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ABSTRACT

This thesis presents a DSP based Model Predictive Control approach for controlling a DC
motor. The MPC algorithm is designed to optimize the motor's performance by predicting
its behavior over a finite time horizon and adjusting the control inputs accordingly. The
proposed method provides improved performance in terms of faster response time, settling
time, efficient tracking of reference trajectories and minimum steady-state errors. The
system performance is evaluated under different operating conditions, including changes
in sampling time, load torque, motor speed, and ability to handle constraints. The results
show that the DSP based MPC approach provides better performance compared to
traditional PID control methods. Further, the proposed method is implemented on a digital
signal processor based hardware platform, and the results show that it is feasible for real-
time control applications. The suggested approach illustrates how MPC can be a viable

solution for the precise and efficient regulation of DC motor in real-world scenarios.
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Chapter 1
Introduction

1.1 Introduction

The implementation of control strategies mostly derived from mathematical modeling of the
system is the main focus of control system engineering operations. Many industrial applications
currently require advanced control systems, which are widely available. Model Predictive control
method, hybrid predictive method, robust adaptive control method, fuzzy control (PID, FPGA),
logic neural networks are some of the advanced control methods of control system engineering
[1]. MPC is a real-time optimization technique that allows the control system to make decisions
based on predictions of the future behavior of the system. The MPC algorithm is designed to
minimize a cost function subject to constraint, while also taking in to account the dynamics of the

system [2].
1.2 Problem statement

DC motor faces problems including speed fluctuations due to load variations, sensitivity to input
voltage changes, parameter variations affecting response time, inadequate control system design,
and sensor noise impacting accuracy. These issues can result in poor speed regulation, reduced
efficiency, and compromised performance. Addressing these problems often involves control
system optimization, parameter tuning, and maintenance practices to ensure reliable and accurate

motor operation [3].

Model Predictive Control (MPC) can be an effective solution to address the speed regulation
problems in DC motors. By utilizing a dynamic model of the motor, MPC can predict its future
behavior and optimize control actions to minimize speed fluctuations and maintain the desired

speed accurately.

Electrical motor’s MPC applications are yet mostly unexplored. The computing hardware's

performance has grown quickly. MPC can be used for rapid systems with lower time steps [4].



1.3 Research Objectives

The research is based on modeling of a DC motor. MPC will be used to control the speed of the

motor using DSP. The objectives of this study with specific aims are:

» To achieve a stable system minimizing rise time, peak time and settling time
» To avoid overshoot for smooth reference tracking
> Be able to handle constraints

» Practical implementation to achieve the above criteria.
1.4 Literature Review

MPC is an advanced approach to process control that is widely employed in industry. For
nonlinear systems, there has been much advancement, but there are still many challenges that need
to be resolved for practical applications, such as the dependability and effectiveness of the online
computation method. A complex dynamic programming problem needs to be 'rigorously' solved

in order to deal with model uncertainty [5].

MPC's implementation was previously restricted to slowly changing systems because of the
computational work involved in it, and these systems have time steps that are long enough to allow
the control algorithm to run entirely. Now faster algorithms have been developed and computing
hardware performance has improved rapidly, MPC can be implemented for quick systems with
smaller time steps. Additionally, it provides sufficient tools for handling multivariable restricted

control issues [6].

Despite of the benefits highlighted, few research labs are now involved in MPC applications to
electrical drives, which are still largely unexplored. For example, MPC PWM control has been
applied to the electronic drive system [7] and then for the speed control [8]. In other work [9] MPC

has been used as a torque/flux controller of induction motor at a wide range.

Modern industrial applications depend mainly on digital control platforms like DSP. Digital
control is suitable and efficient for industrial regulations and code requirements [10]. A fully DSP-
based real-time data acquisition control system and MATLAB/Simulink environment are used
during the design, analysis, and implementation phases. The Digital signal processor system has

rapidity, control accuracy, adaptability, and robustness.
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In the literature, the MPC technique is very often seen to be implemented at an earlier age when

the digital processor was not as fast as nowadays.

Hence, a new MPC for DC motor control can be implemented in DSP for better performance and

stability purposes.
1.5 Research Methodology

The research methodology of a DSP based MPC for DC motor involves problem statement,
literature review, system modeling, MPC design, data collection, model identification, controller

implementation, performance evaluation, and conclusion with future research suggestions.

The research problem must be precisely defined as the initial step or objective related to the DSP
based MPC for DC motor model. This helps in providing a clear direction and focus for the
research. The next step involves conducting a thorough literature review to gain insights into

existing knowledge and research in the field of MPC for DC motor.

After the literature review, a mathematical model of a DC motor has to be developed. This model

should accurately represent the electrical and mechanical dynamics of the motor.

The next step is to collect data to validate and tune the DC motor model. This data can be collected
through simulations and experiments by measuring motor inputs and outputs under different

operating conditions.

Once the model is identified, implementation of the MPC algorithm on a suitable platform or
simulation environment has to be done. The implementation should consider the computational
requirements and real-time constraints of the system. The output results (settling time, rise time,
% of OS, speed and output voltage) should be collected and compared. Hardware implementation
of the DC motor on DSP board has to be done. The obtained results should be analyzed and

interpreted to draw conclusions.

Finally, the research concludes by summarizing the findings and suggesting future research

directions.



1.6 Outline of the Thesis

The book is organized in the following chapters

Chapter 1: Represents the problem statement, research objectives and literature review.
Chapter 2: Represents the characteristics of DC Motor and MPC.

Chapter 3: Represents the DC motor model and MPC algorithm.

Chapter 4: Represents the simulation results of the MPC and PID applied on DC motor model.
Chapter 5: Represents the Hardware testing results of the MPC and PID on DC motor.

Chapter 6: Represents conclusion and future work



Chapter 2
DC Motor & MPC Characteristics

2.1 DC Motor

A DC motor is an electric motor that runs on direct current. Through electromagnetic contact between the
armature and the magnetic field, it transforms electrical energy into mechanical energy. From little toys
to massive industrial systems, DC motors are frequently utilized in a wide range of applications [11]. The
motor's speed and torque can be adjusted by regulating the DC voltage applied to it or controlling the

current flow.
2.1.1 Working Principle with Illustration

A DC motor's operation is defined by Faraday's Law of electromagnetic induction. It claims that when a

current-carrying conductor is exposed to a magnetic field, a force is generated.

In a DC motor, the stator's fixed magnetic field creates rotation for the armature. The armature consists of
a coil of wire that carries a current. This current interacts with the magnetic field, causing the armature to
rotate. By altering the direction of the current flow, the rotation direction can be altered. The armature is
attached to an axle that is supported by bearings, allowing it to rotate freely. The commutator, a split ring
connected to the ends of the armature coil, ensures that the current always flows in the same direction,

allowing the motor to maintain continuous rotation.

DC motors can come in brushed and brushless varieties. Brushes are used to deliver current to the armature
in brushed DC motors, which have a spinning armature and a stationary magnetic field. On the other hand,
brushless DC motors have a stationary armature and a spinning magnetic field, and the current is sent to

the coils on the armature by an electronic commutation mechanism [12].

By regulating the amount of current passing through the armature, the motor's speed can be managed. This
can be achieved by altering the voltage delivered to the motor or by regulating the current via a control

circuit.



Fig 2.1 shows the simplified configuration of two brushes and a two-piece commutator that represents an
example of the DC motor's operating principle [13]. The commutator is connected to the leads of the rotor

coil, which is situated between magnetic fields.

Force

Commutator
Ring

Current Direction
Brush

I’y
7/

Fig 2.1: Working principle of DC motor.

When a current runs through the magnetic field produced by the stator in the rotor coils, a brush-type DC
motor creates a torque (and subsequently rotates the rotor). Two equal but opposing forces acting on the
sides of the coil produce the torque. According to Lorentz's law, a force acts on a conductor when it carries
a current through a magnetic field. This force is represented mathematically as the vector cross-product of

the current, the magnetic field and the conductor length:
F=ILB sinf

Where, I is the current vector, B is the magnetic field vector, 0 is the angle between the current and

magnetic field direction and L is the length of the conductor [14].

Without a commutator to maintain the current's direction, the torque direction will change as soon as the
coil crosses the vertical plane (also known as the commutation plane), which will result in no significant
motion. The torque produced by a two-piece commutator will not be smooth and exhibit the ripple in Fig.

2.2(a).

