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Abstract

This project describes a design and implementation of an FPGA based speed and torque

control of a direct current motor.

The speed and torque are controlled using the armature voltage variation technique. A dual H-
bridge integrated circuit motor driver (L293D) is used to drive a separately excited DC motor.
An Altera FPGA DEZ2 board is used to implement the digital controllers that regulate both the

voltage and the armature current and hence the speed and torque.

In general, the output speed of the DC motor is measured and compared with a reference.
Thus, the armature voltage is continually adjusted to keep the measured speed as the reference

while the load varies.
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General Introduction

Direct current motors have been the backbone of industrial applications. Ever since the
Industrial Revolution., it has been widely used in automotive, manufacturing, automation,
stepper drives. This is due to the motor's high performance and easy speed control.

Conventionally, analog controllers based on operational amplifiers have been used to
implement earlier control systems. With rapid advances in control technology, most of the
industrial control systems include digital controllers.

FPGA based digital controller have become the most favorable prototyping digital systems.
The control algorithms are developed in VHDL, which is now one of the most popular
standard digital hardware description languages.

In a digital motor drive control system, the motor speed and motor current are measured by
proper sensors and the output signals from these sensors are sent to the controller as feedback
signals. The controller generates the control signal to the power converter based on the
reference and feedback signals.



Chapter I: DC motor overview

I.1 DC Machinery fundamentals
DC machines are generators that convert mechanical energy to electric energy and motors that
convert an electric energy to mechanical energy. Most DC machines are like AC machines in
that they have AC voltages and currents within them.
DC machines have a DC output only because a mechanism exists that converts the internal
AC voltages at their terminals. This mechanism is called a commutator, DC machinery is also
known as commutating machinery.
The fundamental principles involved in the operation of de machines are very simple.
Unfortunately, they are usually somewhat obscured by the complicated construction of real
machines.
DC motors are DC machines used as motors, and DC generators are DC machines used as
generators. The same physical machine can operate as either a motor or a generator; it is
simply a question of the direction of the power now through it [1].
The simplest possible rotating dc machine is shown in Figure 1.1. It consists of a single loop
of wire rotating about a fixed axis. The rotating part of this machine is called the rotor, and
the stationary part is called the stator. The magnetic field for the machine is supplied by the

magnetic north and south poles on the stator as shown in Figure I-1.
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Figure I-1. A simple rotating loop between curved pole faces.

1.2 DC motor:

1.2.1 History:
The earliest power systems in the United States were DC systems, but by the 1890s AC

power systems were clearly winning out over DC systems. Despite this fact, DC motors
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continued to be a significant fraction of the machinery purchased each year through the 1960s.

However, that fraction has declined in the last 40 years.

There were several reasons for the continued popularity of DC motors. One was that DC
power systems are still common in cars, trucks, and aircraft. When a vehicle has a DC power
system, it makes sense to consider using DC motors. Another application for DC motors was
a situation in which wide variations in speed are needed. Before the widespread use of power
electronic rectifier-inverters, DC motors were unexcelled in speed control applications. Even
if no DC power source were available, solid-state rectifier and chopper circuits were used to
create the necessary DC power, and DC motors were used to provide the desired speed
control [1].

1.2.2 Definition of the DC motor:

A DC motoris any of a class of rotary electrical machines that converts direct current
electrical energy into mechanical energy. The most common types rely on the forces produced
by magnetic fields. Nearly all types of DC motors have some internal mechanism, either
electromechanical or electronic; to periodically change the direction of current flow in part of
the motor.

DC motors were the first type widely used, since they could be powered from existing direct-
current lighting power distribution systems. A DC motor's speed can be controlled over a
wide range, using either a variable supply voltage or by changing the strength of current in its
field windings. Small DC motors are used in tools, toys, and appliances. The universal
motor can operate on direct current but is a lightweight brushed motor used for portable
power tools and appliances. Larger DC motors are used in propulsion of electric vehicles,
elevator and hoists, or in drives for steel rolling mills. The advent of power electronics has

made replacement of DC motors with AC motors possible in many applications.

DC motors are often compared by their speed regulations. The speed regulation (SR) of a

motor is defined by:

SR = 22« 100% (1.1)
wﬂ

Where:

- Wyyis the no load speed of the DC motor.

- @gyis the full load speed of the DC motor.


https://en.wikipedia.org/wiki/Universal_motor
https://en.wikipedia.org/wiki/Universal_motor
https://en.wikipedia.org/wiki/Brush_(electric)
https://en.wikipedia.org/wiki/AC_motors

It is a rough measure of the shape of a motor's torque- speed characteristic; a positive speed
regulation means that a motor's speed drops with increasing load, and a negative speed
regulation means a motor's speed increases with increasing load. The magnitude of the speed
regulation tells approximately how steep the slope of the torque- speed curve is.

1.2.3 DC Motor major components:

DC motors are made up of several major components which include the following:
* Frame: the frame is where the armature is placed and the field coils are mounted.

« Shaft: is the rotating part where the converted electrical energy is extracted as mechanical

energy to be used by coupling it to other machines such as an induction motor.

* Bearings: the bearings in an electric motor are used to support and locate the rotor, to keep
the air gap small and consistent and transfer the loads from the shaft to the motor. The

bearings should be able to operate at low and high speeds whilst minimizing frictional loses.

» Main Field Windings (Stator): in large motors used in industrial applications the stator is
an electromagnet. When voltage is applied to stator windings an electromagnet with north and

south poles is established. The resultant magnetic field is static (non-rotational).

« Armature (Rotor): the armature rotates between the poles of the field windings. The
armature is made up of a shaft, core, armature windings, and a commutator. The armature

windings are usually form wound and then placed in slots in the core.

» Commutator: are the device used in the process of switching the field in the armature
windings to produce constant torque in one direction, it is connected to the armature, which

enables this switching of current.

« Brush Assembly: brushes ride on the side of the commutator to provide supply voltage to
the motor. The DC motor is mechanically complex which can cause problems for them in
certain adverse environments. Dirt on the commutator, for example, can inhibit supply voltage
from reaching the armature. A certain amount of care is required when using DC motors in
certain industrial applications. Corrosives can damage the commutator. In addition, the action
of the carbon brush against the commutator causes sparks which may be problematic in

hazardous environments.

Figurel-2 shown below illustrates a universal scheme of a DC Motor.



Stator

Frame
Armature

End Bracket .{J_,T;;X\—-:""'{__ —

Commutator

Brush Assembly

Figure I-2. A scheme of a universal DC Motor.

1.2.4 DC Motor working principle:

Consider a coil in a magnetic field of flux density B. When the two ends of the coil are
connected across a DC voltage source, current | flows through it. A force is exerted on the
coil as a result of the interaction of magnetic field and electric current. The force on the two
sides of the coil is such that the coil starts to move in the direction of force.

