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Abstract 

This is a demonstration of how to implement an analog PID controller controlling: the angular position 
of a DC motor shaft then editing the design to control its speed as well as tuning PID parameters for 
reliable performance. 
 
This application note comes complete with design files which can be found in the References 
section. 
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1 Terms and Definitions 

ADC Analog to digital converter 

DAC Digital to analog converter 

DC Motor               Direct current motor 

IC                           Integrated circuit 

LCD                       Liquid crystal display 

LED                       Light emitting diode 

PCB                       Printed circuit boards 

PID Proportional integral derivative 

PWM Pulse width modulation  

SPI                         Serial peripheral interface 

2 References 

For related documents and software, please visit: 

GreenPAK™ Programmable Mixed-Signal Products | Renesas 

Download our free GreenPAK™ Designer software [1] to open the .gp files [2] and view the proposed 
circuit design. Use the GreenPAK development tools [3] to freeze the design into your own 
customized IC in a matter of minutes. Renesas Electronics provides a complete library of application 
notes [4] featuring design examples as well as explanations of features and blocks within the IC. 

[1] GreenPAK Designer Software, Software Download and User Guide, Renesas Electronics 

[2] AN-CM-250 Position and Speed Control of a DC Motor using Analog PID Controller.gp, 
GreenPAK Design File, Renesas Electronics 

[3] GreenPAK Development Tools, GreenPAK Development Tools Webpage, Renesas Electronics 

[4] GreenPAK Application Notes, GreenPAK Application Notes Webpage, Renesas Electronics 

  

https://www.renesas.com/eu/en/products/programmable-mixed-signal-asic-ip-products/greenpak-programmable-mixed-signal-products
https://www.renesas.com/eu/en/software-tool/go-configure-software-hub
https://www.renesas.com/eu/en/document/scd/cm-250-gp-file
https://www.renesas.com/eu/en/products/programmable-mixed-signal-asic-ip-products/greenpak-programmable-mixed-signal-products/greenpak-development-process
https://www.renesas.com/eu/en/products/programmable-mixed-signal-asic-ip-products/greenpak-programmable-mixed-signal-products/greenpak-applications
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3 Introduction 

This app note focuses on making an educational kit to demonstrate the effect of a PID controller on 
the response of a DC motor trying to reach a specific position, in this case the zero position. The 
educational kit also can modify the PID control to adjust the motor speed to reach a specific desired 
speed, regardless of any reasonable load on the motor. 

The system is divided into three main parts: 

1. A rotary encoder, which relays the position of the DC motor shaft as an analog signal to be fed to 
the analog PID controller. This will be done using the GreenPAK SLG46621 programmable 
mixed-signal matrix IC. 

2. An analog PID controller with 3 potentiometers to control PID parameters. This takes an analog 
signal given from a point and sets the point as the zero position. This part then outputs an analog 
signal which controls the speed of the motor. This signal is not yet a PWM signal. This part of the 
system uses the quad op-amp SLG88104. 

3. A PWM generator that takes the analog signal that controls the speed of the motor and feeds it to 
the PWM block in our system. It then feeds the PWM block output to the motor driver to adjust 
the motor shaft to the desired position. Note that the direction of the motor is already known from 
the encoder feedback signals from part 1. 

Typically, microcontrollers are used to implement PID controllers. They receive the input pulses from 
the encoder, then feed them through a control algorithm to output the motor speed. However, this 
requires software development and it can require a lot of time and money to develop a reliable 
system. A GreenPAK implementation doesn't require any software development or additional 
advanced hardware. Software-based PID has limitations depending upon which microcontroller you 
use. Conversely, hardware PID gives you more reliable control upon any parameter you want 
affecting your response, but hardware is typically harder to adjust.  

For this solution to be commercially viable as an educational kit several components are required: 

● A well-designed enclosure with an on/off switch, wide control over PID parameters, and an 
additional LCD showing the parameter’s values. 

● An adjustable PWM frequency from the GreenPAK PWM block for a smooth response. 

● Stable mounting for the pointer attached to the motor. 