Because the moment arm distance between the forces acting on the coil is maximum in this position, the
torque is maximum when the coil is horizontal [15]. If the moment arm distance is zero while the coil is

in the commutation plane, there will be zero torque.


https://www.yourelectricalguide.com/wp-content/uploads/2022/10/Capture-1-min-4.png

Torque
(a)

Torque

Fig 2.2: Torque Direction

The torque would be smoother (Fig. 2.2(b)) if we had used a six-piece commutator (and three coils, one
for each commutator pair) as opposed to a two-piece commutator since the torque is the sum of all the
torques in all the coils at any given time. The ripple would not exist since the angle would always be 90°
if it were possible to make the stator magnetic field radial. Commercial motors have commutators with

50 or more segments to improve the torque characteristics.
2.1.2 Characteristics of DC Motor

A DC motor's performance may be evaluated based on its properties, making it simple to choose a motor

for a certain application [16].The performance attributes of DC motor are:

e Torque versus armature current (T vs I)
o Speed versus armature current (N vs I)
e Torque versus speed (T vs N)

For DC motor characteristics, the following two relations are most important:
e Taocxx @ I;and
e NxX Ep®

2.1.3 Speed control of DC motor

A DC motor's nameplate will state its base speed, which is an indication of how quickly the motor will
operate at its rated armature voltage and current. By lowering the voltage applied to the armature and

lowering the field current, a DC motor can be operated below base speed and above base speed.

7


https://www.yourelectricalguide.com/wp-content/uploads/2022/10/Capture-2-min-3.png

.I.
|
I

Fz2 A2

Base speed

A

Reducing the
armature voltage
will lower the speed.

F1

.|.
I

Fz2

Reducing the field
current will increase
the speed.

Fig 2.3: Speed control of DC motor [17].

Speed Control of DC Motor by Armature

The field is connected across a constant-voltage supply in armature-controlled adjustable-speed

applications, where the armature is connected across an adjustable voltage source (Figure 2.4).

. .
A1 F1
Adjustable + + Constant
armature % @ = field
voltage — voltage
A2 F2
- ' ]
@
s s
= =]
o —
=} 2
o
= =
Armature volts Armature current

Fig 2.4: Armature voltage controlled DC motor [17].

The motor speed will change in response to changes in armature voltage in a proportional manner.
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Speed Control of DC Motor by Field

By weakening the field, shunt motors can be made to run faster than their base speed. The motor is

typically started with the highest field current to generate the highest flux and highest starting torque.

The flux weakens as the field current decreases, increasing the speed. A decrease in field current will also
lead to a higher armature current flow for a given motor load and less counter EMF generation. A
straightforward way to control a field is to connect a resistor in series with the source of the field voltage
[18]. This could be helpful for fine-tuning to the motor speed that works best for the application. An

alternative, more advanced technique makes use of a variable-voltage field source.

Fig 2.5: Field Flux controlled DC motor.

22 MPC

MPC is a powerful tool for controlling dynamic systems, and is increasingly being used to overcome the
limitations of traditional control methods such as PID control. In MPC, a plant mathematical model is
used for forecasting the system's behavior while considering the plant's present state and control inputs.
This forecast is used to identify the optimum level of control that will minimize a cost function that
demonstrates the system's desired performance [19]. The control action is then applied to the process, and

the cycle repeats.
2.2.1 MPC Advantages

The capability of MPC to manage restrictions, such as process limits, equipment limitations, and safety
regulations, is one of its main advantages. These constraints can be incorporated into the cost function,

and the MPC algorithm will determine the control action that optimizes performance while satisfying the



constraints. This is in contrast to traditional control strategies such as PID, which may struggle to handle

constraints effectively, leading to suboptimal performance or even system failures [20].

The capability of MPC to handle complex and nonlinear systems is an additional advantage. The
mathematical model used in MPC can be based on physical or empirical models of the process, and can
be adjusted to account for nonlinearities and dynamic behavior. This allows MPC to handle processes that

are difficult or impossible to control using traditional control strategies.

MPC can also be used to optimize multiple objectives, such as maximizing production, minimizing energy
consumption, or reducing emissions. These objectives can be balanced using the cost function, allowing

MPC to find the control action that optimizes performance in all aspects of the process.
2.2.2 MPC for DC Motor

MPC can be applied to DC motor, which are electric motors used to power a numerous applications
including conveyors, pumps, fans, and other mechanical devices. MPC provides a powerful tool for

controlling the speed, torque, and position of DC motor, allowing for improved performance and control.

In motor applications, MPC can be used to regulate the speed and to control the load torque. MPC can
forecast system actions in the future and choose the best control inputs to achieve particular performance

goals by modeling the motor and the load [21].
2.2.4 Basic Steps of MPC Algorithm

Implementation of MPC typically involves several stages, including model development, model
validation, and controller design. The primary step is to develop a model of the motor and the load, which
can be based on physical or empirical models. This model should be validated by comparing its predictions
to real-world data from the motor drive. The controller design stage involves tuning the MPC algorithm
to meet the specific requirements of the application, including setting the control horizon, choosing the

cost function, and setting the constraints.

MPC can be implemented utilizing a variety of platforms, including programmable logic controllers
(PLCs), and supervisory control and data acquisition (SCADA) systems, depending on the necessary
hardware and software. MPC software is also available as standalone products, and can be integrated with

existing control systems [22].
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A mathematical model of the system is used by the control algorithm to forecast the behavior of the system

in the future and identify the best control inputs to meet particular performance goals. MPC algorithms

are designed to handle multiple objectives, constraints, and disturbance variables in real-time control

applications [23].

The basic steps of the MPC algorithm are as follows:

1l

1il.

1v.

V1.

vil.

Model Development: Determining the system’s mathematical model that to be controlled is the
first stage. This model should be able to predict the system's future behavior and capture the main
characteristics of the system.

Prediction Horizon: The period of time into which the MPC algorithm predicts the system
behavior is known as the prediction horizon. This horizon is typically chosen based on the control
requirements of the application.

Cost Function: The performance of the control inputs is determined using the cost function. The
cost function should reflect the objectives of the control application, such as minimizing energy
consumption, maximizing production.

Constraints: Constraints are used to limit the control inputs and ensure that they remain within
safe and feasible limits. These constraints can include speed limits, torque limits, and current
limits.

Optimization: The MPC algorithm finds the control inputs that minimize the cost function while
satisfying the constraints by using an optimization algorithm, such as linear programming or
quadratic programming.

Control Input Update: The control inputs are updated based on the optimization results, and the
system is updated with the new control inputs from the optimizer.

Repeat: The procedure is repeated, with the prediction horizon being moved ahead in time and the

model is updated on the basis of new feedback from the system.

The algorithm is designed to handle multiple objectives, constraints, and disturbance variables in real-

time, making it well-suited for a wide range of control applications [24].

2.3 Digital signal processing

Using mathematical techniques, digital signal processing is a way of extracting information from real-

world signals (expressed as a list of integers). Math can decode the ones and zeros that make up a digital

11



signal. Analog signals include signals from the physical world such as sound, light, temperature, pressure,
and others. In a digital signal, the analog signal is numerically represented. These signals may be easier
and more reasonably processed in the digital age. [25]. As shown in Fig. 2.6, in the real world, we can
transform these signals into digital signals using our analog-to-digital conversion method, process the

digital signals, and if necessary, return the digital signals to the analog world.

Sound Waves  Electrical Voltage ~ BinaryData  Electrical Voltage ~ Sound Waves

Digital Processing
-Efferts

- Filters

- Conversion
-ete...

€ 101100 3 Speaker
010110 §
£ 111110 §
' - DAC
Analogue Digital Analogue

Fig 2.6: ADC and DAC [26]

2.3.1 DSP for Control System

DSP algorithms are used to process signals from sensors and to implement advanced control algorithms,
such as MPC. The use of DSP in control systems has made it possible to implement real-time control

systems that respond quickly to changes in the system being controlled.

Compared to conventional analog control systems, the use of DSP in control systems improves accuracy

and robustness by enabling the application of advanced control algorithms like MPC.

12



In control systems, DSP algorithms are used to process signals from sensors, such as accelerometers,
gyroscopes, and strain gauges, to obtain information about the system being controlled. The processed
signals are then used by the control algorithm to determine the control inputs that will achieve the desired

performance objectives [27].

DSP algorithms are used in control systems to perform various operations, such as filtering, Fourier
transforms, and signal processing, to remove noise and improve the accuracy of the control inputs. In

addition, DSP can be used to implement control algorithms.