In an actual DC motor, several such coils are wound on the rotor, all of which experience
force, resulting in rotation. The greater the current in the wire, or the greater the magnetic
field, the faster the wire moves because of the greater force created.

At the same time this torque is being produced, the conductors are moving in a magnetic field.
At different positions, the flux linked with it changes, which causes an emf to be induced (e =
dd/dt). This voltage is in opposition to the voltage that causes current flow through the
conductor and is referred to as a counter-voltage or back emf.

The value of current flowing through the armature is dependent upon the difference between
the applied voltage and this counter-voltage. The current due to this counter-voltage tends to
oppose the very cause for its production according to Lenz’s law. It results in the rotor
slowing down. Eventually, the rotor slows just enough so that the force created by the
magnetic field equals the load force applied on the shaft. Then the system moves at constant

velocity.

1.2.4.1 Torque and power
The equation for torque developed in a DC motor can be derived as follows:

The force on one coil of wire is given by:
F=ilxB [N] (1.2)
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Where: | and B are vector quantities
- lis the length of the wire and B is the magnetic field.
Since: B = ¢/A.
Where A is the area of the coil.
Therefore the torque for a multi turn coil with an armature current of 1,:
T.= Kdla (I.3)
Where ¢ is the flux/pole in weber, K is a constant depending on coil geometry which lumps
all the constant parameters (number of turns of the coil, length ...etc.), and la is the current
flowing in the armature winding.
The mechanical power generated is the product of the machine torque and the mechanical
speed of rotation w,,,.
P, =w,T (1.4)
1.2.4.2 Back emf
Due to the rotation of this coil in the magnetic field, the flux linked with it changes at
different positions, which causes an emf to be induced.
The induced emf in a single coil is:
e =ddc/dt
Since the flux linking the coil is:
¢C = pSin (w,t)
Thus, the induced voltage is:
e = dwCos(w,t) (1.5)
Note that equation (1.5) gives the emf induced in one coil. As there are several coils wound
all around, the rotor, each with a different emf depending on the amount of flux change
through it, the total emf may be obtained by summing up the individual emfs. The total emf
induced in the motor by several such coils wound on the rotor can be obtained by integrating
equation (1.5) over the time, and expressed as:
e, = Kpw,, (I.6)
The electrical power generated by the machine is given by:
Pi=epla
Thus,

P; = K dw,,la (L.7)



1.2.5 DC motor equivalent circuit:

As Figure I-3 illustrates, the armature circuit is represented by an ideal voltage source EAand
a resistor RA. This representation is really the Thevenin equivalent of the entire rotor
structure, includingrotor coils, interpoles, and compensating windings, if present. The brush
voltage drop is represented by a small battery V brush opposing the direction of current flow
in the machine. Inductor LF and resistor RF. represent the field coils, which produce the
magnetic flux in the generator. The separate resistor R adj represents an external variable

resistor used to control the amount of current in the field circuit.

Ry Vonsh I
—yc( o —MWA——

Figure 1-3. DC Motor equivalent circuit.

There are a few variations and simplifications of this basic equivalent circuit. The brush drop
voltage is often only a very tiny fraction of the generated voltage in a machine. Therefore, in
cases where it is not too critical, the brush drop voltage may be left out or approximately
included in the value ofR4. Also, the internal resistance of the field coils is sometimes lumped
together with the variable resistor, and the total is called R(see Figure 1-4). A third variation
is that some generators have more than one field coil, all of which will appear on the

equivalent circuit.

F — A
Rp
Ey
Lr
F. A
Cz ﬁz

Figure I-4. The simplified equivalent circuit of DC Motor.



1.2.6 DC Motor types:
There are five major types of DC motors in general use, this classification is based on the

connection of both the stator and the rotor, and those types are:

The separately excited DC motor: A separately excited dc motor is a motor whose
field circuit is supplied from a separate constant-voltage power supply. However, the
armature is supplied form a variable controlled DC source.

The shunt DC motor: In a shunt motor the field is connected in parallel (shunt) with
the armature windings. The shunt-connected motor offers good speed regulation. The
shunt-connected motor offers simplified control for reversing. This is especially
beneficial in regenerative drives.

The permanent-magnet DC motor: the permanent magnet motor uses a magnet to
supply field flux. Permanent magnet DC motors have excellent starting torque
capability with good speed regulation. A disadvantage of permanent magnet DC
motors is they are limited to the amount of load they can drive. These motors can be
found on low horsepower applications. Another disadvantage is that torque is usually
limited to 150% of rated torque to prevent demagnetization of the permanent magnets.
The series DC motor: In a series DC motor the field is connected in series with the
armature. The field is wound with a few turns of large wire because it must carry the
full armature current. A characteristic of series motors is the motor develops a large
amount of starting torque. However, speed varies widely between no load and full
load. Series motors cannot be used where a constant speed is required under varying
loads. Additionally, the speed of a series motor with no load increases to the point
where the motor can become damaged. Some load must always be connected to a
series-connected motor. Series-connected motors generally are not suitable for use on
most variable speed drive applications.

The compound DC motor: Compound motors have a field connected in series with
the armature and a separately excited shunt field. The series field provides better
starting torque and the shunt field provides better speed regulation. However, the
series field can cause control problems in variable speed drive applications and is

generally not used in four quadrant drives.



Chapter I1: DC motor modelling

1.1 Introduction

The modelling of a DC motor is a very important step in controlling its speed and torque, in
this chapter, the dynamic equations of torque and speed are to be developed in addition to the
parameters of the used DC motor.

The separately excited DC motor as defined in the previous chapter is the DC motor used in
this project, since the field circuit is supplied from a constant source then the field current I
and the magnetic field is always constant, thus, the parameters of the field circuit (i.e. Ly and

Ry) are to be neglected.
Hence, in this project all the studies are to be held on the armature only.

1.2 The Dynamic model of the DC motor:

Figurell-1 shown below represents the armature of a DC motor.

!

a

Figure 11-1. The armature of a separately excited DC motor.

Applying Kirchhoff’s law on the circuit shown above:

dl,
Va = IaRa +LaE+€a

Thus;

dlg _Va laRa _€a (11.1)



Applying the motion equation on the circuit shown above:
dw,
Te :]7+me+TL
Thus;

dwym Te Bwm T1, (“ 2)

As mentioned previously, this project is about a separately excited DC motor, hence, the

equations (1.3) and (1.6) could be rearranged as:
T, = K,l, (11.3)
eq = Kyowp, (11.4)
Where Kj; is the product of the constants K and ¢ and is called the motor constant.

