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1.1     Introduction


The derivation of a DC motor transfer function requires addition of a unity feedback controller to a system for performance improvement as well as a schematic determination of a closed-loop system.  Furthermore, a transfer function of a DC motor should follow specific commands.  However, numerical limitations can lead to trouble after adding the controller in a system. The total open-loop numerator might be a higher order as opposed to the denominator.  Besides, Matlab cannot close the loop for a DC motor transfer function, but some equations can eliminate such problem (Nahavandi & Danyali, 2015). 

Similarly, the integral windup depicted a situation in a PID feedback controller in which a significant change in the set-point took place, and there was an accumulation of a significant error during the rise or windup. That made it overshoot and continue to increase as there was an unwinding of the accumulated error (Taher & Aliabadi, 2014). In the experiment, the logic for the motor speed control ran in a Simulink on a host computer. That was undertaken by utilizing the IO package from the Mathworks.  It encompassed a specific blockset, and a program ran on a board Arduino (Taher & Aliabadi, 2014). The research paper, therefore, focuses on DC motor transfer function derivation, integral windup demonstration, a model in Simulink, lab procedures and the PID.

2.1 Derivation of  DC Motor Transfer Function


Three methods can be utilized to derive DC function motor transfer. The first one is about undertaking measurement for all physical parameter of a system used to determine a question. That is followed by the computation of the overall function of transfer in the Lab. The second is the treatment of the system as a black box which has both frequency and step response. The method for determining DC gain, poles, as well as the zeros of the system, is in the Lab.  Many physical quantities should be measured in DC motor to  derive transfer function.  They include armature resistance, torque constant, armature inductance,  back EMF constant, viscous friction coefficient and rotor moment of inertia (Nahavandi & Danyali, 2015).
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Figure 1 Showing Motor Diagram (Nahavandi & Danyali, 2015).

The lab aimed at deriving motor properties by manipulating the system so that it can reduce unknown terms in the equation governance. That permitted parameter measurement through output featured from a specified input (Nahavandi & Danyali, 2015).

2.1.1 Armature Resistance


It was denoted by an equation that described the relationship between armature inductance, back-EMF voltage, armature resistance and the input voltage. The black EMF became zero if the rotor was restricted from rotating.  The reason was that the back-EMF was proportional to angular velocity. Moreover, the armature inductance term was reduced to zero after the steady state condition was reached.  Therefore, it was possible to measure Ra by deriving input voltage and reluctant current (Nahavandi & Danyali, 2015).
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Figure 2 Showing Model Locked Motor
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Figure 3 Showing Armature Resistance Derivation Experiment ((Nahavandi & Danyali, 2015).

2.1.2  Armature Inductance


The rotor was locked to reduce the back-EMF to zero. On the other hand, the critical concern was the derivation of armature inductance; therefore, there was the necessity of considering the transient response of a resulting circuit of an armature.  The voltage drop across the resistor for graphical determination of time constant was measured by putting resistor box in a series.  The time constant was essential in solving the equation below to get motor’s inductance (Nahavandi & Danyali, 2015).
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An Equation Showing Time Costant for RL Circuit.
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Figure 4 Showing Armature Inductance Derivation Experiment (Nahavandi & Danyali, 2015).

2.1.3 Back-EMF Constant and Viscous Friction Coefficient


The purpose of the section was to derive a back-EMF constant, Kb; therefore, the motor was permitted to rotate. Furthermore, measurements were recorded when the system reached a steady state.  That state made Ia constant and the derivation of the current to be zero (Nahavandi & Danyali, 2015).  The equation to indicate the  Back-EMF constant was a follows.
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The motor angular velocity,w, was determined by undertaking the measurement of the tachometer voltage and utilizing the gain derived from Lab 1.  Notable, Kb=KT in an SI system, therefore, finding Kb gave KT. A steady-state condition helped in the derivation of viscous Friction Coefficient as follows.
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Figure 5 Showing Back-EMF Constant and Viscous Friction Coefficient Derivation (Nahavandi & Danyali, 2015).
2.1.4 Rotor Moment of Inertia


The motor’s moment of inertia, J,  as well as the friction coefficient, B, established the angular velocity decay rate after the cutting of the current to the motor.  It was notable that Tm=0 at the time current was zero. B was derived in the Lab, and it helped in finding J (τm = J/B).
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Figure 6 Showing Rotor Moment of Inertia Derivation (Nahavandi & Danyali, 2015).

3.1 Demonstration of Integral Windup (Oscillatory)

3.1.1 Explanation of What Happened

 
The integral windup was also referred to as the integrator windup or the reset windup. It depicts a situation in a PID feedback controller in which a significant change in the set-point takes place, and there is an accumulation of a significant error during the rise or windup. That made it overshoot and continue to increase as there was an unwinding of the accumulated error. The integrator term of the controller assimilated feedback error over time. Precisely, the integrator term got larger when the error was positive whereas it became smaller when the error was negative as indicated by the area under the graph. The figure below indicated an underdamped step response (Nahavandi & Danyali, 2015). 