DSP technology has also made it possible to implement real-time control systems, which can respond to
changes in the system being controlled in real-time. This is important in many control applications, such

as motor control systems, where it is essential to respond quickly to changes in the system.

13



Chapter 3
MPC for DC motor model

3.1 Importance of MPC for DC Motor

MPC is a type of advanced control strategy that can be applied to DC motor to improve performance and
efficiency. MPC is particularly useful in applications where the control inputs (e.g., the voltage, torque or

current applied to the motor) must be carefully regulated to achieve precise performance requirements.

One of the main benefits of MPC is its capability to optimize the control strategy in real time while taking
into account the dynamics of the motor, the load it is driving, and any restrictions on the control inputs.

This can lead to better performance and energy efficiency compared to traditional control methods [28].
3.2 DC Motor Dynamic Modeling

A DC motor can be modeled using various approaches, but one of the most common models is the
electrical equivalent circuit model. This model represents the DC motor as an electrical circuit, where the
motor's electrical and mechanical properties are represented by different components in the circuit. Fig

3.1 shows DC Motor electrical model [29].
The fundamental elements of the DC motor's electrical equivalent circuit model are:

1. Armature resistance (Ra): This component represents the resistance of the wire in the motor's
armature.

2. Armature inductance (La): This component represents the inductance of the wire in the motor's

armature.

Back EMF (Eb): This component represents the voltage generated by the motor as it rotates.

Torque (T): This component represents the force generated by the motor as it rotates.

Mechanical inertia (J): This component represents the motor's resistance to changes in speed.

SN

Damping coefficient (B): This component represents the frictional forces that act on the motor.

14



Fig 3.1: DC motor equivalent model.

The electrical equivalent circuit model of a DC motor can be represented by the following equations:
Vi= iRet Lo S0 +Ep. (1)
Here, V.is the applied voltage and i. is the armature current of the motor.
Back emf, Ev=(Kc0) * om...... 2)
Keo is constant if field remains constant and om is the angular velocity of the motor shatft.

Tm=(Kep) * L ... (3), where Tr, is the mechanical torque developed by the shaft.

dom

=Tr+]J — T B* @m.... (4) Here, Ty is the load Torque.

Ra La
— A~V
i
va ——Ep
la

Fig 3.2: DC Motor electrical circuit model

Again, from equation 1 we get applied armature voltage,

dia

Va= iaRa+ La E +Es

The dynamic model can be further simplified by using Laplace transforms and assuming
steady-state conditions.
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Taking Laplace transformation
Va(s)= la(s)*[ Rat sLa] + Ep (s)

Or, Va(s) - Ep (s) = La(s)*[ Rat sLa]

Va(s) — Eb (s)
Or, L (s) = Ra+ SLa

So, the armature current I, will be

Va(s) — Eb (s)
L (s)=—2—>2
(s) Ra(1 + Sto)
Va(s)—(Ke@)*wm(s)
Ra(1+ sta)

Or,La(s)= .. (5)

Now, from equation (4) taking Laplace transformation we get,
Tm (s) - TL (s)= om(s) * [B +sJ]

So, the angular velocity

Tm (s) — TL (s)

Om(s)= B(1+s2-)

The mechanical time constant, Tm= %

So,

_Tm () T (5)
on(s)= BLior,) (6)
Hence, the angular speed from equation (3) and (6)

_ (Keg)xIa(s) ~Tp (s)
om(s)= Bt (7)

Considering the angular velocity ™y, (S)as the output variable and the applied armature voltage Va(s) as

the input variable and from (7) and (5), the following open-loop transfer function is derived,
(Keo)
B(1 +st,)
[ Ra+ sLa] + —(Ke(p)I * om

a

Gmea (s) =

16



As La << R,, by neglecting the L, term,

_ (Keq)
GW’"V“ (S) " Ra*B(1 +st;, )+ (Ke@)2 7 (8)

Taking angular position and angular velocity as the states and applied armature voltage as the input,

equation (8) can be rewritten in state space form as
x(t) = Ax(t) + Bu(t) ..... (9)
y(t) = Cx(t) + Du(t) .... (10)

Where, system matrices A, B, C and D are given as

0 1] 0]

A= 0 —1 5 B=|Kep| ,
Tm Tm
_101” . _
C—[l] : D=0

3.3 MPC Model Structure

MPC is implemented for a variety of MIMO systems and it can handle constraints systematically without
modification. In MPC, the current control signal is selected in a manner that will result in desirable output
behavior in the future. Therefore, the minimum capacity is required to precisely forecast the system's
future output behavior. The process's future behavior depends on both the previous inputs and the potential
future inputs that are contemplating [30]. A feedback path is used in the MPC structure to compute the
process measurements. Fig 3.3 shows the components of MPC structure. There are main components

available in MPC structure are:

1. The plant model
2. The cost function

3. The optimizer
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Fig 3.3: Components of MPC structure [31].
3.3.1 Plant Model

The plant is a DC motor in this research. From the previous discussion the armature current, torque and

angular speed characteristic of a DC motor from equations (3), (5), (7) and (8) can be determined.

Torque, Tm=(Ke@) * Ia

Va(s)—(Ke@)*wm(s)
Ra(1+ sta)

Armature current, I, (s) =

(Ke@)=Ia(s) —Ty (s)
B(1 +st )

Angular speed, om(s)=

3
3

o

| —

145ty

-

L (Ke)¢

Fig 3.4: DC motor dynamic model block diagram.

Wm

Fig 3.4 shows the DC motor dynamic model block diagram with closed loop transfer function from
equation (8),
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_ (Keo)
Gupvo (8) = Ra*B(1 + st ) + (Keg)?

3.3.2 Cost function

Depending on the system type and performance requirements, the prediction horizon (N) is chosen, which
affects how the cost function is evaluated for each sample interval. It is possible to design a cost function
that takes future events, references, and actions into account. Either a LP or a QP can be used to formulate

the linear MPC [32]. The goal of both formulations is minimization of the cost function.
3.3.3 Optimizer

Once the MPC problem is defined as a QP problem, obtaining optimal control inputs requires solving one
QP for the specific initial conditions, which are typically comparable to state measurements. Interior Point
Methods (IPM) and Active Set Methods (ASM) are the two widely used QP solution techniques used in
MPC [33].

3.4 MPC Design for DC motor model

MPC also known as receding horizon control. The sequence of optimal control inputs is established for
an anticipated evolution of the system model over a finite horizon. However, just the initial part of the
control sequence is employed, and the succeeding sampling time is used to reevaluate the system's
condition [34]. Through the introduction of input into the system, the so-called Receding Horizon Strategy

(RHC) enables the system to be compensated for any potential modeling errors or disturbances.

Linear MPC problem is formulated as QP. Consider a discrete time LTI state space model of the system

Where x € R is the state vector, u € R! is the control input, and y € R™ is the output vector.
p y P

A€R™™ B € R™! and C € R™*™ are the system matrices. Full state measurement and no disturbances or

model uncertainty are assumed, unless explicitly specified.
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1) Unconstrained MPC: The objective of MPC is to minimize the difference between output (y,) and

reference (13, ) . To do this, a least square problem can be used. This can be done using a least squares

problem. Minimum cost function J, can be written as

N.
. 1 p 2
min Jy =3 " Jle=ridl‘Q

: . 2 ..
Since y, can’t be influenced, the term% || Vo — r0|| Q is discarded.

N
. 1 p 2
min J,, = gzk_lllyk —1el|[7Q...... (11

The output equation can be written as

j=0
Vie = YXotyUjooenennnnn... (13)
This can be written as; Vo = Cxy
Y=0x, +IU.......... (14)
V1 CA CA 0
Y2 CA? CAB CB
ywpd Leave CAVP1B  CANP-2p

Here, y, is introduced as a vector representing the required reference.

y=[rl r2.. ...