Replacing (11.3) and (11.4) in (11.1) and (11.2) and rearranging it. Hence, the system differential

equations are as the following:

dwy _ Kg _Bwm Ty (“'5)

Introducing LAPLACE transform in the previous differential equations to get:

R 1 K
SIa = _L_ala +L_Va _L_gwm
a” la a (11.6)
_ Hg 1
SWy, = 7](1 —7wm _7TL

Where:

- Sisthe Laplacian differential operator with respect of time.

- Ly and R, are the inductor and the resistor of the armature respectively.
-V, is the controlled DC source feeding the armature.

- Jis the moment of inertia of the load [kg?m?/s?].

- B isthe viscous friction (N.m/rad/s)

- 1., e, and w,, are defined in the previous chapter.
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Equations (I11.6) may be cast under a state-space form, this form represents the state-space

model of the DC Motor such as:

Rq Kg L0
Sla 1| La  La|[la].|le Va
[l P Pl s Pt 4 (1)
J J

Writing the equation (I1.7) in compact form:
X=AX+BU
Where:

- A represents the system matrix.
- Xrepresents the state-variable vector.
- B represents the control matrix.

- U represents the input vector.

1.3 Stability Study
Stability is mostly concerned with dynamical systems. It is a fundamental requirement in most
engineering applications that the systems designed are stable. In control engineering
applications, the design of a control system must first guarantee the stability of the overall

system.

When a system is unstable, the output of the system may be infinite even though the input to
the system was finite. This causes a number of practical problems. Also, systems that are

unstable often incur a certain amount of physical damages, which can become costly.

In other words, the stability of any system is the degree to which the system may resist
changes or at least go back to its steady state operation. The different kinds of stability are

defined based on how the system goes back to normal when perturbed.

A DC Motor is said to be in equilibrium if the torque developed by the motor is exactly equal
to the load torque. If the DC Motor comes out of the state of equilibrium due to some
disturbance, it comes back to steady state for stable equilibrium but for unstable equilibrium

the speed of the DC Motor increases uncontrollably or decreases to zero.
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11.3.1 DC Motor stability checking
For stability checking purpose, the roots of the system are to be calculated and their real part
must be negative; the eigen values of the system matrix Aare the roots of the system and they

are obtained by solving the following equation:

det(AI—A) =0 (11.8)
. . . . .1 0
Where | is the 2x2 identity matrix such as: [0 1

Solving the equation (11.8) for the unknown A:

_ _1(Rq B\, 1 [(Ra  B\? , ReB , Kg°

A= _E(La + 7) T E\/(La * 7) gty (11-9)
_ _1(Rq B 1 [(Ra  B\?  RaB  Kg°

A2 = _E(La + 7) B E\/(La * 7) G 1y (11-10)

As noticed in equations (11.9) and (11.10) the real part of the roots are the same in both A1, and
A, and since R, L, B and J are all positive so:

SR

2\Ls ]

As a conclusion, the system that represents the separately excited DC Motor

is stable.

1.4 DC Motor parameters identification
As mentioned previously, the DC motor used in this project is a separately excited motor,
thus, the DC motor parameters stand for finding the values of R,,L,, K4, J andB.However,
the value of Ry and L¢ are useless since the field flux and current are constant.To find those
constants, numerous steps are to be followed. Those steps are detailed in the following

sections.
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11.4.1 Identifying R, andL,:
a) DC test:

The DC test is done to identify the value of the armature resistance, the procedure is as
follow:

1. Injecting many values of DC voltage to the armature (Vip, jectea)-

2. Motor must be at standstill (i.e.w,, =0 and e,= 0).

3. Measuring the equivalent value of the current corresponding to each value of the DC
voltage (Imeasurea)-

4. Drawing the graph Vi jectea Vs Imeasurea-

Vin jected

5. Calculating the slope (jl ) of the drawn graph. That slope represents the

measured

armature resistance.

Table 11-1 below represents the data gathered after a DC test on the used DC motor in this

project.

Table I1-1. DC test values.

Vinjected(v) 0 10 20

Imeasured(A) 0 4.5 8.5

The graph VigjecteaVs Imeasurea 1 illustrated in figure 11-2.

Vinjected VS | measured

Vinjected(V)
o = N w ESY (6] (o)} ~ (o] [(e)

o

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9
| measured (A)

Figure 11-2. the injected voltage versus the measured current graph
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As expected the graph is a linear function so its slope is calculated such as:

AVinjected _ 20-10 45
Almeasured 8.5—4.5 '

Slope =

Thus, the value of R, is equal to 4.5 Q.

b) AC test:
The AC test is done to identify the value of the armature inductance, the procedure is as

follow:

1. Injecting many values of AC voltage to the armature (Vacinjectea)-
2. Motor must be at standstill (i.e.w,, =0 and e,=0).

3. Measuring the equivalent value of the current corresponding to each value of voltage

(I acmeasured)-

4. Drawing the graph Vacipjectea VS 1aCmeasurea-

Vacinjected

5. Calculating the slope (jl ) of the drawn graph. That slope represents the

acmeasured

magnitude of armature impedance Z,.

6. Since the magnitude of Z, is calculated as:

|Za| = ,’Raz -l'XLa2

Where:

- XL, is the reactance of the armature.

Thus: XL, =+/1Z4|? — R,* =2nfL,
Where: - fis the frequency while measuring i.e. 50 Hz

V1Za|>-Rg*

Hence, the value of the armature inductance is: L, = -

Table 11-2 represents the data gathered after an AC test on the DC motor.

Table 11-2. AC test values

Vacl-njected 0 4 8 10

Iacinjected 0 0.44 0.82 1.1

14



Vac injected VS | ac injected

12

10

Vac injected(V)
[e)]

0 0,2 0,4 0,6 0,8 1 1,2

| ac measured (A)

Figure 11-3. The AC injected voltage versus the AC measured current

The graph VacipjecteaV's 1aCmeasureais illustrated in figure 11-3. As expected the graph is

approximately a linear function so its slope is calculated such as:

Slope = —L&linjected — 80 _ g 756 ()

Alacinjected 0.82-0

Using the equation of L, shown in step 6, thus, L, is equal to 0.0311 H.

11.4.2 Identifying K 4:
Taking in consideration the equation (I1.4), it can be noticed that the back emf is directly
proportional to the developed mechanical speed, thus, the steps to follow to find the

approximated value of the motor constant are as the following:

1. Injecting many values of DC voltage to the armature without making the motor
standstill (i.e. the motor must be running).

