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Behavioral and Physical Modeling of an Incremental
Rotary Encoder

M. Kovacheva, E. Stoimenov and P. Yakimov

Abstract - This paper explains the development of a
behavioral model of a rotary incremental encoder and its physical
implementation using VHDL. The basic characteristics and the
behavior of the encoders are studied. A digital electronic circuit
generating the output signals of the incremental encoder and
simulating its operation is designed. Results of the behavior
model simulations are given. The physical model output signals
waveforms are measured and compared with the simulated ones.

[. INTRODUCTION

Simulation and modeling are investigations
approaches which take place in different fields of scientific
and applications developments [1]. They are essential for
success because experiments are often too expensive, too
slow, too dangerous or even impossible. The most popular
simulation tool for electronic circuits design is PSpice A/D,
which is available in multiple forms for various computer
platforms [4], while Matlab/Simulink”™ is the most used
software environment for simulation in developing models
of electrical drives [2, 3].

One of the most frequently used position transducers
is the incremental rotary encoder which transforms the
mechanical rotary motion into electrical output. The
number of the generated pulses is proportional to the
angular position of the shaft and their frequency is
proportional to the angular speed. Encoders enable design
engineers to control motion by providing reliable feedback
within the process loop.

The aim of the research is to develop a behavioral and
a physical model of a rotary incremental encoder,
producing the full set of really electric output signals. In
order to take into account the real character of the
information provided by the encoder already in extensive
simulation works during research and early development
stages of the drive systems, it is necessary to create the
behavioral model and the corresponding simulation
structure of the encoder. There must be analyzed the output
signals of the device and to develop a simulation to
reproduce that source signals in its entirety. The next step
is to implement the model in an integrated development
environment and to validate it measuring its output signals
using standard measurement apparatus. This research will
compare the simulated operation of the encoder with
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measured results to prove that the physical operation of
electronic equipment can be predicted via simulation prior
to testing. Testing then is just a validation of the design that
is accomplished using the simulation tools.

Encoders are mechanical to electrical transducers
which output is derived by “reading” a coded pattern on a
rotating disk or a moving scale. The principle of the
incremental encoder operation is generation of a
symmetric, repeating waveform that can be used to monitor
the input motion. It produces a series of square waves as it
rotates. The number of square wave cycles produced per
one turn of the shaft is called the encoder resolution. The
pulse range of the encoder is dictated by the number of
tracks of clear and opaque lines located on the disc. Thus,
the resolution of the encoder is the same as the number of
lines on the code disc.

Incremental encoders are usually supplied with two
channels (A & B) that are offset from one another by 1/4 of
a cycle (90 electrical degrees). This signal pattern is
referred to as quadrature and allows the user to determine
not only the speed of rotation but its direction as well. By
examining the phase relationship between the A and B
channels can be determined that A leads B for
counterclockwise (CCW) rotation of the input shaft as it is
shown on Fig. la. In contrary B leads A for turning
clockwise (CW). This relationship of the encoder output
signals is shown on Fig. 1b. The complete signals set
includes also a “zero” pulse — Z. This signal is generated
using another track on the disc that has only one opaque
line. Signal Z rises high once per one turn of the shaft.
Generally the complete set of output signals also contains
the inverse forms of the signals A, B and Z. The square
wave output is inherently easy for digital signal processing
techniques to handle which explains the wide usage of
encoders in modern motion controllers.
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Fig. 1. Output signals relationship.
a) CCW rotation. b) CW rotation.
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Fig. 2. Behavioral model electric circuit.
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Fig. 3. Simulated output signals in CCW rotation.
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Fig. 4. Simulated output signals in CW rotation.

I1. BEHAVIORAL MODEL DEVELOPMENT

To simulate the behavior of any device its operation
must be analyzed in depth. In order to produce electric
signals a corresponding circuit has to be designed. The
behavior of the incremental rotary encoder is simulated
using a proper electric circuit that produces the full set of
output signals. This circuit is designed using standard
advanced CMOS combinational and sequential logic
circuits and is shown on Fig. 2.

The frequency of the output signals A and B is set by
the digital stimulus DSTM3 and can be adjusted editing its
model parameters. Thus the speed of the rotation is
determined. The main part of the circuit is the generation of
the signals with quadrature relation. This is obtained using

the D flip-flop (U1A) acting as a frequency divider and the
XOR logic gate (U2A). In this way the signal produced by
the XOR gate and the signal produced by the normal output
of the flip-flop are with 90 electrical degrees phase shift. If
the initial state of the flip-flop is high then the signal from
its normal output will lead the signal produced by the XOR
gate. In the same time the signal obtained from the inverted
output of the flip-flop will lag the output signal of the XOR
gate. If it is accepted that the output of the XOR gate
produces the signal A, then there must be a part of the
circuit that will simulate the signal B and the change of the
direction of the rotation. Thus there is a two-input
multiplexer and the signal B is obtained from its output. An
external logic signal applied to the input REF determines
the relation between the signals A and B. The complete set
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of signals of the rotary encoder includes the “index” signal
Z. For this purpose is intended another part of the circuit
consisting the 12-stage binary ripple counter 74AC4040
(U6) and the logic gates U4C, U4D, U3E and U3C. This
circuit must produce a pulse on every previously defined
number of pulses on outputs A and B. The number of
cycles of A and B signals per one turn of the encoder shaft
is simulated by choosing the output of the counter which
the Z signal will be derived from. In the shown example the
Z signal is derived from the output QK which means that
there will be 1024 cycles per one turn. The inverted forms
of the signals are generated using inverters. So all output
signals of a real incremental rotary encoder are available.

The operation of the circuit has been verified using
the universal circuit simulator PSpice. The timing diagrams
of the simulated output signals in both directions of
rotation are shown on Fig. 3 and Fig. 4.