_ Np 2
%Jmnb=§§;ﬂHY—%HQm4M)

Where the output weight matrix Q is given by

20
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q 0 O
0 0 g¢g

Np
1 2
Jy=5) IV =nll
k=1
1 2
= [1ox, + TU=yI["Q
1 2
= |1 TU = O, — ®x)l["Q
= |I TU = bl|*Q. here b=y, — xp)...... (17)
It is convenient to express this problem as a QP problem to make it more straightforward to solve;
1 2
Jy =5[I TU-bl["Q
=~ (TU-b)T Q('U —b)
=~ UTHU + F§U +p..... (18)
Where, H, F, p are given by
H, =TTQT
Fo=—TTQb and p=2bTQ,

Since, p doesn’t affect the solution to the problem, it can be ignored. This is the QP problem equivalent

to problem (11). This QP formulation of equation (11) resulted in to
. 1
Hence, min J,, = - UTHoU + FJU...... (19)

2) Regularization: The following step is to formulate the input, which can be accomplished by adding a

new term., JAu, in the objective function, where Au;, = u;, — u,_4. Control problem is then

N. Ny—-1
. 12 : 4 2 12 : 4 2
min ]y =E k_llly—yrll Q+E - ||Auk|| R...... (20)

21



This new term requires making sure that steps in u are either continuously dropping or growing, which
produces more "smooth" input, by minimizing the difference between two consecutive steps in u. Once

more, this needs to be framed as a QP problem. Input term can be rewritten as

Np-1

1
Jau = > Z ||Auk||2R
=1

Np—1
=§Zk_1 [lu, — Uk—1||2R

1 o Np-1
2 Zki’l (e — ug—1) R (U = Ugq).....(21)

[ Yo q[ 2R ~R 09 Y 1 =R [ %]
| Uy |I —R 2R 0 || Uq | [O] | Uy | 1
Jaw=| | - - s 1+ T [+ iusRu,. . (22)
T R ] T e e R
luNp—ljl 0 0 R R JluNp—lj l 0 J luNp—lj

1 1
Jau =5 UTHRU + (Mu_lu_l)TUJrEu_lRu_l ...... (23)
This shows, that introducing ],,, extends the QP problem by following terms;
Hpay =Hgr ; Fay =My qu-l

Like with p, the term %u_l Ry-1 1s discarded, because it has no impact on how the is resolved. The new

QP problem is;
min J=UTHU + FTU..... (24)
Where the terms H and F are given as
H=Hy+Hp,=T"QT + Hy
F=Fq+Fp,=MxoXo tMrR+ M,_ju_;........ (25)

3) Input Constraints: There are constraints set for the quantity of input, the movement rate of the input,
and the output. It is assumed that the limits are the same for every time step k for all constraints. The

maximum and minimum inputs are constrained by the input constraints. MPC with an input restriction;
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N. Ny,—1
, 1 p 2 1 p 2
min [, =~ E k_1||Y—yr|| Q+3 E . [1Aw||°R....... (26)

st Xg4q = Axyp + Buy, k=0,1,2, .............. , Ny — 1
Yk = ka, k=0,1,2, .............. , Np
Umin S Uk < Umax> k=012, SN, —1...... (27)

This yields a constrained QP problem; QP formulation of problem
min J= UTHU + FTU

S.t. Unin < Uk S Uppax

23



Chapter 4

Simulation Results

4.1 Comparative Analysis

A comparative analysis between the MPC and PID for proposed DC motor model, along with sampling
time variation have been done. Matlab Simulink based simulation data is observed for the comparison.
Table 4.1 shows the motor parameters for the DC motor model. Both MPC and PID models have the same
attributes. The proposed DC motor model is also compared with Simulink built-in DC motor model. MPC
for DC motor model has been simulated with different sampling time. MPC DC motor model speed has

also been analyzed with imposing constraint on output [35].
4.2 Proposed DC motor model Parameters

Table 4.1 shows the DC motor parameters. From experimental analysis, the following parameters were

derived. For simulation, the following values are used using Matlab Simulink for DC motor model.

Table 4.1: DC motor model parameter

Parameter name Symbol with unit Value (MPC) Value (PID)
Armature resistance Ra (ohms) 1.82 1.82
Armature inductance La(Henry) 0.015 0.015
Load Torque T(Nm) 10 10
Mechanical inertia J(kg.m"2) 0.001 0.001
Damping coefficient B(N.m.s) 0.01 0.01
Constant Kep 1.64

4.3 MPC for proposed DC motor model Simulation

Fig 4.1 shows the MPC for proposed DC motor model Simulink simulation. It shows the transfer functions

after inserting the motor parameters.
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Fig 4.1: MPC for proposed DC motor model.

MPC design parameters are shown in table 4.2. Sampling time, prediction horizon, control horizon etc.

parameters control the MPC controller’s output with constraints.

Table 4.2: MPC design parameters

MPC Parameter Value

Sampling time 0.005s
Prediction horizon 10
Control Horizon 02

Input constraints

—infinity to + infinity

Output constraints

—infinity to + infinity
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4.3.1 Output Speed of MPC for proposed DC motor model

Fig. 4.2 shows the output speed of MPC for the proposed DC motor model at 0.01s sampling time. The
reference speed was initially 800 RPM but changed to 1200 RPM at the interval of 5 seconds .

140 I

1200+

oy

m
=
=7

Speed (BEPN)

=
=
T

400~

200

Time(second)

Fig 4.2: Output speed of MPC for proposed DC motor model.

4.3.2 Output Torque of MPC for proposed DC motor model

Fig. 4.3 shows the output torque of the MPC for proposed DC motor model at 0.01s sampling time. Initialy
the starting torque was very high as there was no back emf. The reference speed was initially 800 RPM
but changed to 1200 RPM at the interval of 5 seconds. As the speed changed over a 5s interval, the torque

became high instantaneously in a short period of time and soon stabilized.
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Fig 4.3: Output torque of MPC for proposed DC motor model.
4.3.3 Input Armature current of MPC for proposed DC motor model

Fig. 4.4 shows the input armature current of MPC for the proposed DC motor model. Initially the starting
current was very high as there was no back emf, but it settled down rapidly with the generation of back
emf. The reference speed was initially 800 RPM but changed to 1200 RPM at the interval of 5s. As the
speed changed over 5s interval, the armature current became high instantaneously for a short period of

time and soon stabilized.
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Fig 4.4: Armature current of MPC for proposed DC motor model.
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4.4 DC motor model PID Simulation results

Fig 4.5 shows PID controlled Simulink simulation for DC motor model. It shows the transfer functions

after inserting the motor parameters.
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Fig 4.5: PID controller for DC motor model.

4.4.1 PID Tuning with GA

40

Speed

Fig 4.6 shows GA based PID controller for DC motor model. Population size is taken 50 and generation

is 25. It was tuned for a better speed response with lower settling time, rise time and % of OS.
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Fig 4.6: GA based PID controller for DC motor model.
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Table 4.3: PID Tuning values

Controller Parameters Tuned with GA Auto Tuned
Proportional, P 0.275 0.14942
Integral, 1 1.963 2.4837
Derivative, D 0.040 0.00403

4.4.2 Speed of PID controlled DC motor model

Fig. 4.7 shows the output speed of the PID controlled DC motor model. The reference speed was initially
800 RPM but changed to 1200 RPM at the interval of 5s.

m SFEED

Speed (RPM)

Ti‘n’-le(se)m:rnjnd}i 7
Fig 4.7: Output speed of PID controlled DC motor model.

4.4.3 Torque of PID controlled DC motor model

Fig. 4.8 shows the output torque of PID controlled DC motor model. Initially starting torque was very
high, as there was no back emf but it settled down too fast. Reference speed was initially 800 RPM, but
at 5s interval it was changed to 1200 RPM.
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Fig 4.8: Output torque of PID controlled DC motor model.
4.4.4 Armature current of PID controlled DC motor model

Fig. 4.9 shows the input armature current of PID controlled DC motor model. Initially starting current was
very high, but it settled down very fast. As the speed changed over a 5s interval, the armature current

raised very high instantaneously for a short period of time and soon stabilized.
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Fig 4.9: Armature current of PID controlled DC motor model.
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4.5 Proposed DC motor model MPC and PID Simulation comparison

DC motor model speed, torque and armature current are determined using a MPC controller. Also, PID

controller is used further to determine the motor speed, torque and armature current.

Here, a comparison will be done between the two types of controller. The reference speed was initially
800 RPM but changed to 1200 RPM at the interval of 5s. Speed, torque and armature current will be

compared between these two controllers.

4.5.1 Speed comparison

Fig. 4.10 shows the speed comparison of MPC and PID for DC motor model. The reference speed was
initially 800 RPM, but changed to 1200 RPM at the interval of Ss.

W)PC SPEED (DC Motor model) @ PID SPEED (DC Motormode)

1200 4

=]
=]
L=

Speed (B PN
=]

300 4

Time(second)

Fig 4.10: Output speed comparison of MPC and PID for DC motor model.

Fig 4.11 shows initial speed changing comparison of MPC and PID for proposed DC motor model. Here,

MPC gives fast and better starting speed compare to PID. So, MPC generates faster response compared
to PID.
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Fig 4.11: Output initial speed changing comparison of MPC and PID for proposed DC motor model.