2. Measuring the output voltage through the motor (i.e. e, ).

3. Recording the equivalent values of the developed mechanical speed w,,using a
tachometer for the different values of e,

4. Drawing the graphe,vs w,,, the graph should be a straight line passing through the
origin.

5. Calculating the slope, this slope represents the coefficient of proportionality, hence,

the slope is Kj; .
Table 11-3 represents the data gathered during the experiment of identifying K, .
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Table 11-3. Back emf and their corresponding motor mechanical speed data

eq 0 40 80 120 160 200

Wi 0 185 357 565 758 955

Back emf versus motor mechanical speed

250
200

150

back emf (V)

100
50

0 200 400 600 800 1000 1200

mechanical speed (rpm)

Figure 11-4. Back emf versus mechanical speed graph

The graph e,vs w,, is illustrated in figure 11-4. As expected the graph is approximately a
straight line passing through the origin, so its slope is:

Slope = 2& = 1997129 _ 3 2073 V/rpm

Awy — 758-565

Thus, the approximated value of K, is 0.2073 V/rpm.
The value of Kgcould be converted into V/rad/s, hence:
K, =0.2073 V/rpm =1.980 V/rad/s

11.4.3 Identifying B:
Identifying the value the viscous friction requires many steps which are summarized as

follow:

1. Turning on the DC motor without a load (i.e. T,= 0 Nm).
2. Varying the values of the armature current by varying the injected DC voltage to the
armature.
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3. Waiting for the speed to stabilize and reaching its steady state value, thus, recording
those corresponding values ( I,vs w,,)

4. Hence, equation (11.2) could be write as follow:
T, = Bw,, (1.12)
Because:
- T, =0Nm
- w,y, IS constant, thus, CZ"—tm =0
Now, replacing (2.3) in (2.13): Kyl, = Bwp
Finally,

B=K,> (11.13)

Those steps were done, and the corresponding reading of the speed for a value of
I, =01A4is Wy =170 rpm = 17.802 rad/s

Hence, the value of B is calculated using the formula (11.13) and is equal to 0.01112 Nm/rad/s.

11.4.4 ldentifying J:

To identify the value of J, many steps are to be followed:

1. Solving the differential equation (I1.2) with respect to time, the solution is:

t
W (t) = Wmoe 7

Where:

- Wy represents the maximum mechanical speed.
- tisthe time (s).
-t is time mechanical motor time constant and is equal to é

2. Fixing a value of mechanical speed that does not exceed the rated value.

Recording this value, then turning off the DC motor.

3
4. Recording the time needed to reach the half of the fixed value in step 2.
5. Calculating the value of .

6

Finally, computing the value of J.
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The fixed value of the speed in the used DC motor during the experiment was set to

W, =1000 rpm.

The time needed to reach the half of this value (i.e. 500 rpm) was 10.21 s.

10.21

Thus: T = m =14.73 s

Therefore, the moment of inertiais: /] = 7B = 0.1638kg*m?/s?

To summarize, table I1-4 gives the obtained parameters that could be considered as a

nameplate for the used DC motor.

Table I1-4. DC Motor parameters

Rated Power (w) 2200
Rated Voltage (V) 220
Armature resistance () 4.5
Armature inductance (H) 0.0311
Motor constant (V /rad/s) 1.980
Viscous friction (Nm/rad/s) 0.01112
Moment of inertia (kg?m?/s?) 0.1638
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Chapter I11: DC Motor open and closed loop control

DC motors are exceptionally eminent in various applications where speed is the foremost
aspect such as industrial applications, robot manipulators and home appliances.

In this project, the main objective is to control the speed of the used DC Motor by controlling

the input armature voltage.

.1 Speed and torque characteristics and control:

In steady state operation and since the current will stabilize, the equation (I1.1) becomes:

V, =Ry, +e, (1.1)
Replacing (I1.4) in (111.1) and rearranging it:
—Ya _Rda
Wy = k, K, (111.2)
From equation (11.3) the expression of the armature current with respect to the induced torque

is:

— T
I, = K, (111.3)
Thus, replacing (111.3) in (111.2), the expression of the motor mechanical speed with respect to

the induced torque is as follow:

__ Vg RgTe
- T 2
Kg Kg

W (111.4)

The equation (111.4) has a form of a straight line, its equation has a form of y= ax+b;
Where:

-y represents the output function w,,

. . R
- ais the tangent and is equal to — —=
Kg

- Xxisthe variable T,

. . : . _ v,
- bis the intersection between the graph and the (oy) axis and is equal to K—a
g

From equation (111.4) it can be noticed that the mechanical speed of a separately excited DC
Motor is inversely proportional to the torque induced. When the induced torque increases, the

mechanical speed decreases.
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From the equation (I11.4), three possible methods for speed control can be derived, those

techniques are as follow:

a) Armature resistanceR, control
b) Field flux ¢control*

c) Armature voltage V,control
Those techniques are discussed in details in the following sections.

I11.1.1 Armature resistance control

From equation (I11.4), it can be noticed that the slope of the straight line that represents the
graph of the mechanical speed with respect to the induced torque depends on the value of the
armature resistance, and since the value of Kis kept constant, thus varying the value of R,is
varying the value of the slope and thus the value ofw,,. The more the value of R, is increased
the more the slope decreases. Figure I11-1 illustrates the impact of varying the value of R, on

the speed.

mechanical speed versus induced torque

mechanical speed (rpm)

induced torque (Nm)

Figure 111-1. The impact of varying the armature resistance on the mechanical speed.
Comments:

e The blue graph represents the equation (111.4) using an initial random value R4
e The orange graph represents the equation (111.4) with an increase in the value of the

armature resistance R ,such that R, > Ryq

1 Since Ky = K and Kis constant, thus varying Kj; is varying ¢.

20



e The grey graph represents the equation (111.4) with an increase in the value of the
armature resistance R,3; such that R,s > R,y > Ry
e The intersection between the 3 graphs and the y-axis which represents the initial

mechanical speed is not affected by the change on the value of R, because this

. . .. . V,
intersection is independent from the armature value and is equal to K—“where the values
g

of V,and K are kept constant.
Advantages of the armature resistance control:
e Simple control process.
Disadvantage of the armature resistance control:

e Increasing power losses due to the increasing of the armature resistance (Pjysses =
Rala®)

e Reducing the power efficiency.

e Armature resistance control is restricted to keep the speed below the normal speed of
the motor and increase in the speed above normal level is not possible by this method.

e Rarely used.

e External parameters could interfere with the value of the armature resistance (ex:

temperature).

111.1.2 Field flux ¢ control:
As seen previously one of the 3 methods to control the mechanical speed is controlling the
flux ¢. However, since the used DC motor is a separately excited type, thus, to vary the value

of ¢ the value of the field voltage V;need to be varied.

This method of controlling is not used in permanent magnet DC Motor because the flux is

always constant.