I1I. FPGA-BASED PHYSICAL MODEL
IMPLEMENTATION

The physical model of the incremental rotary
encoder is realized on Nexys3 development board. It is a
complete, ready-to-use digital circuit development platform
based on the Xilinx Spartan-6 LX16 FPGA. The behavioral
code of the incremental encoder is created in the Xilinx
program — ISE Webpack 14.5 and loaded on the FPGA
board Nexys3 using the program Adept.

The proposed physical model is an improved version
of that described in [5]. The new feature of the model is the
possibility to work with an embedded clock source in
addition to the external one as it is depicted in Fig. 5.

There are defined input signals from type std logic:
d0 — internal clock, d/ - external clock, supplied by a
generator, se/ — changing the clock source either from the

external or from the embedded generator, reset — enabling
the FPGA board and ref - changing the phase of output
signals A and B. Output signals from the same type are
also declared: A - first output signal, with 2 times lower
frequency than the main clock, 4 INV — inverted A signal,
B — second output signal shifted with 90 degrees from A,
B _INV — inverted B signal, Z - output signal, that is logical
AND of A and B, and is repeated every 1024 clock periods
and Z INV — inverted Z signal. There are two processes
declared — for forming the output signals A and B and for
producing the output signal Z when both A and B are
logical “1” and this pulse is generated every 1024 periods
of A and B.

The multiplexer in the block diagram allows the
input clock of the encoder to be selected between two
sources — an external clock generator or the Nexys3
onboard 100 MHz generator. The VHDL source code of
the multiplexer is shown below.

library ieee;
use ieee.std_logic 1164.all; -- The multiplexer selects the clock source
-- of the encoder. There are two clock

-- sources - external and the internal board

entity mux is -- clock source.

port (sel :in std_logic; -- Select input
en :in std_logic; -- Enable pin. Tied to '1'
do, d1 :in std_logic; -- Inputs
output : out std_logic ); -- Output

end mux;

architecture Behavioral of mux is
begin

output <= d0 when sel ='0'and en="1"else  -- set output to appropriate
dlwhensel="1"and en="1"else -- input based on select

'z -- output is undefined

end Behavioral;

CLK_100MHz FREQUENCY
(onboard oscillator) PRE-DIVIDER
CLK_IN PRE RESET[« * 9 RESET (BTND)
CLK OUT PRE
DO RESET RESET AF—» Auay)
Mo z A_INV f————P A_INV (JAS)
CLK_EXT (JAI) S5 Z & B B0A3
— > S > N —» B(A3)
bl ﬁ‘&' CLKQ.OC’QO@Q@Q'COUT o éo° B_INV[———— B_INV (JA9)
Qézﬁ*@‘ SEY 2——» z0a9)
SEL EN N REF Z_INV[——— 7 INV (JAI0)
T a T
CLK_SEL DIV_RATIO REF
(SWT) (SW1-6) (BTNS)

Fig. 5. Physical model block diagram.
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The “SEL” input selects the clock source. It should
be noted that the frequency of the Nexys3 onboard
oscillator is too high for the realistic modeling of an
encoder operation. In this order a frequency pre-divider is
used. This block decreases the 100 MHz frequency to
approximately 300 kHz which is close to a real encoder
output frequency.

Moreover a programmable frequency divider is
placed before the encoder block. This divider allows
flexible control over the encoder output signals frequency.
As shown in the source code below, the frequency divider
is realized with a classical algorithm using a counter
variable. The counter increments on every rising edge of
the input clock signal till it reach the value of N. The value
of the N constant is defined by the user. The coefficient of
the frequency divider block should be multiple of 2.

library ieee;

use ieee.std_logic_1164.all;

use ieee.std_logic_unsigned.all;
entity freq_div is -- The frequency divider divides the input frequency
-- of the encoder N. N should be multiple of 2.

port (
N :in std_logic_vector (6 downto 0); -- Divider coefficient - N
cout :out std_logic:='0"; -- Output clock
clk :in std_logic; -- Input clock
reset :in std_logic :="1" -- Input reset
);
end freq_div;

architecture Behavioral of freq_div is
signal temporal: STD_LOGIC :='1";
signal counter : integer := 0;

begin
process (reset, clk)  -- The divider is realized with counter - count.
begin -- The divider coefficient N is set by the user.

if (reset ='1') then
temporal <='0";
counter <=0;
elsif rising_edge(clk) then
if (counter >= (N-1)) then
temporal <= NOT(temporal);
counter <=0;
else
counter <= counter +1;
end if;
end if;
end process;

cout <= temporal;

end Behavioral;

IV. EXPERIMENTAL RESULTS

The physical model is validated measuring its output
signals using a standard digital four channel oscilloscope.
The code is tested on a FPGA board. The test conditions
are - input clock signal with frequency of 10 kHz. The
amplitude of all signals is 3,3V. On Fig. 6 are shown
outputs A (CH3), B (CH2), Z (CH4) and Z INV (CHI)
when the signal ref is set to “1”. Thus the signal A leads
signal B which is shifted with 90 degrees and CCW
rotation is simulated. The same signals are presented on
Fig. 7 when the signal ref'is cleared to ‘0’ and CW rotation
is simulated.
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Fig. 6. Output signals simulating CCW rotation.
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Fig. 7. Output signals simulating CW rotation.

V. CONCLUSION

The operation of a real incremental rotary encoder is
fully simulated. All output signals with their normal and
inverted forms are generated. The behavior of the encoder
is verified using the general-purpose circuit analysis
program Cadence PSpice. The physical model is validated
measuring its output signals using a standard digital four
channel oscilloscope. The results from the model
operation correspond to the expected and are very close to
the real ones.
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