At time interval of 5s the reference speed was increased to 1200 RPM from 800 RPM. Fig 4.12 shows the

intermediate speed changing comparison of MPC and PID for the proposed DC motor model. Here, settling
time and % of OS of PID is more than MPC.

BMPC SPEED (DC Motormodel) B PID SPEED (DC Motor model)
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Fig 4.12: Output intermediate speed changing comparison of MPC and PID for the proposed DC motor model.

4.5.2 Armature current comparison

Fig. 4.13 shows the input armature current comparison of MPC and PID for the proposed DC motor model.

The reference speed was initially 800 RPM but changed to 1200 RPM at the interval of 5s. The armature

current increased to accommodate with the increased reference speed.
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Fig 4.13: Input armature current comparison of MPC and PID for proposed DC motor model.

Initially MPC current was higher than PID controller. Fig 4.14 shows the input initial armature current
changing comparison of MPC and PID for the proposed DC motor model. As MPC works faster than PID,

the initial armature current of MPC is higher than PID control method.
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Fig 4.14: Input initial armature current changing comparison of MPC and PID for the DC motor model.

At time interval of 5s the reference speed was increased to 1200 RPM from 800 RPM. Fig 4.15 shows the
intermediate armature current changing comparison of MPC and PID for the proposed DC motor model. PID

took shorter time than MPC to settle down the armature current.
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Fig 4.15: Input intermediate armature current changing comparison of MPC and PID for the DC motor model.

4.5.3 Torque comparison

Fig. 4.16 shows the output torque comparison of MPC and PID for the proposed DC motor model. The
reference speed was initially 800 RPM but changed to 1200 RPM at the interval of 5s.
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Fig 4.16: Output torque comparison of MPC and PID for proposed DC motor model.

Initially the MPC motor model torque was higher than PID controller. Fig 4.17 shows the output initial
torque changing comparison of MPC and PID. As MPC takes initial armature current higher than PID,
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the initial torque of MPC is higher than PID control method. Torque is proportional to the armature

current.
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Fig 4.17: Output initial torque changing comparison of MPC and PID for the DC motor model.

At time Ss interval the reference speed was increased to 1200 RPM from 800 RPM. Fig 4.18 shows the

intermediate torque changing comparison of MPC and PID for the proposed DC motor model.
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Fig 4.18: Output intermediate torque changing comparison of MPC and PID for the DC motor model.
4.5.4 Performance comparison

Rise time, settling time, and overshoot are the important performance parameters for control systems.

The rise time measures how long it takes for a step change in the input to cause the output of the system
to increase from 10% to 90% of its steady-state value. A faster rise time generally indicates a more

responsive system, which is desirable in many control applications [36].
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The amount of time it takes for a step change in the input to cause the system's output to stabilize within
a predetermined range of its steady state value is known as the settling time. A shorter settling time

typically denotes an improved transient performance and a quicker system response.

The amount by which a step change in the input causes the output of the system to vary from its steady-
state value before settling is known as overshoot. In some applications, a certain degree of OS may be

acceptable, but too much overshoot might cause instability and oscillations in the system.

A control system with a fast rise time, short settling time, low steady-state-error and minimal overshoot

is desirable, as it indicates a more responsive and stable system [37].

Table 4.4: Performance comparison of MPC and PID

Comparison Horizon PID Research paper MPC
PID [8]

Rise time (Second) 0.046 0.0571 0.042

Peak time (second) 0.064 0.0657 0.054

Settling time(second) 0.127 0.0974 0.055

% of OS 5.22 6.88 NA

Chart 4.1 : Performance comparison of MPC and PID
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Table 4.4 shows the performance comparison of MPC and PID controller of the proposed DC motor
model. MPC gives a faster rise time, shorter settling time and no overshoot than PID controller. Peak
speed, armature current and torque comparison between PID and MPC is shown in the Table 4.5. Peak
speed of MPC is less than PID as it has less overshoot. But, armature current and torque generated by

MPC controller are higher than PID to compensate with fast response.

Table 4.5: PID vs MPC peak speed, armature current and torque comparison.

Comparison Horizon PID MPC
Peak Speed (RPM) 841 799
Peak Armature current(A) 45 46.5
Peak Torque(N. m) 74.5 77

4.6 MPC for built-in DC motor model Simulation

Matlab Simulink software has a built-in DC machine model with field control method. Fig 4.19 shows the

MPC for built-in DC motor Simulink simulation model.
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Fig 4.19: MPC for built-in DC motor model.
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4.6.1 Built-in DC motor model parameter

Table 4.6 shows the motor parameters. The derived parameters from experimental analysis are utilized in

the simulation using Matlab Simulink for the built-in DC motor model.

Table 4.6: Simulink built-in DC motor parameter

Parameter name Symbol with unit Value
Armature resistance Ra (ohms) 1.82
Armature inductance La(Henry) 0.015

Torque T(Nm) 10
Mechanical inertia J(kg.m"2) 0.001
Damping coefficient B(N.m.s) 0.01

4.6.2 Speed comparison of MPC for proposed DC motor model and built-in DC motor

model

Fig. 4.20 shows the speed comparison of MPC for proposed DC motor model and built-in DC motor
model. The reference speed was initially 800 RPM but changed to 1200 RPM at the interval of Ss.

m Speed Proposed DC motor model Speed Built in motor model

Speed (RPM)

Time(second)

Fig 4.20: Output speed comparison of MPC for proposed DC motor model and built-in DC motor model.
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Fig 4.21: Output initial speed changing comparison of MPC for proposed model and built-in model.

Fig 4.21 shows initial speed changing comparison of MPC for proposed DC motor model and built-in DC

motor model. At time interval of 5s the reference speed was increased to 1200 RPM from 800 RPM. Fig

4.22 shows the intermediate speed changing comparison of proposed of MPC for DC motor model and

built-in model.
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Fig 4.22: Output intermediate speed changing comparison of MPC for proposed DC model and built-in model.
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4.6.3 Armature current comparison of MPC for proposed DC motor model and Built-
in DC motor model

Fig. 4.23 shows the input armature current comparison of MPC for proposed DC motor model and built-
in DC motor model. Initially the MPC built-in DC motor model current is slightly higher than proposed

DC motor model. Fig 4.24 shows the input initial armature current changing comparison of MPC for

proposed DC motor model and built-in DC motor model.
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Fig 4.23: Input armature current comparison of MPC for proposed DC motor model and built-in DC motor.
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Fig 4.24: Input initial armature current changing comparison of MPC for proposed DC motor model and built-in

DC motor model.
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At time interval of 5s the reference speed was increased to 1200 RPM from 800 RPM. Fig 4.25 shows the

intermediate armature current changing comparison of MPC for proposed DC motor model and built-in

model.
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Fig 4.25: Output intermediate armature current changing comparison of MPC for proposed DC motor model and

built-in DC motor model.
4.6.4 Torque comparison of MPC for proposed DC motor model and Built-in DC
motor model

Fig. 4.26 shows the output torque comparison of MPC for proposed DC motor model and built-in DC
motor model. The reference speed was initially 800 RPM but changed to 1200 RPM at the interval of Ss.
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Fig 4.26: Output torque comparison of MPC for proposed DC model and built-in DC motor model.
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Fig 4.27 shows the initial torque changing comparison of MPC for the proposed DC motor model and
built-in DC motor model. The intermediate torque of the MPC for proposed DC motor model is slightly

higher than built-in DC model. Fig 4.28 shows the intermediate torque changing comparison.
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Fig 4.27: Initial torque changing comparison of MPC for proposed DC motor model and built-in DC model.
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Fig 4.28: Output torque changing comparison of MPC for proposed DC motor and built-in DC motor model.

4.6.5 Overall comparison of MPC for proposed DC motor model and Built-in DC

motor model

A control system with a fast rise time, short settling time, low steady-state-error, and minimal overshoot

is desirable, as it indicates a more responsive and stable system. The fundamental idea behind MPC is to
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forecast the DC motor's behavior over a predetermined time frame utilizing a mathematical model of
motor. The model can take into account the effects of torque, speed, voltage, and current, as well as any
other relevant factors. The predictions are then used to optimize the control inputs to achieve a desired

output [38].

Table 4.7 shows the rise time, settling time, peak armature current and torque comparison between MPC

for proposed DC motor model and built-in DC motor model.

Table 4.7 :Comparison between MPC for proposed DC motor and built-in DC motor model.