The more the flux is increased the more the slope is increased to zero, the less the initial value

Rq _ Rq

of the mechanical speed w,,, IS, because, the slope is equal to = T ey
9

so, the slope

a

increases rapidly to zero and the initial mechanical speed will decrease too since Wmo=py -

Figure I11-2 shows the effect of increasing the value of the flux.
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mechanical speed versus the induced torque

mechanical speed (rpm)

induced torque (Nm)

Figure 111-2. The effect of increasing the flux on the mechanical speed

Comments:

e As said previously the more the flux is increased the more the speed is decreases.

e The blue graph represents the graph of the speed versus the torque with an initial value
of ¢y

e The orange graph represents the graph of the speed versus the torque with an increase
in the previous value of the flux, this value if called ¢, such that d; > ¢,.

e The grey graph represents the graph of the speed versus the torque with an increase in
the previous value of the flux, this value if called ¢, such that ¢, > ¢; > ¢,.

e The initial value of the speed also decreases with an increase in the flux field as shown

in the figure 111-2 shown above.

As a conclusion, for a use purpose if the mechanical speed needs to be increased then the field

flux needs to be reduced.
Advantages of field flux control:

e Reversing the speed is simple, all it needs is reversing the voltage field and thus the
field flux is reversed, hence the speed is reversed also.

e The control process is simple and used generally for speed above the base speed.

Disadvantages of field flux control:

e Varying the flux is impossible for permanent magnet DC motor.
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111.1.3 Armature voltage control:

As seen in equation (I11.4), the mechanical speed is related also to the armature voltage V,
and it represents the y axis intersection (the initial mechanical speed w,,,). However, the
slope remains constant during the variation of the armature voltage because it is independent
of the armature voltage.

The filed voltage need to be maintained constant to maintain the field flux constant too. If the

armature voltage is increased, thus, w,,, is increased also, and vice versa.

Figure 111-3 shown below illustrates the impact of increasing the value of the armature

voltage.

mechanical speed versus induced torque

mechanical speed (rpm)

induced torque (Nm)

Figure I11-3. The impact of increasing the armature voltage on the mechanical speed.

Comments:

e The grey graph represents the mechanical speed versus the induced torque with an
initial value of the armature voltage V.

e The orange graph represents also the mechanical speed versus the induced torque but
with an increase in the value of the armature voltage V,,such that: V,; > V,,

e The blue graph represents also the mechanical speed versus the induced torque with

another increase in the armature voltage V,,such that:V,, > V1 > V.

As said previously, figure I11-3 confirms that the more the armature voltage is the more the

mechanical speed is.
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Advantages of armature voltage control:

e Speed is controlled from 0 to the base speed.
e The speed can be limited by fixing the value of the armature voltage and thus avoiding

insulating damages?.
Disadvantages of armature voltage control:

e Cannot be used to control the speed beyond and base speed.

Remark:

The previous control techniques can be combined to control the mechanical
speed above and beyond the base speed. One of the most used combined

control technique is armature and field control.

In this project, the armature voltage control technique will be used to control the speed of

the used separately excited DC motor.

1.2 Operation modes:
Operation modes of a DC motor depend on how the motor runs, there are 4 modes of

operation, and those modes are:

a) Forward motoring: forward motoring is one of the most used mode of operation
where the speed and the torque are both positive. This mode of operation consists of
converting electrical energy into mechanical energy. It is generally referred as
Quadrant 1 (Q1) operation.

b) Forward breaking: forward breaking is a mode of operation where the DC motor
works as a generator, thus, the motor will convert mechanical energy into electrical
energy. It is generally referred as Quadrant 2 (Q2) operation. The speed is positive,
however, the torque is negative.

¢) Reverse motoring: reverse motoring is a type of motoring where the DC motor works
as a motor but in the reverse direction of the forward motoring, both the speed and the

torque are negative. This mode of operation is referred as Quadrant 3 (Q3) operation.

2 Insulating damages are failures that are caused by the low insulating resistance which causes the non-isolation
between the conductors or motor windings.
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d) Reverse breaking: reverse breaking mode is referred as 4" Quadrant operation

(Q4). The speed is negative where the torque is positive, thus, the motor works as a

generator.

Operation modes are summarized in the figure 111-4.
I Oy, I
_’, _‘_
T + T
‘“a{: Ea + .‘“—a:}En + +

SORR " () v,
o+ T

{ a e GD v,

a Val= |E

<

E
+

o
+
+

[Val= [E,|

al

Figure 111-4. The DC motor four quadrant modes[3].

1.3 Open loop control:

As said previously, the used control technique in this project is the armature voltage control.
Hence, controlling this voltage is the main purpose of this chapter.

The process of controlling the armature voltage is called the open loop control, while the
process of controlling the speed of the DC motor is called the closed loop control (it will be
seen in the next part).

The armature of the DC motor is fed from a DC sourceV,. This armature voltage is controlled

using two types of electronic devices:

e DC choppers.

e Controlled rectifiers.

In this project only the DC chopper is used for controlling the armature voltage.
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111.3.1 DC choppers:

In electronics, a chopper circuit is used to refer to numerous types of electronic switching
devices and circuits used in power control and signal applications. A chopper is a device that
converts fixed DC input to a variable DC output voltage directly. Essentially, a chopper is an
electronic switch that is used to interrupt one signal under the control of another [2]. Chopper

circuits are used in multiple applications, including:

e Switched mode power supplies, including DC to DC converters.

e Speed controllers for DC motors.

Since the used motor in this project is a DC motor, so it may be fed from a DC source, a
battery or a PV cells®. In this project the DC motor is fed from a DC source. Thus, a DC
chopper is used to regulate and control the amount of DC output feeding the DC motor,
hence, controlling the armature voltage and the speed which has a direct relationship with the
armature voltage as seen previously. Figure I11-5 shows the simplest scheme of a DC to DC

chopper.

il
|

7

Battery
Or PV Generator

Control

Figure I11-5. A DC to DC Scheme of a DC chopper[3].

In this project the Pulse width modulation (PWM) will be used as the control of the DC

chopper (will be discussed in the next session).

111.3.1.1Principle of operation of a DC chopper:

The principle of operation of the DC chopper is that A DC source is directly connected to the
DC motor through switches and freewheeling diodes, and those switches are controlled via
PWM.

3PV cells are photovoltaic cells used in solar energy to produce a DC power.
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The chopper is ON for a time t,y and OFF for a timet ,zr. The switching frequency is given

by the following formula:

1

_ _ 1
fo=rm=1
tonttorr T

Where:
- T isthe time period in seconds.

Assuming that the switches are ideal, thus:

1 Vs
v, = _J‘tONVS dt = ton

T 70 T
Where:
- The duty cycle is is given by:
d = v
T
Replacing (111.7) in (111.6), therefore:
Vo = dVs

(111.5)
(111.6)
(11.7)
(111.8)

Figure 111-6 shown below, shows how the DC motor is connected through a DC chopper.

