The
third component estimates velocities using the n values
output from the second part. The forth main unit is a
register array, which stores data such as the velocity, and
pulses per revolution. The fifth part is a 32-bit 1/0 port.

The encoder signal generator produces pulses at
several different frequencies, and different pulses per
revolution. There are three type of signal, Phase A, Phase
B and Phase Z, and the frequencies can vary between 5Hz
— 152kHz. The circuit is mainly used for testing purposes.

In the second part of Figure 4, the quadrature
generator produces the Q_Signal, that is shown in Figure
3, with its inputs coming from the encoder signal
generator. The rising and falling edges of Phase A and
Phase B are detected, triggering a Q_Signal pulse for each
edge signal. The outputs of the quadrature generator
become the inputs to the frequency meter module. It
detects the rising edge of the Q_Signal, and counts the

number of Q_Signal pulses. These are passed as the n,
and N, r parameter to the third part. The full period meter

module detects the rising edge of the encoder signals
(Phase A or Phase B), and counts the number of Fg to

n,. When the module detects the next rising edge, it



updates the N value. The number of counted pulses,

Nyand N, are sent from the second part to the calculation

module.

The calculation module consists of a divider unit,
multiplexers and a control unit (see Figure 4). Since the
divider unit requires a lot of FPGA resources, our design
uses one divider unit for each encoder.

The register array (component 4 in Figure 4) stores
data coming from other modules and the 1/0 ports.

The 32-bit 1/0 port is tri-state and bi-directional, and
can interface with 8-, 16-, or 32- bit microprocessors. Our
design employs IOBUFDS [7], which is a component in
SPARTAN 3.

4. Results

During the design phase, our VHDL code was tested
and verified using ModelSim software [9]. Final design
was synthesized and then programmed onto the FPGA.
The encoder signal generator was programmed to produce
encoder signals at different frequencies. This is a very
convenient way to test the FPGA, without the used of the
real encoders. Outputs were directly observed from the
register array, using a set of LEDs and some extra VHDL
code and external circuitry.

Test results show that, the FPGA produces no
velocities estimation error when the ratio between the

encoder frequency, F,, and the sampling frequency, F,

in the period meter method, is an integer, and when the
ratio between the duration T and the period of the

Q_signal, in the frequency meter method, is an integer.
This is a confirmation that the design is correct.

To further test our FPGA design in period meter mode,
we programmed the encoder signal generator to produce
16 different encoder signals ranging from low to high
frequencies. In each case, the sampling frequency was
chosen such that the ratio between F and F,, is non-

integer. Table 1 shows all the used frequencies and
resulting estimation error.

Table 1. Full period meter.
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75.0 1.5999E-09 8.9999E-04
150.0 2.5600E-08 5.9998E-04
300.0 2.5600E-08 3.5999E-03
750.0 6.3118E-12 8.9996E-03
1.5k 1.5843E-02 6.0007E-03
3.5k 6.4001E-09 6.3999E-09
4.5k 9.8560E-07 5.4004E-02
7.5k 6.3998E-09 9.0339E-02
8.6k 1.7906E-04 3.4251E-02
20.0k 2.4039E-04 5.5801E-01
45.3k 1.6000E-07 5.4054E-01
75.3k 6.4000E-06 8.9552E-01
152.4k 1.6000E-05 6.0604E-01
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Figure 5. Error for the full period meter.

Figure 5 shows a plot of errors versus encoder
frequencies. It is clearly seen from Figure 5 that the period
meter method yields high error at high encoder speed for a

given F¢ . In addition, increasing Fg can reduce the

error.
Theoretically, the frequency meter method yields high
accuracy when the encoder frequency is high and the

duration T, is large. We confirm this by testing our
FPGA at various encoder frequencies (T, = 0.05 second

and T, = 0.001second). The results are shown in Table 2
and Figure 6.

Table 2. Error for the frequency meter.

Encoder Error for period meter at 100 PPR.
Frequency,
Fen » (H2) Fs = 25.0MHz Fs = 5.0MHz
3.0 2.5100E-12 2.4000E-05
9.0 1.1111E-05 4.7111E-05
34.9 1.0240E-09 2.8000E-04

Encoder Error for frequency meter (%).
Frequency,
Fen » (HZ) T; =0.05sec. | T; =0.001sec.
3.0 4.0000E+01 1.0000E+02
9.0 1.0000E+01 1.0000E+02
34.9 3.2000E-04 1.0000E+02




75.0 4.0000E-04 1.0000E+02
150.0 3.2243E+00 3.9999E+01
300.0 1.6000E-03 2.0002E+01
750.0 6.5828E-01 4.0002E-03
1.5k 3.1628E-01 1.6003E-02
3.5k 1.0269E-01 4.0016E-02
4.5k 4.7019E-02 6.4040E-02
7.5k 4.0016E-02 4.0016E-02
8.6k 4.4141E-02 1.6137E+00
20.0k 1.0483E-02 1.6050E-01
45.3k 3.2016E-04 8.8077E-02
75.3k 1.5936E-03 6.8040E-02
152.4k 2.6240E-03 4.0000E-02
1.2000E+02
1.0000E+02 === =
< 8.0000E+01
ﬂg 6.0000E+01 - 12005 sec.
th.l 4.0000E401 | \\ —=— T=0.001 sec.
2.0000E+01 \
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Figure 6. Error for the frequency meter at 100 PPR.

5. Conclusions

This paper presents the design and implementation of
an interfacing circuit for an incremental encoder using
FPGA. The designed FPGA was tested and performed
correctly. The experiment results agree with the fact that
the period meter method performs well at slow encoder
speed and the frequency meter method performs well at
fast encoder speed. Our future work will be to determine
an optimum criterion for combining the two methods.
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Abstract

This paper presents a full period meter method to estimate the velocity of rotary incremental
encoders. This method gives a higher accuracy than the half period meter method, because encoder
pulse signals are not 50% duty cycle. The circuit has been designed in VHDL and implemented on an
FPGA. The system is tested with several encoder signal frequency ranging from 5Hz to 150kHz and
sampling frequency ranging from SMHz to 25MHz. The proposed method yields less than 1% of error.

Keyword: Rotary incremental encoder, Full period meter method, VHDL, FPGA
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