Comparison Horizon MPC for proposed DC MPC for Built-in
Motor Model Motor Model
Rise time (second) 0.042 0.048
Settling time(second) 0.055 0.071
Peak Armature current (A) 46.5 48
Peak Torque(N.m) 77 79.5

Proposed model gives rise time, settling time, peak armature current and torque close to the built-in model.

From the table, proposed DC motor model can be verified as the difference is minimal.
4.7 Sampling rate Comparison

When using MPC, the sampling time is a crucial parameter that controls how frequently the control inputs
are updated depending on the system's current state. The choice of sampling time depends on the system's
dynamics, accuracy of the model, and computational resources available. In general, the sample time
should be large enough to prevent excessive processing overhead while still being small enough to handle
the system's dynamics. The dominant time constant in this case is often the electrical circuit's time
constant, which is normally in the range of milliseconds. Therefore, a few milliseconds of sample time

would be suitable for MPC control of a DC motor.

If the sampling period is too small, the computational load may be too high, leading to slow execution or

instability. Poor performance could come from the control inputs if the sample period is too long.
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The choice of sampling time for MPC depends on a balance between the accuracy of the model, the
computational resources available, and the desired performance of the control system. Clock speed of the

processor should be large enough to do the computation.

4.7.1 Speed Comparison of MPC for the proposed DC motor model at sampling time
0.00S5s and 0.01s

Fig. 4.29 shows the speed comparison of MPC for the proposed DC motor model at sampling time 0.005s
and 0.01s. The reference speed was initially 800 RPM but changed to 1200 RPM at the interval of 5s. The

computional time increased with sampling time.
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Fig 4.29: Output speed comparison of MPC for proposed DC motor model at 0.005s and 0.01s sampling time.

Fig 4.30 shows initial speed changing comparison of MPC for proposed DC motor model at 0.005s and
0.01s sampling time. Here, MPC at 0.005s sampling time gives fast and better starting speed compare to

MPC at 0.01s sampling time. So, sampling time reduction generates faster response.

At time interval of 5s the reference speed was increased to 1200 RPM from 800 RPM. Fig 4.31 shows the
intermediate speed changing comparison of MPC for the proposed DC motor model at 0.005s and 0.01s

sampling time. Sampling time reduction gives faster settling time, rise time of the system model.
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Fig 4.30: Output initial speed comparison of proposed model at 0.005s and 0.01s sampling time.
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Fig 4.31: Output intermediate speed changing comparison of proposed model at 0.005s and 0.01s sampling time.

4.7.2 Speed Comparison of MPC for the proposed DC motor model at sampling time
0.02s and 0.01s

Fig. 4.32 shows the speed comparison of MPC for the proposed DC motor model at sampling time 0.01s
and 0.02s. The reference speed was initially 800 RPM but changed to 1200 RPM at the interval of Ss.
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Fig 4.32: Output speed comparison of MPC for proposed DC motor model at 0.02s and 0.01s sampling time.

The computional time increases with sampling time. Fig 4.33 shows initial speed changing comparison of
MPC for the proposed DC motor model at 0.01s and 0.02s sampling time. Here, MPC at 0.01s sampling
time has given fast and better starting speed compared to MPC at 0.02s sampling time.

At time the interval 5s the reference speed was increased to 1200 RPM from 800 RPM. Fig 4.34 shows
the intermediate speed changing comparison of MPC for the proposed DC motor model at 0.01s and 0.02s

sampling time. Hence, sampling time reduction gives faster settling time and rise time of the system.
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Fig 4.33: Output initial speed comparison of MPC for proposed DC motor at 0.02s and 0.01s sampling time.
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Fig 4.34: Output speed changing comparison of MPC for proposed DC motor model at 0.02s and 0.01s sampling
time.
4.7.3 Armature current comparison of MPC for the proposed DC motor model at

sampling time 0.005s and 0.02s

Fig. 4.35 shows the input armature current comparison of MPC for the proposed DC motor model at
0.005s and 0.02s sampling time. The reference speed was initially 800 RPM but changed to 1200 RPM at
the interval of 5 seconds. Fig 4.36 shows initial armature current changing comparison of MPC for

proposed DC motor model at 0.005s and 0.02s sampling time.
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Fig. 4.35: Input armature current comparison of MPC for DC motor at 0.005s and 0.02s sampling time.
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Fig 4.36: Initial armature current changing comparison at sample time 0.005s and 0.02s.

Fig 4.37 shows intermediate armature current changing comparison of MPC for proposed model at 0.005s

and 0.02s sampling time. As sampling time increases, the peak value of the armature current decreases.
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Fig 4.37: Intermediate armature current changing comparison at 0.005s and 0.02s sampling time.

4.7.4 Armature current comparison of MPC for proposed DC motor model at

sampling time 0.01s and 0.02s

Fig. 4.38 shows the input armature current comparison of MPC for the proposed DC motor model at 0.01s
and 0.02s sampling time. The reference speed was initially 800 RPM but changed to 1200 RPM at the

interval of 5s.
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Fig. 4.38: Input armature current comparison at 0.01s and 0.02s sampling time.
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Fig 4.39: Initial armature current changing comparison at 0.01s and 0.02s sampling time.

Fig 4.39 shows initial armature current changing comparison of MPC for the proposed DC motor model
at 0.01s and 0.02s sampling time. As sampling time doubled, the peak value of the armature current
reduced. Fig 4.40 shows intermediate armature current changing comparison of MPC for the proposed

DC motor model at 0.01s and 0.02s sampling time with interval of 5s.
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Fig 4.40: Intermediate armature current changing comparison at 0.01s and 0.02s sampling time.

4.7.5 Torque comparison of MPC for proposed DC motor model at sampling time

0.005s and 0.02s

Fig. 4.41 shows torque comparison of MPC for proposed DC motor model at 0.005s and 0.02s sampling
time. The reference speed was initially 800 RPM but changed to 1200 RPM at the interval of 5s.
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Fig 4.41: Output torque comparison at 0.005s and 0.02s sampling time.
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Fig 4.42: Initial torque comparison at 0.005s and 0.02s sampling time.
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Fig 4.43: Intermediate torque changing comparison at 0.005s and 0.02s sampling time.

Fig 4.42 shows initial torque changing comparison of MPC for the proposed DC motor model at 0.005s
and 0.02s sampling time. As sampling time doubled, the peak value of the torque reduced. Fig 4.43 shows

intermediate torque changing comparison of MPC for proposed DC motor model at 0.005s and 0.02s

sampling time with interval of 5s.
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4.7.6 Torque changing Comparison at sampling time 0.01s and 0.02s

Fig. 4.44 shows torque comparison of MPC for the proposed DC motor model at 0.01s and 0.02s sampling

time. Peak torque decreased with the sampling time increased.
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Fig 4.44: Output torque comparison of MPC for proposed DC motor model at 0.01s and 0.02s sampling time.
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Fig 4.45: Initial torque comparison at 0.01s and 0.02s sampling time

Fig 4.45 shows initial torque changing comparison of MPC for proposed DC motor model at 0.01s and

0.02s sampling time. Peak torque decreases with the sampling time increases.
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Fig 4.46: Intermediate torque changing comparison at 0.01s and 0.02s sampling time

Fig 4.46 shows the intermediate torque changing comparison of MPC for proposed DC motor model at
0.01s and 0.01s sampling time with interval of 5s. It is possible that the longer sampling time leads to a
delay in detecting changes in the motor's behavior. This delay may cause the control actions to be less

effective in regulating the motor's operation, resulting in a lower peak torque.

4.7.7 Overall Comparison of MPC for proposed DC motor model at different

sampling time

Rise time, settling time, and overshoot are all important performance parameters for control systems
engineering. Table 4.8 shows the comparison of MPC for proposed DC motor model at different sampling
time. Sampling time reduction generates faster response and gives faster settling time, rise time of the

system.

Peak armature current and torque comparison are also shown in the table. As sampling time increased, the

peak value of the armature current decreased.

Peak torque decreased with the sampling time increased as torque is proportional to the armature current.
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Table 4.8: Comparison of MPC for the proposed DC motor model at different sampling time.

Comparison Horizon MPC MPC MPC
(Sampling time) 0.005s 0.01s 0.02s
Rise time (Second) 0.042 0.057 0.064
Settling time(second) 0.055 0.081 0.093
Peak Armature current (A) 92.7 53.8 46.5
Peak Torque(N.m) 151 88.5 77

The choice of sampling time in a control system can greatly impact on its performance. If the sampling
time is too long, the system is possibly unable to react fast enough to change in the controlled process,

leading to suboptimal performance.