S

A

Switch (S) turns on and off
periodically with period T

g

Figure 111-6. Equivalent circuit of a DC motor connected to a DC chopper [3].
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LoV L 3w
i; I a a

Figure I11-7. The equivalent circuit when the switch S is closed[3].
The previous circuit shown in figure 111-6 has two different working principle, thus:

e Ifthe switch Sisclosed: (0 <t <tyn)

Figure 111-7 illustrates the working principle of the DC motor when the switch S is closed.

In figure 111-7, it can be noticed that:

- I flows to the motor.

- Igincreases.

o Iftheswitch Sisoff: (topn <t <T)

Figure 111-8 illustrates the working principle of the DC motor when the switch S is opened. It
can be noticed that:

- VS = O
- I freewheels through diode.

- I deacreases.

IDT %LH

o

Figure I11-8. The equivalent circuit when the switch S is open [3].
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The value of the armature current I,is then directly related to the duty cycle of the DC
chopper, such that:

__ dVs—Kgwpm

I
a Ry

(1.9)

Thus, the developed torque is also directly related to the duty cycle as seen in equation (11.9).

111.3.1.2 Advantage of using DC chopper
e Controlled rectifier introduces harmonics to supply currents and voltages, which cause
heating and torque pulsations in motor.
e Avoiding more harmonics in the primary current which contribute to pollute the
network in case of the use of a rectifier.
e Employ pulse-width modulated (PWM) rectifiers using GTOs, IGBTs to improve
power factor, overcome the effect of low order harmonics and subsequently reduce

pulsations and derating.

111.3.1.3 Controlling the DC chopper

The control of the DC chopper (i.e. the control of the switches S) is done in this project using
the PWM.

Pulse width modulation (PWM) is a method of reducing the average power delivered by an
electrical signal, by effectively chopping it up into discrete parts. The average value
of voltage (and current) fed to the load is controlled by turning the switch between supply and
load on and off at a fast rate. The longer the switch is on compared to the off periods, the

higher the total power supplied to the load [4].

1.4 Closed loop control:
In the industry, most drive systems operate as a closed loop with feedback systems. The
torque-speed characteristics of the DC-motor show that for constant armature voltage, if the
load torque is increased the speed will change. However, because most drive systems used in
the industry require maintaining constant speed; a closed loop control system must be

introduced.
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The block diagram of such a system is shown in figure 111-9.

Power
supply *TL

V v

ATyl I R PO R

" controller

e [ SNENUN [ S
Speed
SEnsing r

Figure 111-9. Block diagram of a closed- loop speed control system.

If the motor speed decreases due to an increase in the load torque, the measured speed at the
motor shaft is fed back and compared with a reference speed. The difference speed error is
applied to the speed controller to generate a control voltage V¢ which controls the power
converter and produces the desired armature voltage Va.The armature voltage controls the
speed of the motor and thus the speed of the motor can be maintained for any variations in the

load torque.

A closed loop system has the advantages of greater accuracy, improved dynamic response and
reduced effects of disturbances without any major deviations. When the drive needs to meet

some performance requirements, the closed-loop system is necessary.

1.5 Separately excited DC motor drive:
The separate excitation of the DC motor makes the speed and torque control relatively simple.
In most applications, the excitation voltage is kept constant and the armature voltage is
controlled by a closed loop system, the system may have some protective features, such as
current limiting. For the assessment of the dynamic response of the drive system the transfer

function of the motor and the control elements are derived.

111.5.1 Motor Transfer Function

Considering a separately excited DC motor with armature voltage control. The electrical
equation is:
Ia

Vo = Eq + Ralg + Lo

: (11.10)

Where E; = K;wp,.
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The mechanical equation is:

Where

Te =]

dwm,
dt

T, = K, 1,

+ Bw,, + T},

Taking Laplace transform, the above equations can be written as:

Va(s) = Kng(S) + (Rq + Las)a(s)

K l,(s) = (Js + B)wp,(s) + T,(s)

Thus, from equation (I11.13):

Va(9)=Kgwm(s) _ (Va()=Kgwm()D/g,

I,(s) =

Where

Rg+Lgs

1+5T,

Lg . o
T, = R—a is the electrical time constant of the motor.

a

From equation (I11.14):

Wm(s) =

Where

Kgla($)=TL(s) _ (Kgla($)=Tu(s)"/p

Js+B

1+sTy

T, = é is the mechanical time constant of the motor.

(1IL.11)

(111.12)

(1I1.13)

(111.14)

(1IL.15)

(11..16)

Equations (111.15) and (111.16) are used to construct the block diagram of figure 111-10.

Wi Em
r :;_3*'_
3

Wm

1/Ra
Tas+1

"

TL

i

1/B8

Wm

[
-

Trms+1

ok
~

Figure I11-10.Separately excited DC motor block diagram

Where:
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Lg. L
- T, = R—aIS the electrical time constant of the motor.
a

- Ty = éis the mechanical time constant of the motor.

From the block diagram, if the load torque term is neglected:

Kg
Wi (s) RgB(1+sTg)(1+STm)
= .17
Va(s) . K3 (111.17)
"RqB(1+sTa)(1+STm)
W) _ Al (111.18)

Va(s)  KZ+RqB(1+5Tg)(1+STm)

Since the armature controlled operation is used, the armature inductance La is small and can

be neglected. Therefore, the expression simplifies to:

Wi (s) _ Ky
Va(s) ~ KZ+RqB+SRqBTm (111.19)
Wi (s) _ Kn
) = Trsr (111.20)
Where:
__ RGBTy
Ty = KE+RB (111.21)
__ Ky
K, = KE+iD (111.22)
In addition, from the block diagram, we have:
K
ws) _ /g _ Km (111.23)
I(s)  1+sTy,  1+4sTy '
Hence, from equations (111.20) and (111.23):
la(s) _ KmB(1+sTm) _ Kmi(1+5Tm) (11.24)
Va(s) Kg(1+5Tm1) 1+5Tm1 '
Where,
B
K= e (111.25)
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Va | Kmi{1+sTm)| = Kmz Wm
1+5Tm1 Tl 14sTm

|

Figure I11-11. Simplified block diagram for DC motor.

Thus, the motor can be represented by two blocks in order to simplify further analysis as

shown in figure 111-11.

111.5.2 Power converter transfer function:
A chopper controls the applied armature voltage. The equation describing the chopper is

given by:
Vout == DVDC (|“26)

Where D is the duty cycle of the PWM signal. The basic technique to generate PWM signal is

shown in figure 111-13 bellow.

Wi

1 A
Carrier countar ramp
Dty cycle
Vi / /
o
4] Tper 2*Tper FTper A Tper
! 1
W output
0]
0 Tper 2Tper I Tper A Tper

Figure 111-12. PWM ganeration

From the above figure, we can notice that the control signal V. is compared with a carrier
signal, if the control signal is less than the carrier the PWM output is set to high, otherwise is
low. Therefore, the duty cycle can be expressed as:

D=

(111.27)

Viri

Where,

- Vi is the maximum of the carrier signal.
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- V. is the control signal.