4 Decoding Incremental Rotary Encoder 

The output of a rotary encoder is formed by two pulse signals which are 90º out of phase. The 
number of pulses correlates to the number of slots which the disk of the encoder covers upon one full 
rotation. The main idea of position control is that from our initial (zero) position we need to count the 
number of slots the disk will cover in either a CW or CCW direction. The count will then decrease if 
the disk reverses its direction. For example, if the motor started moving clockwise and counted 5 
pulses (5 slots), then to go back to its initial position it needs to move 5 counts in the 
counterclockwise direction so that it ends up back where it started. 

 

Figure 1: Quadrature Encoder Output 
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We will use pulse A and pulse B for position tracking and direction detection. An up/down counter 
has been implemented using GreenPAK blocks which will increase/decrease depending upon the 
direction of the motor. All of the blocks are synchronized through the internal oscillator. 

First, I checked how many counts I needed to cover my scaling in one direction and I found that I 
needed about 30 counts according to my design. I used an 8-bit counter for improved precision. Then 
I implemented a direction detection circuit using a clocked quadrature decoder to determine if the 
motor was moving CW or CCW. The counter CNT4/DLY4/FSM1 is clocked every time there is a 
pulse on CW or CCW. A pulse on CW causes the counter to count up and a pulse on CCW causes 
the counter to count down. The counter is initialized to 127 (out of a max value of 255 to give it plenty 
of room to count up or down. The output is given via the SPI parallel output block to pins 12-20. 

I implemented a clocked quadrature decoder using several DFFs and a pipe delay block. When A 
leads B there is a pulse on CW, and when B leads A there is a pulse on CCW. Then a final stage 
(DFF3) was added with CW as an input and CCW as a clock input so the inverted output of DFF3 
remains LOW when the motor is rotating clockwise, and the output will remain HIGH when the motor 
is rotating counter-clockwise. 

 

Figure 2: Clocked Quadrature Decoder using GreenPAK 

The counter will hold the position of the rotary encoder until it is trigged up though a pulse on CW or 
down through a pulse on CCW. Note that the SLG46621 has 2 matrices: the 8-bit counter is 
implemented in the second matrix; the quadrature decoder circuit is implemented in the second 
matrix. The components required to generate the PWM signal are split between both matrices. 

 

Figure 3: FSM Up/Down Counter 
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Figure 4: SPI Block 

 

Figure 5: SPI Parallel Outputs 

Converting encoder data into an analog signal: 

Now we have a 8-bit digital data value which needs to be converted to an analog signal so it can be 
fed into the analog PID. The built-in DAC doesn't support taking inputs directly from the 
CNT4/DLY4/FSM1 block so I implemented an external 8-bit DAC using a SLG88104 quad op-amp.  
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Figure 6: 8-Bit DAC 

I chose R to be 10 k ohm, bit 0 is SPI first parallel output which is pin 12 and so on. The resistor with 
the lowest value R corresponds to the highest weighted binary input Bit 7 (MSB) [27 = 128]. 2R, 4R, 
8R,16R, 32R and 64 R correspond to the binary weights of Bit 6 (26 = 64), Bit 5 (25 = 32), Bit 4 (24 = 
16), Bit 3 (23 = 8), Bit 2 (22 = 4), Bit 1 (21 = 2) and Bit 0 (LSB) [20 = 1] respectively. The relationship 
between the digital inputs (Bit 0 to Bit 7) and the analog output VOUT is as follows: 

𝑉𝑜𝑢𝑡 =  −𝑉𝑟𝑒𝑓 (
1

1
𝐵𝑖𝑡7 +

1

2
𝐵𝑖𝑡6 +

1

4
𝐵𝑖𝑡5 +

1

8
𝐵𝑖𝑡4 +

1

16
𝐵𝑖𝑡3 +

1

32
𝐵𝑖𝑡2 +

1

64
𝐵𝑖𝑡1 +

1

128
𝐵𝑖𝑡0) 

where VREF is the reference voltage of the circuit, which is 3.3 V for SLG46621. The summing 
amplifier is followed by an inverting amplifier to reverse the polarity of the voltage to get a positive 
voltage. 