Increasing the sampling time in MPC affects the system's performance by reducing the control accuracy

and slow the response time.

Conversely, if the sampling time is too short, the system may become computationally overloaded,
potentially leading to instability or slow execution. Therefore, choosing an appropriate sampling time is

critical to achieving optimal control performance.

4.8 Speed limit control by Adding Constraint

MPC controller for DC motor speed control with output constraints can be a powerful tool for achieving
precise control of the motor speed while ensuring that the motor does not operate outside of the specified
limits. MPC can be used as a control approach to optimize control operations within a limited time frame.
When controlling the speed, an MPC controller is used to modify the motor's input voltage in order to

meet output requirements such as restricting the maximum speed.
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4.8.1 Adding Constraint to output speed

Table 4.9 shows the output speed limit of MPC for the proposed DC motor model. Without any constraint
the output minimum and maximum limit is infinity. If the input reference speed 300 RPM is applied,
output speed will be also 300 RPM without any constraint. But if the output minimum speed limit is
constrained at 600 RPM then input 300 RPM will generate output speed of 600 RPM as minimum output
is 600 RPM.

Again, without any constraint if the input speed 1200 RPM is applied to the motor model, output speed
will be also 1200 RPM. But, if the output maximum speed limit is constrained at 1000 RPM then input
1200 RPM will generate output speed of 1000 RPM as maximum output speed is 1000 RPM.

Table 4.9: Output speed limit of MPC for the proposed DC motor model

Logic Input speed Output min speed | Output max speed | Output Speed
(RPM) (RPM) (RPM) (RPM)
Without constraint 300 0 5000 300
With constraint 300 600 1000 600
Without constraint 1200 0 5000 1200
With constraint 1200 600 1000 1000

4.8.2 Output speed constraint simulation result

One of the challenges in DC motor speed control is ensuring that the motor operates within certain speed
constraints. Fig 4.47 shows the output speed comparison of MPC for the proposed DC motor model with
constraint and without constraint. Here, minimum output speed is 600 RPM and maximum output speed
is 1000 RPM. If the reference input speed 300 RPM for the first 5s and 1200 RPM for the rest time are
applied, without constraint the output speed will be same as input. But, with output speed constraints the

output speed will be initially 600 RPM and after 5s it will be 1000 RPM.

55



W speed (MPC with contrain) M Speed  (MPC without constrain)

1200 4

=)
=1
b=

Speed (RPN}
L]

300 4

0 05 10 15 20 25 10 35 40 45 50 55 60 65 70 75 B0 85 00 @5 100

Time(second)

Fig 4.47: Output speed of MPC for proposed DC motor model with constraints and without constraints.

4.8.3 Applications of MPC for DC motor with Speed limit

1.

Electric vehicles: In electric vehicles, the MPC DC motor controller with speed limit can be used
to regulate the vehicle speed within a certain range. The controller can take into account various
factors such as road conditions, traffic density, and vehicle dynamics, and calculate the optimal
speed that ensures the vehicle stays within the speed limit while reaching the destination in the
shortest time possible.

Industrial DC motors: In industrial machinery, the MPC for DC motor controller with speed limit
can be used to regulate the speed of machines such as conveyor belts, cranes, and robots.

Wind turbines: In wind turbines, the MPC for DC motor controller with speed limit can be used
to regulate the speed of the rotor blades. The controller can take into account various factors such
as wind speed, turbine load, and power output, and calculate the optimal blade speed that ensures
the turbine operates within the speed limit while maximizing power generation.

Elevators: In elevators, DC cumulative compound motor is used. The MPC for DC motor
controller with speed limit can be used to regulate the speed of the elevator. The controller can
take into account various factors such as the weight of the passengers, the floor distance, and the
elevator's mechanical properties, and calculate the optimal speed that ensures the elevator operates

within the speed limit while providing smooth and safe rides.

56



Chapter 5
Hardware Implementation

5.1 Hardware testing

Different approaches are available now for creating digital systems. These approaches cover system
validation, verification, and tuning techniques. Two methods are primarily used while testing new systems
[39]. Using software simulation tools, the system's performance and functionality are monitored and
optimized. The system is implemented on the desired platform to check for effectiveness and gauge

performance under accurate circumstances. The term "hardware testing" is another name for this strategy.
5.1.1 Hardware in the Loop Simulation

Complex process systems are developed and tested using a technique called hardware in the loop testing.
By complicating test platform with the controlled plant, HIL simulation offers a powerful platform. An
illustration of the related dynamic systems in mathematics is added to test and development for the
complexity of the controlled plant [40-41]. Time to market and complexity are the two main drivers that

are driving the implementation of a HIL process across all industries.
The following are the primary steps in HIL Simulation:

1. Creating a mathematical model.
2. HIL simulation (Software + Hardware)

3. Real time hardware implementation (Hardware Only)
5.1.2 Experimental picture of the proposed HIL platform

In this experiment, a 12 volt DC gear motor is used. The motor gear ratio is 4:1. If motor speed is 800
RPM the output shaft speed will be 200 RPM. DC motor speed is controlled by PWM signal via IBT2

motor driver.

The use of the speed sensor is to measure the motor output speed and send the data to the Arduino. It's a
process of a feedback loop. Speed sensor obtains data and transfer it to Arduino. Following speed

computation, Arduino delivers PWM signals to motor driver to operate the motor at a reference speed.
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Since Arduino cannot perform high speed & complex processing, Raspberry Pi may be utilized for the

high speed MPC computational process.

Speed sensor

Rasberri Pi !

Fig 5.1: Experimental picture of the hardware connections.

5.2 Hardware Experimental Results (Without any control method)

Fig. 5.2 shows the output speed of the DC motor. The reference speed was initially 800 RPM but changed
to 1200 RPM at the interval of 5s. The motor gear ratio is 4:1. Gear motors have a built-in gear reduction
gearbox connected to a shaft. So the output shaft speed will be reduced by 4 times the original motor

speed.

Experimentally the shaft speed was initially 200 RPM but changed to 300 RPM at the interval of Ss.

Gearbox reduces the shaft speed but increases the output torque.
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The process was done without any feedback control. The motor driver operates the motor in accordance
with the PWM signals that Arduino delivered to the motor controller.

Output speed is fluctuating as there is noise and disturbances around the environment. The steady state

error was large enough to make the model unstable.
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Fig 5.2: Hardware experimental result of DC motor speed control.

5.3 Hardware testing Based on PID Controller

Fig. 5.3 shows the hardware experimental result of PID based DC motor speed control. The reference
speed was initially 800 RPM but changed to 1200 RPM at the interval of 5s. Gear motor have shaft output

with built-in gear reduction gearboxes. The motor gear ratio is 4:1. So the output shaft speed will be

reduced by 4 times the original motor speed. Experimentally the shaft speed was initially 200 RPM but
changed to 300 RPM at the interval of 5s.
The process was done with feedback control. Arduino sensed the speed of the shaft connected to the motor

via speed sensor and provided PWM signals for the motor driver.
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The model output is PID controlled. The output shaft speed fluctuated due to noise and external

disturbances.

350 T T T T T T T T T

300

250

200

150

speed in rpm

100

50

O | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10

time in second

Fig 5.3: Hardware experimental result of PID based DC motor speed control.
5.4 Hardware testing Based on MPC controller

MPC methods are classified into two types: online and offline. The choice between online and offline
MPC depends on the specific application and the requirement of the control system. If real-time
optimization and fast feedback are necessary, online MPC may be the best choice. However, if the system
can tolerate some delay in the control inputs and the computational resources are limited, offline MPC
may be a better option. In general, online MPC is more flexible and can handle more complex systems,

while offline MPC is more computationally efficient and can handle larger-scale systems.
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5.4.1 Offline MPC

Offline MPC involves solving the optimization problem offline to provide a set of control policies for
many probable states using a mathematical model of the system and the constraints. Based on
measurements made while the system is in operation and the current state as determined by those
measurements, the appropriate control policy is selected from the precomputed set of policies. Offline
MPC is less computationally intensive than online MPC and can be used in systems where real-time

optimization is not necessary [39].