Thus, substituting equation (I111.27) in equation (I11.26):

Vour = %VC (111.28)
Vous = K.V, (111.29)

Hence, the converter gain is:

K, = 2ec (111.30)

Viri

111.5.3 The speed controller:
A tacho-generator is attached to the motor shaft so that a speed signal can be fed back and the
error signal Ve is used by the controller to generate a control signal Vc. The speed controller

is of a proportional integral type. The PI transfer function is represented as

Gs(s) = K, o (111.31)

STs

111.6 Closed-loop speed control
After identifying all the elements transfer functions, the speed control loop is constructed and

is shown in figure 111-13 below.

DC-motor
Vr Eur Ks(14sE) | V& Ke a Kri{1+sTmi| Ia Km2 wm |
* - » - -
'l 5Ts 1+sTm 1+4sTm
Speed mniroller Comnverter
Kt
“
Tachogenerator

Figure 111-13. Speed control-loop block diagram.

The closed-loop transfer function of the block diagram shown in figure 111-13 is as follow:

W (s) _ G(s)
Ve(s)  1+G(s)H(s)

(IN.32)

Where:
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KsKcKm1Kma2(1+5Ts)
STs(145Tm1)

- G(s) =
- H(s) =K,

With: Kt is the gain of the tacho-generator.
Hence,

Win(s) _ KsKcKm1Km2(1+5STs)

Ve(s)  STs(1+STm1)+KeKsKcKimy Kmz (1+5Ts)
Setting: Ty = Ty
Therefore,

wm(s) _ KsKcKm1Km2
Vi (s) STm1+KeKsKcKm1Kme

Equation (111.34) can be reduced to:

Wi (s) — K,
Ve(s)  1+STy

Where:
1
- K, =—
K¢
T,
_ T1 — mi
K¢KsKcKm1Km2
Therefore,

Ia(s) _ wp(s) Ig(s) _ Ki 1+4sTy, _ Ki(1+5Ty)
Vi (s) Vr(s) wn(s) 14+ST1 Kmo Km2(14STy)

Thus, the current response to a step change in input V; is:

_ KiVy (14sT)
lo(s) = Ko S(1+STy)

Using partial fraction:

B

A
() ==4—
a(s) s T s(1+ sTy)

Where:
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K1y

- A=
Km2
- B=2(Ty—Ty)
m2
Hence,
s Tm-T1 1
lo(s) = (1 + 7 %H) (111.38)

la(6) = 22 (1 4 Tl e /m) (111.39)

From this equation, we can notice that a change in the reference input voltage V; results in a
large change in the armature current I, which decays in time. From the standpoint of power
converter rating and protection, this transient overcurrent is undesirable and may damage the

solid-state devices used in the power converter.

1.7 The closed-loop current (torque) control
The previous analysis revealed that an increase in the reference voltage causes the armature
current to increase drastically. Therefore, it is necessary to limit the current to some maximum
allowable value. This cannot be obtained using the block diagram of figure I11-13 where the
power converter is controlled by the speed controller. Clamping the speed controller output
will limit the motor armature voltage that will limit the speed but not the current. A current
limit can be obtained by introducing a current control loop and using the speed controller

output for the current reference as shown in figures 111-14 and 111-15

DC motor

Vir =1 Ks(1+B) | T7 =y Ki 1+ Ti) Ve Ke Wa . |rmig1+sTmy 1o Km2 Wm
@ s5Ts @ sTi o RS Tl t+=Tm o
Speed ooniroller Cumrent controller Comerter
Kr
Current trans ducer
Kt
tachogenerstor

Figurelll-14. Speed and current (torque) control block diagram.
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C motor

Tr & Ki1+sTh W Ko Wa K1+ Ty 12 N
'@ sTi ” | 1+sTm d
Cumrent controller Comerter
b
Current trans ducer

Figure I11-15. Current (torque) control loop block diagram.

The closed loop transfer function of the block diagram of the current control shown in figure
[1-15is:

KiKcKm1(1+sT;)(1+sTm)

Ia(S) _ STi(1+STm1)
' STi(1+STm1)
Where:
- K is current transducer gain.
Simplifying and rearranging the equation (111.34):
I4(s) _ KiKcKm1(148T))(1+5Ty) (III 41)
Tr(s)  STi(1+5Ty1)+KiK:Km1Kr(1+ST;)(1+5Tp,) '
Setting:T; = T4
Ig(S) — KiKcKm1(14+5Tn) (l“ 42)
Ty (s) KiKcKm1Kr+S(Tm1+KiKcKm1 K Tim) .
Since: Ty, > Tppq and KK Ky K- > 1
Ia(s): KiKcKm1(1+5Tm) (l“ 43)
T (S) KiKcKm1Kr+S(KiKcKm1KyrTm) .
Finally,
1
I (1+ST ) 1
o) _ S O0Tm) _ 1 _ e (111.44)

Tr(s)  (1+5Tp) Ky

From the above equation, it can be notice that it is possible to limit the current to some safe
value by clamping the speed controller output to a maximum value T, and this will limit the

current to the maximum value:I, = K;.T,.
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Chapter 1V: Simulation of the control system

For designing a control system, some of the design work can be performed by hand, but it is
difficult to do the verification and the checking of the result or the simulation of the system’s
responses by hand. Therefore, it is necessary to introduce some tools such as MATLAB that

can help to simulate the system and check the different responses before the implementation.

MATLAB is a sophisticated software tool. It is provided with SIMULINK, which is a block
diagram environment for simulation and model-based design. It allows designing and
simulating the system before the hardware implementation without having to write a code for

the design.

V.1 SIMULINK model of the control system:
The block diagram shown in figure 1V-1 is implemented using SIMULINK in order to
simulate the control system and to tune the PI controllers, so that the desired performance

parameters can be attained.

. Ke WVa 1 Iz
M—@—r Pz} Pz —?—A o

Speed Controller Current Controller Power Converter

L, /{L
_rLl_ \\r
Zero-Order Current A ctusior
Held 1
m 1l ik
Zerg-Order Tacho-generator

Heold

Figure IV-1. SIMULINK block diagram.

V.2 The controller parameters tuning:
A control system has to meet certain conditions and specifications, which depends on the
performance requirements. And the least condition that has to be satisfied for a control system
is that the transient components should not go to infinity for any bounded input. This is the

condition for absolute stability for a linear system.

In addition, for a control system insuring only stability is not sufficient, certain specifications

have to be satisfied such as:
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a. Reducing the steady state error within an allowable limit in order to improve the
system performance.

b. Reducing the peak overshoot, in our case to avoid the transient over current, which is
undesirable from the standpoint of protection and converter rating especially in the

case of starting or a large change in the reference signal.