In the beginning, the motor was at rest, and it indicated a commanded reference of 130 RPM; thus, the error was positive, and the integral term assimilated the positive first green area.  The quick rise in the integral term made the control effort to saturate at a fast rate. Notable, the integrator kept building and asked for more efforts of control even though there was a saturation of the control signal; therefore, it could not offer more energy. The error became negative when the measured speed of motor surpassed 130RPM and the first red area in the graph started to subtract away from the region that underwent accumulation by the integrator term (Herrmann & Postlethwaite, 2016).  

However, the controller effort continued to be positive because the integrator term built up a high amount of positive area.  That took place after the point where the motor exceeded the 130 RPM undertook a command of reference, therefore, needed to slow down.  The control had to wait for the first red area to take away a good portion of the green area. That was the part that had underwent accumulation before the controller’s integral term decreased to a sufficient level, therefore, making the motor to begin to slow down (Herrmann & Postlethwaite, 2016).
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Figure 7 Showing Underdamped Step Response (Nahavandi & Danyali, 2015).


Such effect is called integrator windup, and it can cause excessive lag and oscillation in a specified closed-loop performance of a system.  Furthermore, different techniques are available for handling the effect.  The first one is an anti-windup measure that includes turning off the integrator so that it stops the accumulation at the point of saturation of the control effort. The second technique is the resetting of the integrator value to zero at a point where the error switches signs.  The most straightforward solution for decreasing the effect of the integrator windup was to lower the integral control gain, Ki.  A relation between a closed loop denominator and a canonical second order system will bring about the equation below.
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A trail and error held the integral grain reduction at  Ki=0.04, whereas the proportional gain remained at Kp= 0.0035.  The outcome of the closed-loop performance was indicated below. The noise on the estimate of speed made it hard to derive whether the provided requirement was met.  There was also an attempt to visualize a smooth line fixed through a noisy information. It seemed that the peak time did not reach 0.5 seconds, and the fixing time was less than one while maximum percent overshoot was below 20%. Likewise, the control effort appeared to saturate for a limited time (Herrmann & Postlethwaite, 2016).  Therefore, further decrease of Ki avoided saturation even though the saturation was not a problem in the instance.
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Figure 8 Showing Motor Speed response and Control Effort  (Herrmann & Postlethwaite, 2016).

3.1.2 Model in Simulink 


In the experiment, the logic for the motor speed control ran in a Simulink on a host computer. That was undertaken by utilizing the IO package from the Mathworks.  That encompassed functional blocks, and a program ran on a board known as Arduino.  It enabled the communication between the host computer as well as running Simulink. The significance of using the IO package was that it assisted in connection with the board in real time while portraying minimal difficulty (Herrmann & Postlethwaite, 2016).  There was also a derivation of output speed and control effort at the time of the experiment as observed and graphed in the measurement. An alternative to running the control logic on the host computer was to run the control service on the Arduino board. That was called embedding the control on a microprocessor of the Arduino board.  


The advantage of the process was that the control program could run faster and get a quick sampling because the control software did not have to run under an operating system. The second advantage was that it was needless to connect Arduino board to the host computer physically.  For example, an individual could develop an autonomous ground instrument that DC motor could drive (Chong & Sato, 2015). The embedding of the control logic on board the Arduino utilized Arduino Support Package derived from the Mathwork. The blocks of the support package were indistinguishable to the one used from IO package.  The Arduino Write Block had a replacement with PWM block,  but they had a similar function. The block for decoder reading also operated similarly as IO package, even though it was not part of the standard Arduino Support Package (Chong & Sato, 2015).

[image: image16.png]



Figure 9 Showing a Simulink Model (Chong & Sato, 2015).


The Simulink model required a double-click on the encoder block and the selection of a build button.   It was situated in the upper right-hand corner for the generation of the S-function. The Encoder block was set up for a time of the sample , Ts =0.02 and read the quadrature signals on a pin 2 and 3. Any change of setting took place at the Encoder block and modification of the sample time under the initialization tab was right. Similarly, pins that the quadrature signaled was read from an area by pin A and pin B parameters.
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Figure 10 Showing Quadrature Signal (Chong & Sato, 2015)
3.2 Definition of  Two Methods to Compensate for Integral Windup 


There will be the utilization of anti-windup compensation of the insignificant controller associated with multiple-input (MIMO) system. The first anti-windup compensator is referred to as an observer-based anti-windup compensator (OBSAW). The second one is called nominal characteristics trajectory following (NCTF) controller (Chong & Sato, 2015).

3.2.1 Observer –Based Anti-Windup Compensator (OBSAW)


It is designed that aims at the adjustment of the anti-windup compensation states so that its output follows the saturated ditto using dead-beat dynamics.  The methods assume the properties of a plant and nominal controller properties (Chong & Sato, 2015).    