Note, that if you are using a dual supply op-amp your output will have two supply rails and will swing 
between +ve and -ve VCC. You will have to make this output voltage positive by using another op-
amp so that it can be fed to the PID circuit. If you are using a single supply op-amp your output will 
swing between GND and +ve VCC and you won't have to use a conversion circuit. In this case 
because we are using SLG88104 op-amp, cases from 194 to 255 will be discarded as they are 
above 5 V - maximum voltage for the device. 

In the results of this app note the DAC is implemented on a small breadboard. 

5 Demonstration of PID Controller and Implementing it using 
SLG88104 

The term PID is an acronym that stands for Proportional Integral Derivative. A PID controller is part of 
a feedback system that uses Proportional, Integral, and Derivative drive elements to control a 
process. 

PID control is needed because there are some things that are difficult to control using standard 
methods. A similar application was conducted to regulate the output of a power supply using a PIC 
microcontroller. The PIC reads the output voltage with an ADC converter and adjusts a PWM to 
regulate the output. The control strategy is simple: If the voltage is below a set-point, turn on the 
PWM. If the measured voltage is above the set-point, then turn off the PWM. The PIC power supply 
almost worked. In practice the PIC controller did produce the desired DC output voltage. 
Unfortunately, it also had a significant AC ripple riding on the DC signal. 
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This control strategy is called on-off or bang-bang control. Many types of systems use this control 
strategy. Take the furnace in your house as another example. When the temperature is below the 
set-point, the furnace is on. When the temp is above the set-point, the furnace is off. Just like the 
power supply, the plot of temperature over time results in a sine wave. 

For some types of control, bang-bang is acceptable; for others, it’s not. You wouldn’t want this type of 
control for a servo motor, bad things would happen! Just imagine: the motor would be full power in 
one direction and, the next moment, full power in the other direction. You can see where the term 
bang-bang comes from; that servo won’t last long!  

The PID controller can provide a controlled, almost-intelligent drive for systems. We will now examine 
the individual components of the PID system. 

5.1 Proportional Controller 

The proportional component is simply a gain. The gain is set by the values of the resistors as follows: 

 
𝑉𝑜𝑢𝑡 =  −𝑉𝑖𝑛 ∗ 𝑅𝑓/𝑅𝑖 

 

Figure 7: Proportional Controller 

5.2 Integral Controller 

We can think of this as accumulating (adding) a quantity over time. In our PID controller, we are 
integrating voltage as time progresses. The output voltage is given by: 

𝑉𝑜𝑢𝑡 = (−
1

𝑅𝐶
) ∗ (𝑎𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑐𝑢𝑟𝑣𝑒) + 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑒 𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 

 

Figure 8: Integral Controller 

Area is a component of voltage and time. Let’s examine the operation of an ideal integrator. We can 
simplify the math by making the 1/RC term equal to 1 (i.e., let R=100 KΩ and C=10 µF). 
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Figure 9: Relation between Output and Input in Integral Controller 

In Figure 8, from 0 to 2 seconds, there is a 2 V square wave applied to the input of the integrator. 
The output of the integrator at the end of this time period is -4 V (remember the circuit is inverting). 
The integrator has accumulated a 2 V signal for 2 seconds. The area is equal to 4. From T2 to T4, 
there is no voltage applied to the integrator. The output is unchanged. In the remainder of this 
diagram, you can see that the integrator output changes polarity when the input signal changes 
polarity. 

The previous discussion assumed an ideal integrator. Real capacitors will have some leakage and 
will tend to discharge themselves. Also, real OpAmps may charge the capacitor with no input 
present. If the circuit is built as drawn, it will likely saturate after a few minutes of operation. To 
prevent this saturation, add a resistor in parallel to the capacitor. For our purposes, we are not 
concerned about the saturation. We will be using the integrator with other circuits to control the 
charge on the capacitor. 