Fig 5.4 shows the hardware experimental result of offline MPC based DC motor speed control. At time
the interval 5s the reference speed was increased to 1200 RPM from 800 RPM. The motor gear ratio is
4:1. So the output shaft speed will be reduced by 4 times the original motor speed. So, the shaft speed was
initially 200 RPM but changed to 300 RPM at the interval of 5s. The output shaft speed seems to be stable

but there are fluctuations due to noise and external disturbances.
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Fig 5.4: Hardware experimental result of offline MPC based DC motor speed control.
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5.4.2 Online MPC

Online MPC involves continuously updating control inputs caused by real-time measurements of the
system state. The model predictions are updated based on the latest measurements, and the optimization
is resolved immediately to generate optimal control inputs for the next time step [42]. Online MPC is
computationally intensive and requires a fast and reliable feedback loop, which can be challenging to

implement in real-time systems.
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Fig 5.5: Hardware experimental result of online MPC based DC motor speed control

Fig 5.5 shows the hardware experimental result of online MPC based DC motor speed control. With time

interval of 5s the reference shaft speed was increased to 300 RPM from 200 RPM. Here, rise time and

settling time are less than PID control DC motor.
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5.5 Offline MPC with Speed Constraints

Fig 5.6 shows the hardware experimental result of offline MPC based DC motor speed control with output
speed limit. At time the interval of 5s the reference speed was increased to 1200 RPM from 800 RPM.
The motor gear ratio is 4:1. So the output shaft speed should be initially 200 RPM but changed to 300
RPM at the interval of 5s.

But if output constraints were added as minimum speed limit to 800 RPM and the maximum speed at
1000 RPM, then the output speed would not be able to follow the reference. So, practically the output
shaft speed will be constrained at the range of 200 RPM to 250 RPM (reduced by 4 times via gear

transmission).
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Fig 5.6: Hardware experimental result of offline MPC based DC motor speed control with constraints.

But, practically the shaft speed was higher than 200 RPM in speed changing situations.This may be

resulted from the sensor data acquisition and MPC hardware processing delay.
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Chapter 6
Conclusion & Future Work

6.1 Conclusion of this work

The MPC and PID control strategies were developed and successfully implemented on the DC motor
model. The controller’s performances were evaluated for situations including reference tracking,
limitations handling that changed over time. According to simulation studies, MPC outperformed PID in
terms of performance since it could handle constraints by default, required less effort to keep track of the
reference, and provided smooth output without oscillations. Table 6.1 shows the comparison between PID
and MPC (Practical vs Simulation data) for DC motor speed output. The rise time, settling time, and

overshoot percentage have been minimized with the use of MPC for DC motor.

If the sampling period is too small, the computational load may be too high, leading to slow execution or
instability. Alternatively, if the sample period is too lengthy, the control inputs may not be updated quickly

enough to maintain pace with the system changes, resulting in poor performance.

Table 6.1: Simulation vs Experimental data of PID and MPC

Comparison PID PID MPC MPC (offline) | MPC(online)
Horizon Simulation | Experimental | Simulation | Experimental | Experimental
Rise time 0.046 0.39 0.042 0.33 0.35
(Second)
Settling 0.127 0.67 0.055 0.51 0.58
time(second)
% of OS 5.22 7.2 NA 23 4.3
Peak(RPM) 315 321 299 307 313

The MPC for proposed DC motor model showed better experimental performance when compared with

conventional PID controllers. However, majority of the analysis were done based on closed loop topology.
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6.2 Recommendation for future work

A filter that reduces noise might be used in future studies to get a better response. Optimal observers, such
as the Kalman filter, can be used to predict the value of the states in order to further improve the efficiency

of the MPC controller.

From the simulation, it has been observed that by decreasing the sampling time, MPC has given better
results.Digital signal processors with greater clock speed would generate more accurate and fast control

signalsto run the motor as sampling time can be minimized on it.

The proposed approach may be extended to handle sensor failures and actuator saturation, and the system

will still be able to maintain stable control.
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APPENDICES

Codes for Arduino

$#include "TimerOne.h™

unsigned int counter=0;

vold docount() f/ counts from the speed sensor
£

countert++; /S increase +1 the counter wvalue

void timerIsr()
{
Timerl.detachInterrupt{}; //stop the timer
Serial.print ("Motor Speed: "):
int rotation = {counter / 10)%&0; /) divide by number of holes in Disc
Serial.print (rotation,DEC):
Serial .println{”™ Rotation per mina™);
counter=0; /f/ reset counter to =ero
Timerl.attachInterrupt{ timerIar ); f/enable the timer
}
void setup()
{
Serial.begin (9600}
pinMode (Left_p, OUTEUT] »
pinMode (Left_n, OUTFUT)
pinMods (ENA, OUTPUT) ;
Timerl.initialize (1000000): /S set timer for lsec
attachInterrupt (0, docount, RISING); [/ increase counter when speed sensor pin goes High
Timerl.attachIntereupt{ timerIsr ) // enable the timer

Fig C.1: Arduino code for motor shaft speed measurement

#define ENCA 2
#define ENCB 3
#¢define PWM 10
#¢define IN1 8
$define IN2 9

£/ globals

long prevI = 0;

int posPrev = 0;

ff Use the "wveolatile™ directiwe for wariables

/f used in an interrupt

wolatile int pos_ i = O:;volatile fleoat welocity i = 0Or wvelatile long prevI_i = 0;

float wlFilt = 0;float v1Prev = 0;float w2Filt = 0;flcat v2Prev = 0; flocat eintegral = 07
void setup() {

Serial.begin(96€00); pinMode (ENCA, INFUT):

pinMode (ENCB, INFUT) ; pinMode (PWM, OUTEFUT)

pinMode (IN1,OUTFUT) ; pinMode (INZ2, OUTFUT)

attachInterrupt (digitalPinToInterrupt (ENCA) ,
readEncoder, RISING) ;
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void loop() |

J/ read the position and welocity

int pos = 0;

float wvelocityld = 07

nolnterrupts(l; // disable interrupts temporarily while reading
po3 = pos_ir

wvelocity2 = velocity ir

interrupts({); // turn interrupts back on

// Compute welocity with metheod 1

long currTl = micros();

float deltal = ((float] [currT-prevI))/l.0e6;
float wvelocityl = (pos - posPrev) /deltaT;
posPrev = pos;

prevl = currT;

[/ Conwvert count/s to RPM
float vl velocityl/450.0%60.0;7
fleat w2 = welocity2/450.0%60.0;

/S Low-pass filter (25 Hz cutoff)

v1lFilt = 0.854*v1Filt + 0.0728*%v1 + 0.0728*v1Prev;
v1Frev vlr

v2Filt = 0.854*v2Filt + 0.0728%w2 + 0.0728%v2Prev;
v2Prev = w2;

T

S Conwvert count/3a to ERPM
float vl = velocityl A450.0%60.07

float v2 = velocity2d/450.0%60.0;7

FFf Low-pass filter (25 Hz cutoff)

w1lFilt = 0.854%w1Filt + 0.0728%w1 + 0.0728%w1Prev;
wlPrew = wl;

w2Filt = 0.85%4*w2Filt + 0.0728%w2 + 0.0728%w2Prev;
waPrewv = wa;

5 Set a target
float v = 507

S Compute the control signal u
flcat kp = 2;

float ki = 0.025;

float & = vwo—wl1lFilc;

eintegral = eintegral + e*deltaT;

float u = kp*e + ki*eintegral?;
S Set the motor speed and direction
int dir = 17

if fu<0}){
dir = -1;
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int pwr = (int) fabs(u);
if (pwr > 259){
pwr = 255;
}
setMotor {dir, pwr, PWM, IN1,IN2);

Serial.printivt):
Serial.prime (™ ")
Serial.print({vliFilt);
Serial.printlin();
delav(l):

void setMotor(int dir, int pwmVal, int pwm, int inl, int in2){

analogWrite (pwm, pwmVal) ; // Motor speed

if (dir == 1}
[/ Turn one way
digitalWrite (inl, HIGH) ;
digitalWrite (in2, LOW);

}

else iff{dir == -1}
[/ Turn the other way
digitalWrite (inl, LOW);
digitalWrite (in2, HIGH) ;

else{
£ 0r dont turn
digitalWrite (inl, LOW);
digitalWrite (in2, LOW) ;

void readEncoder ()|
// Bead encoder B when ENCA rises
int b = digitalB=ad (ENCB);
int increment = 07
if (b>0) |
S/ If B is high, increment forward
increment = 1;

}

else|
S/ Otherwise, increment backward
increment = -1;

}

pos_i = pos_i + incrementr

S Compute wvelocity with method 2

long currT = microsi({):

float deltaT = ({float) (currT - prevl i})/l.0e&;
velocity i = increment/deltal;

prevl_i = currT;

Fig C.2: Arduino code for motor shaft speed PID feedback control.
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