3.2.2 Nominal Characteristics Trajectory Following (NCTF) Controller


It is an integral controller that utilizes the PI compensator for the forcing of plant motion so that it can track the NCT.  The feature of the NCTF control system entails a nominal characteristic trajectory (NCT) as well as a compensator. The integrator windup will also occur regarding comprehensive portion reference.  The NCTF controller can integrate windups as a result of the effects of saturation.   The first assumption of NCTF is that a DC servomotor can be used as an actuator of a plant.  The NCTF controller was developed based on an open –loop experiment of a factory.  The NCTF controller with anti-windup compensator was assessed using a dynamic model that encompassed AC motor, an inertia mass, and a driver. The positioning performance was examined under different conditions, for example, standard plant and increased inertial plant (Huang & Li, 2016).

4.1 - Lab Procedure

4.1 .1 Lab 1-Hardware and Software Checkouts


The experiment aimed at checking out the rover hardware and verifying of the understanding of the Arduino as well as the way it is programmed.  First, there was an application of 12 v to every motor to examine the speed of the wheels. Secondly, the experiment tested the outputs of the quadrature encoders on a specified scope and verified the wavelength and phase relations.  The Arduino function was written to examine the up-down counters and determine the wheel rotation’s total angle.  Furthermore, the experiment documented an Arduino program to apply a 12 v step in the same direction. That fixed the time of both motors and determined if the rover moved in a straight line. The program was also modified to record step response that helped in the identification of the dynamic rover model. The two items for steps were also applied in the opposite direction

4.1.2 Lab 2- Closed Loop Control of Linear and Rotational Motion


The goal of the experiment was to implement two systems of closed-loop control for the rover, for example, linear motion control and rotary motion control.

In regards to the linear control, the experiment wrote an Arduino program for the implementation of closed-loop proportional control. The duty cycle of the PWM was to be proportional to the error between a desired and actual position.  The motors were to move in the same direction. Furthermore, there was an investigation of the effects of different scale factors and verification that results were consistent with the theory response time and overshoot among others.  

The experiment also measured the actual position with an accurate ruler and attached a felt tip marker for the coverage and recording of the actual displacement. The program was modified to add integral control, and the integrator output was a static variable. Similarly, the experiment investigated impacts of the integral control by using different integral gains.  Likewise, the program was modified to add derivative and examine the effects of various increases.  In regards to rotary motion, there was a repeat of the above tasks. Besides, the angle of rotation was proportional to the difference of the two counters. The motor was driven in the opposite direction.

4.1.3 Lab 3- Autonomous Trajectory Following


The experiment undertook the programming of Arduino to autonomously traverse a predetermined trajectory that was stored in the computer.  

4.1.4 Lab 4- Climbing and Balancing on a See-Saw


The Arduino was programmed to climb a beam balance as well as remain in a stable balancing point.

4.1.5 Inverted Pendulum


The experiment mounted an inverted pendulum on the rover as well as programmed the Arduino for the movement of the rover in a straight line while ensuring that the pendulum was in the balance.

4.1.6 Articulated Vehicles

Two teams undertook the experiment.

4. 2. 1 What is a PID


PID means Proportional, Integral, Derivative and the control offers a continuous variation of output with a feedback mechanism that has control loop. That helps in accurate control of the process, removal of oscillation and increase of efficiency.

4.2.2 Explain how the PID was tuned 


Notably, proportional control assists in the minimization of oscillatory characteristics of on and off control. However, PID was tuned for the reduction of errors as well as the provision of accuracy and stability in a process. It undertook that through the use of the integral action and derivative actions for the elimination of control deviation errors. It also managed rapid processes movements.  Mainly, all three terms need proper tuning for the application requirements to attain the best control.
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Figure 11 Showing Appropriate PID Tuning (Chong & Sato, 2015)
4.2.3  Explain the Overall Operation of the Entire System


 Digital PID controllers are utilized for a high level of control. They are majorly in the form of PID Temperature Controller or PID Processes Controllers, and they may be multi-loop, dual or single instruments.  PD control is employed in different process variables, for instance, Temperature, Pressure, and Flow. The challenging application like industrial heat temperature processes, furnace, and ovens utilize PID controllers. Besides, scientific and lab sector employ the operating system to bring about precision and reliability, which is essential to the control application quantity.

5.1 Conclusion


In summary, there were many physical quantities measured in DC motor to  derive transfer function.  They included armature resistance, torque constant, armature inductance,  back EMF constant, viscous friction coefficient and rotor moment of inertia. Moreover, the integrator term of the controller assimilated feedback error over time. Precisely, the integrator term got larger when the error was positive whereas it became smaller when the error was negative. In the Simulink model, the significance of using the IO package was that it assisted in communication with the board in real time while portraying minimal difficulty.  There was also a derivation of output speed and control effort at the time of the experiment as observed and graphed in the measurement.
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