5.3 Derivative Controller 

The derivative is a measurement of the rate of change. This circuit looks similar to the high pass 
filters you have seen in other schematics. Low frequencies are attenuated, while high frequencies 
are allowed to pass. The output voltage is given by: 

𝑉𝑜𝑢𝑡 =  −𝑅𝐶 ∗ (𝑟𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒) 

Rate of change is equivalent to measuring the slope of a line. Slope is a measure of the change in 
voltage divided by the change in time. In mathematical terms, this is referred to as a delta voltage 
over delta time or simply dv/dt. If we apply a ramp to the differentiator, we get a steady DC output 
voltage. 

 

Figure 10: Relation between Input and Output in Derivative Controller 

To simplify the math, we will let RC=1. From time 0 to 2, the voltage changes -4 volts, while the time 
changes 2 seconds. The slope of this line is, therefore, -2. The output of the differentiator will be 
equal to 2 — remember the stage is inverting. 
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5.4 Using PID Controller as a Position Controller in Application 

 

Figure 11: PID Block Diagram as a Position Controller 

The first thing to notice is that this is a parallel process. The P, I, and D terms are calculated 
independently and then added at the summer Σ. The input to this loop is the set-point — in our 
application, 0 VDC is used as the zero position. The output is a signal which we will use to control the 
motor speed in the appropriate direction, as determined by the encoder. We will now examine each 
of the PID terms independently to see how they are related. 

On the far left of Figure 11, we see a summing junction. The difference between the set-point and 
feedback is the error of the system. If the measured motor position is positive of where it should be, 
the error will be negative (i.e., a negative correction is required). Likewise, if the measured motor 
position is negative then a positive correction is required. 

The error is multiplied by the gain of the proportional block. Notice that the block diagram shows this 
as a negative gain. This was done so that the block diagram and the schematic (presented later) will 
be consistent with each other. The proportional amplifier output is sent to the second summing 
junction, where the sign is again inverted. The amplifier is used to boost the output signal voltage, so 
it can be fed back to the GreenPAK to the PWM block to output a PWM signal that drives the motor 
through the motor driver. 

5.4.1 Proportional Operation 

● An error must be present! 

The system will try to correct the error by turning the motor in a direction that opposes the error with 
appropriate speed. 

The intensity of the correction is determined by proportional gain. If there is no error, there is no 
proportional drive. 

5.4.2 Integral Operation  

Integrating the error then provides a correction signal to the motor. 

● An error must be present! 

The integral section accumulates the error. A small error can become a large correction over time. 

As the error is accumulated, the motor is forced to correct the error. 

The integrator will overshoot the set-point. It must produce an error to counter act the input signal to 
discharge the capacitor. 

5.4.3 Derivative Operation 

When the motor starts to turn, the voltage measured by the resistor will be increasing or decreasing. 
If we have a voltage changing over a time, we have a ramp! The slope of this ramp changes with the 
speed of the motor. If the motor is moving quickly, the slope is high. Consequently, the output of the 
derivative stage will be high as well. 

● The motor must be moving! 
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The differentiator will have a high output voltage when the motor is moving quickly and a low voltage 
when the motor is moving slowly. 

This signal is applied in such a way as to slow down the motor. 

If the motor is not moving, the differentiator has 0 output voltage. 

The connections for the differentiator are different than the proportional and integral sections. The 
differentiator receives its input directly from the resistor. It, therefore, measures only the speed at 
which the motor is moving. It does not care about the set-point. 

 

Figure 12: Schematic of Analog PID Controller Circuit along with the Other Blocks of the 
System 
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5.5 PID Parameters Effect on the System Response 

 

Figure 13: Increasing PID Parameters’ Effect on the Overall System Response 

5.6 Implementing the Circuit using SLG88104 

I used a variable resistor to adjust the setpoint to the PID circuit. The setpoint is the initial value of the 
counter which is 127 i.e. I needed about 3.27 volts. The input of the variable resistor is the VDD of 
our SLG46621 and we adjust the output to 3.27 voltage using the variable resistor. 

After testing the PID circuit above, I needed to make a voltage amplifier using another op-amp to 
amplify the output signal. This causes the change in voltage to be more noticeable. 

 

Figure 14: Non-Inverting Voltage Amplifier 

To overcome the issue of adding another op-amp to correct the sign of the op-amp I used a non-
inverting amplifier configuration. The output voltage is given by: 

𝑉𝑜𝑢𝑡 = (1 + 𝑅2/𝑅1)  𝑉𝑖𝑛  

I chose R1 to be 1 kΩ and R2 to be 10 kΩ so the voltage is amplified by 11 times from the original 
signal. The output signal will be changing from approximately 0 to 4.7 V. 

Note that: if you aren't using an SLG88104, don't forget your +V and -V to the op-amp for appropriate 
operation like the one explained in the DAC operation. 

I made a PCB using EagleCAD software for the analog PID which accepts either the SLG88104 or a 
LM358 to compare between the output of both amplifiers. The PCB has test pins for the input signal, 
output signal before amplification and setpoint. Later, I added test pins through jumpers for the output 
signal after amplification. 
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Figure 15: Analog PID Schematic using Eagle Software before Voltage Amplification 
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Figure 16: Analog PID Circuit Board using Eagle Software before Voltage Amplification 

Note, that if you want to use LM358 just put the IC using its holder in the PCB. If you want to use the 
SLG88104 connect the OpAmps from SLG88104 evaluation board to the pin headers' extension on 
the far left. The PCB is heavily labeled for easy connection and debugging. 

The voltage amplification circuit is made separately in a small breadboard as you won’t need to 
amplify the voltage if you are using LM358 however, you will need so if you are using SLG88104. 

5.7 SLG88104 vs LM358 

Although you will need to add an extra op-amp to amplify the voltage when using the SLG88104 
there are several key benefits with this op-amp; it is less noisy, has faster response to change in 
input signal than LM358, and is and noticeably smaller when compared to LM358, so this analog PID 
circuit can be redesigned using surface mount components to be more compact and still exhibit the 
same performance. 

6 Taking the Analog Signal, Which Shall Control the PWM to the 
PWM Block in GreenPAK 

The analog signal which comes out from the PID circuit is the correction signal which will maintain 
the motor speed to reach the zero position which is at 127 count (initial value of the counter). Since 
this signal is analog it cannot be fed directly to the motor driver, we must first feed the GreenPAK to 
the PWM block. We then use the output PWM signal to maintain the motor speed. 

I used the app note AN-1057 servo motor control as a reference to adjust the PWM block 
parameters.  
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Figure 17: Matrix0 Connection for PWM Block 

 

Figure 18: Matrix1 Connection for PWM Block 

 

Figure 19: PWM Circuit Parameters 

Note that, at the zero position which is our initial value 127 the motor will never stop; the oscillations 
may trigger a count up or down. Even if there is only a small voltage the motor will keep oscillating 
around the zero position. I made a multiplexer to control the state of pin 5, which feeds the PWM 
signal to the motor driver. When the zero-position point occurs states Q0 to Q6 are HIGH and Q7 is 
LOW. However, in any other cases the pin 20 output will be connected to the output of the PWM 
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block as a PWM signal fed to the motor driver. This ensures that the motor will have to stop at the 
zero position with some acceptable error. This is because I used the same blocks used to control the 
DC servo motor which needed a 1.5ms pulse at 0 degree and this multiplexer trick ensured there is 
no output when the count is 127 i.e. zero position.  

7 Choosing the Right Direction Pin to be Connected to the Motor 
Driver 

Now, let's revise our scenario: the motor starts initially at the zero position, if we move it clockwise it 
must move counter-clockwise to counteract the movement with the appropriate output speed from 
the PWM block to reach the zero position, or vice versa if moving counter-clockwise and that is what 
we actually get from DFF3 output. So, moving clockwise will output a LOW signal which is fed to the 
motor driver, so it make the motor moves counter clockwise to counteract the movement with the 
appropriate output speed from the PWM block and vice versa. 

The motor driver PWM pin is connected to Pin 5 and the motor driver direction pin is connected to 
pin 6. 

 

Figure 20: Motor Driver Pins 
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8 Final System Lookout & Resources Utilization 

8.1 System Block Diagram 

 

Figure 21: System Block Diagram of Position Control 

8.2 How the System Works 

To summarize: 

● The motor encoder output has two outputs: pulse A and pulse B, which are used for feeding the 
direction signal to the motor driver and the clocked quadrature circuit to trigger the counter up or 
down depending on the direction of the motor; 

● An 8-bit up/down counter is used to count the slots the disk of the motor encoder covered: up in 
CW direction and down in CCW direction; 

● This data will be converted to an analog signal using an external DAC, then it will be fed to the 
analog PID circuit and the setpoint will be set to the initial value of the counter which is 127; 

Adjust the system PID parameters until you get a stable response then the output of the PID should 
be a signal that maintains the motor speed. This output isn't a PWM signal, so it should be fed back 
to the GreenPAK; 

● The analog signal will go through the ADC block then to the PWM block to output a 
corresponding PWM signal; 
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● Now we have the appropriate PWM signal and the direction signal from the direction detection 
circuit, which should be fed to the motor driver to correct the motor position. 

9 PID Parameters Tuning: 

PID tuning is a complicated process and within the scope of the app note. 

For the scope of this application, which focuses on introducing students to the idea of PID control, 
trial and error is the perfect way to tune the PID parameters, since you watch the response of your 
system and tune the parameters to reach a stability point with no overshooting nor oscillations. 

However, for small, low torque motors with little or no gearing, one procedure you can use to get a 
good baseline tune is to probe its response to a disturbance. 

To tune a PID use the following steps: 

● Set all gains to zero; 

● Increase the P gain until the response to a disturbance is steady oscillation; 

● Increase the D gain until the oscillations go away (i.e. it's critically damped); 

● Repeat steps 2 and 3 until increasing the D gain does not stop the oscillations; 

● Set P and D to the last stable values; 

● Increase the I gain until it brings you to the setpoint with the number of oscillations desired 
(normally zero but a quicker response can be had if you don't mind a couple oscillations of 
overshoot). 

What disturbance you use depends upon the mechanism attached to the controller. Normally, 
moving the mechanism by hand away from the setpoint and letting go is enough. If the oscillations 
grow bigger and bigger then you need to reduce the P gain. 

If you set the D gain too high the system will begin to chatter (vibrate at a higher frequency than the 
P gain oscillations). If this happens, reduce the D gain until it stops. 

Table 1: Comparison between PID Tuning Methods 

Method Advantages Disadvantages 

Manual tuning No math required; online. Requires experienced 

personnel. 

Ziegler–Nichols Proven method; online. Process upset, some trial-and-

error, very aggressive tuning. 

Tyreus Luyben Proven method; online. Process upset, some trial-and-

error, very aggressive tuning. 

Software tools Consistent tuning; online or offline - can employ 

computer-automated control system design 
(CAutoD) techniques; may include valve and sensor 

analysis; allows simulation before downloading; can 

support non-steady-state (NSS) tuning. 

Some cost or training involved. 

Cohen–Coon Good process models. Some math; offline; only good 

for first-order processes. 

Åström-Hägglund Can be used for auto tuning; amplitude is minimum 

so this method has lowest process upset. 

The process itself is inherently 

oscillatory. 
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10 Modifying the System for Speed Controlling: 

The number of pulses per second is directly proportional to the speed of the motor. Pulse A is 
decoded to produce a count up pulse or a count down pulse. For decoding in software, the A output 
is read by software counters and counts per second are proportional to revolutions per second. 

 

Figure 22: Decoding Rotary Encoder for Speed Control Block Diagram 

10.1 System Block Diagram 

 

Figure 23: System Block Diagram of Speed Control 

11 Arduino Realization 

One alternative to using a GreenPAK to perform PID control is to use an Arduino, which is a popular 
microcontroller used by hobbyists. Compared to a GreenPAK, the Arduino solution requires some 
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programming knowledge and significantly more space in the project since and Arduino is much larger 
than a GreenPAK. Additionally, a GreenPAK costs far less than the cheapest Arduino. 

Also, as previously mentioned, a software-focused PID controller has limitations. Implementing PID 
in hardware gives the user control over every parameter in the design but can be more difficult to 
adjust. 

11.1 Sample Arduino Code 

#include <Encoder.h> 

#include <PID_v1.h> 

 

double Setpoint, Input, Output; 

PID myPID(&Input, &Output, &Setpoint,1.002,0.0001,0.01, DIRECT); 

Encoder myEnc(2, 8); 

long oldPosition  = -999; 

 

void setup() { 

  Serial.begin(9600); 

  pinMode(10,OUTPUT); 

  pinMode(9,OUTPUT); 

  Input = myEnc.read(); 

  Setpoint = 0; 

  myPID.SetMode(AUTOMATIC); 

  myPID.SetOutputLimits(-254,254); 

  myPID.SetSampleTime(60); 

} 

 

void loop() { 

  long newPosition = myEnc.read(); 

  if (newPosition != oldPosition) { 

      oldPosition = newPosition; 

       Input = myEnc.read(); 

       myPID.Compute(); 

       Serial.println(Output); 

    Serial.println(newPosition); 

    if(Output > 0){ 

    digitalWrite(10,HIGH); 

    analogWrite(9,abs(Output)); 

    } 

    else{ 

          digitalWrite(10,LOW); 

    analogWrite(9,abs(Output)); 
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    } 

  } 

} 

12 Results 

Each part of the system was implemented discretely, then the parts were integrated together and the 
whole system was debugged. The PCB design made it easy to debug the system because of the test 
pins. 

Part 1: Position and Speed Control of a DC Motor using Analog PID Controller  

Part 2: Position and Speed Control of a DC Motor using Analog PID Controller  

The following tests have been applied while building the educational kit: 

1. Unit testing: I divided the application into small pieces and tested each small piece alone for 
correct operation 

a. GreenPAK up/down counter with scaling: the main idea is moving the pointer through the 
scaling and watch the counter increase through the scaling, I made an external circuit with 8 
LEDS to test the 8-bit counter and another separate LED for direction detection i.e. ON while 
moving CCW and OFF while moving CW indicating the motor driver correct signal; 

b. DAC circuit: I verified that the DAC operated as described in section 4 of this app note; 

c. Analog PID circuit without amplification: before designing the PCB, I made the analog PID 
circuit using a breadboard and tested it through an analog signal given from an Arduino. 
Later, I tested it through the input signal from the 8-bit DAC; 

d. Analog PID circuit with amplification: I probed the PID output after the op-amp amplification; 

e. Motor driver: I tested the motor driver with input PWM and direction signals from both the 
Arduino and GreenPAK implementations. 

2. Integration testing: I attached small pieces of the system to each other and tested them as design 
blocks. 

3. System testing: I tested the whole system as a black box. I turned the kit on then checked the 
motor response with respect to the pointer movement. 

4. Acceptance testing: reaching the perfect parameters for stable system and noticing how changing 
the potentiometer’s value affect the response. I used the below curves as a guide for perfect 
response. 

 

Figure 24: Oscilloscope Screenshot of the System Reaching a Stable System Response 

https://www.youtube.com/watch?v=Ukburl6vQ8Y
https://www.youtube.com/watch?v=rcsa3JKsC_k
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Figure 25: Reference Curves for P and I Parameters 
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Figure 26: Final Assembly of the System before Putting it Into the Box 
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Figure 27: Final Appearance of the Educational Kit 
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13 Conclusion 

This app note demonstrates how to make a position and speed control of a DC motor. This can be 
used as an educational kit to show the effects of proportional, integral, and derivative control 
schemes as well as the effect of saturation, anti-windup, and controller update rate on stability, 
overshoot and steady state error. 

Only a few internal blocks of SLG46621V are used, leaving the bulk of the blocks available to build 
other circuitry around it. This is an ideal example of a mixed-signal IC as both analog and digital 
blocks are used in this application. 

A LCD can be added later to display the PID parameter values. 

GreenPAK implementation doesn't require any additional hardware or software development when 
compared to microcontrollers. Additionally, the focus on hardware-driven PID control ensures the fast 
response needed for the analog PID controller. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

14 Appendix A. Hardware Specifications 

A.1 DC motor with Rotary Encoder 

● Voltage: 6:12 VDC; 
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● Output Power: 2.2 W; 

● Gear Ratio: 1:75; 

● Rated Speed:  133 RPM; 

● Rated Torque: 25.4 N.cm; 

● Stall Current:  3A; 

● Encoder Type: Hall effect quadrature encoder 5v (monitor position and direction of rotation); 

● Size: 25 x 54 mm; 

● Weight: 120 g; 

● Shaft Diameter: 4mm. 

 

Figure 28: DC Gear Motor with Quadrature Encoder 

A.2 DC Motor Driver: 

● Bi-directional control for 1 DC motor; 

● Support motor voltage ranges from 3V to 25V; 

● Maximum current up to 10A continuous and 15A peak (10 second); 

● 3.3V and 5V logic level input; 

● Solid state components provide faster response time and eliminate the wear and tear of 
mechanical relay; 

● Fully NMOS H-Bridge for better efficiency. No heat sink is required; 

● Speed control PWM frequency up to 10KHz; 

● Support both locked-antiphase and sign-magnitude PWM operation; 

● Dimension: 75mm x 43mm. 

 

Figure 29: Cytron 10Amp DC Motor Driver 

A.3 SLG46621V 

● 8-bit Successive Approximation Register Analog-to-Digital Converter (SAR ADC); 

● ADC 3-bit Programmable Gain Amplifier (PGA); 

● Two Digital-to-Analog Converters (DAC); 

● Six Analog Comparators (ACMP); 
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● Two Voltage References (VREF); 

● Twenty-Five Combinatorial Look Up Tables (LUTs); 

● Three Digital Comparators/Pulse Width Modulators (DCMPs /PWMs) w/Selectable Deadband; 

● Ten Counters/Delays (CNT/DLY); 

● Twelve D Flip-flops/Latches; 

● Two Pipe Delays - 16 stage/2 output; 

● Two Bandgaps; 

● Two Programmable Delays w/ Edge Detection; 

● Three Internal Oscillators: Low-Frequency, Ring and RC 25 kHz and 2 MHz; 

● Power-On-Reset (POR); 

● Slave SPI; 

● Package: STQFN-20 (2.0 x 3.0 mm). 

A.4 SLG88104V: 

● Supply Voltage: 1.71 V to 5.5 V; 

● Low Quiescent Current: 375 nA per Amplifier (typ); 

● Rail to Rail Input/output; 

● Low Offset Voltage: ±200 µV (typ); 

● Low Offset Drift: 1 µV/˚C (typ); 

● DC Precision; 

● Zero-Crossover; 

● Gain-Bandwidth Product: 10 kHz (typ); 

● Industrial Temperature Range: -40 ˚C to 85 ˚C; 

● Tiny Package: 20-pin 2 x 3.5 mm STQFN. 

A.5 Power supply 

220 V to 12 V-2 A power supply 

 

Figure 30: Power Supply 

A.6 Enclosure: 

The enclosure was designed using SolidWorks with different openings for the power switch, power 
indication LED, data cable for emulation, LCD, pots to adjust PID parameters, and test crocodiles to 
test the output. 

The enclosure was made from 3mm Wood and cut by my own laser cutting machine. 
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Figure 31: Educational Kit Enclosure Design without Openings 

A.7 Bill of materials 

Table 2: Bill of Materials 

S# Item Name Price in $ 

1 SLG46621V 1$ 

2 SLG88104V 1$ 

3 DC motor 8$ 

4 Cytron DC motor driver 10$ 

5 PCB fabrication 8$ 



 

 

AN-CM-250  

Position and Speed Control of a DC Motor using 
Analog PID Controller 

  

Application Note Revision 1.0 15-Aug-2018 

CFR0014 30 of 31 © 2022 Renesas Electronics Corporation 

S# Item Name Price in $ 

6 Power supply 5$ 

7 Enclosure fabrication 7$ 

Total Price 40$ 
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