To attain these objectives, the exact values of the controller parameters K,, and K; have to be
chosen. The analytical method, Ziegler-Nichols, trial and error and software tools are methods
used for controller tuning. A software tool named “PID tuner” which is provided with

SIMULINK was used in this project.

V.3 PID tuner:
Choosing the best set of PID controller parameters that guarantee the desired performance and
meet the design requirements for a control system is a complex task. The conventional
methods that are used for PID tuning are either manual or rule-based. These methods have
serious limitations when it comes to support certain types of systems such as high order

systems and unstable systems.

Consequently, “PID tuner tool” which is a software tool provided with SIMULINK is used for
tuning the PID controller automatically to achieve the optimal system design and meet the

design requirement.

The parameters of the PI controllers obtained using “PID tuner tool” as shown in the figures

V-2 and IV-3 bellow.

Contraller Parameters

Tuned

P 9.2582
I 1.0802

Figure IV-2. P1 speed controller parameters.

39



Controller Parameters

Tuned

P 0.31761
I 2.2235

Figure IV-3. PI current (torque) controller parameters.

V.4 Simulation results:

The reference speed is set to 100 rpm then the speed vs time waveform is plotted.

Figure 1\VV-4 below shows the plot w, vs time.

T ——

100

S/

A

A

A

0

0 1 2 3 4 5 i 7 a

Figure 1V-4 speed waveform with w,. = 100 rpm

Figure 1V-5 shown in the next page shows the waveform plot of the armature current (A) vs

time (s) with the motor at full load.
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Figure IV-5. Armature current waveform at full load.

Figures mentioned above show that :

e The motors speed is being regulated and it is stabilized at a final value of 100 rpm.
e The armature current is controlled and does not increase drastically.

e The armature current increases slowly to produce the required torque.

Then, the reference speed is set to 600 rpm and then it is changed to 1200 rpm.

Figure 1V-6 next page shows the speed waveform for a reference speed of 600 rpm then 1200

rpm.
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Figure IV-6 speed (rpm) vs time for Wr=600 rpm then Wr=1200 rpm

For the below figure, a load torque of 0 Nm is applied at the beginning and then it is changed
to 10 Nm.

Figure 1V-7 next page shows the speed waveform for an initial load torque of 0 Nm and then
10 Nm.

Figure IV-7 speed (rpm) vs time (s) for TL=0 Nm then TL=10 Nm
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Chapter V: Hardware design and implementation

A field programmable gate array (FPGA) contains a matrix of reconfigurable gate array
logic circuitry that, when configured, is connected in a way that creates a hardware
implementation of a software application. Sophisticated tools allow the implementation of
embedded control systems rapidly and easily and provide limitless flexibility. Unlike hard-
wired printed circuit board [PCB] designs that have fixed hardware resources, FPGA-based
systems can rewire their internal circuitry to allow configuration after the control system is
deployed to the field. Consequently, FPGA based control systems has become the most

favourable choice for prototyping digital control systems [5] [6].

V.1FPGA hardware blocks:

The hardware blocks implemented inside the FPGA board are described in VHDL. Quartus Il
9.1sp2 Web Edition was used for building these blocks.

V.1.1 ADC block:
The ADC block task is to read the digital data provided by the ADC hardware chip and at the
same time to feed the PI and the 7 segments display blocks.

Figure V-1 shows the corresponding ADC VHDL block.

'z"z"z"z".-".-".-".-".-".-’.-’.-’.-’.-’.-’x’x’x’fl’fz’fz’f!f!f!f!f!ﬁ-’fx’.’
- 7
AL §
__-"'_.. A
: Z
= % clk ADC_clk  —3%
2
W< EOG P_outl7. 0] =rxl
H . -
g::-:— O_in{7..0] Z
-
e ,,;
b = &
z =

»

e M rrsseesssssssse

Figure V-1. ADC VHDL block

The block consists of the inputs clk, which is the 50 MHz clock, provided with the DE2
FPGA board, EOC signal that comes from the ADC hardware chip it goes high at the end of
the conversion and allows the FPGA to read the new converted data. The output signal
ADC _clk is the sampling rate, which is the frequency at which the ADC samples the input

analogue signal.
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V.1.2 PWM block:

In order to control the speed of the DC motor, PWM technique is used in this project. A PWM
device was implemented within the FPGA. A set of specific pulses are generated by the PWM
block to drive the H-bridge integrated circuit that is driving the DC motor.

Figure V-2 shows the corresponding PWM VHDL block.

clk PUVM_out

..................................

Figure V-2. PWM VHDL block

The 8-bit input Vc is the control signal coming from the PID controller, which determines the
duty cycle of the output pulses is compared with an 8-bit internal counter. If the internal
counter value is less than the value of the control signal Vc, the PWM_out signal will be
high. Otherwise, it will be low.

The flowchart of the PWM is shown in figure V-3 next page.
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Read Vc

>

Y

Counter=Counter+1

No

Is counter <255

Is counter < Vc Counter=0

h 4

PWM_out="1" PWM_out="0"

Figure V-3. PWM flowchart

V.1.3 PID algorithm:
The execution of the PID algorithm is performed in the following steps:

1. Set the values of the PID gains (Kp, Ki, Kp) and initialize the signal Error_old.

2. Calculate the new error where:

Error = Reference — Measured_value.

3. Calculate the PID parameters P, I, and D where

P =Error, I =1+ (Error xdt) and D = (Error — Error,,)/dt.

4. Calculate the new output :
5. Keep the output within the 8-bit range.

The flowchart of the PID algorithm is shown in figure V-4.
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>
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Initialize Error_old
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Calculate the new
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h 4

Calculate the new

output
Output=Min Check output Output=Max
range
Min=Output=Max
- A 4
Output=Min output=output Output=Max

Figure V-4. PID flowchart.
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V.1.4 Clock divider block:

The internal clock provided with the FPGA board consists of a 50 MHz clock. Therefore,
whenever a lower frequency clock is needed, a clock divider is used. In our project, the clock
divider is needed to drive the 7-segment display because the human eye cannot observe the
data being displayed at high frequency, and for the PWM because of the H_bridge frequency
limit. Figure V-5 shows the corresponding clock divider VHDL block.

........................................................

— clk clock_ouwt |—

........................................................

Figure V-5. Clock divider VHDL block

V.1.5 Seven segment display block:

The task of this block is to display the speed of the motor data provided by the ADC in the
seven segment display of the FPGA board. Figure V-1 shows the corresponding seven
segment display VHDL block.

Dizplay
— | Clk o Segment_1[5..0) —
| Binary MumT..0] o Segment_2[5..0) —

Figure V-6. Seven segment display VHDL block.

Then, all the previous VHDL blocks are Integrated in the FPGA board and connected between
them to implement the controller software. The controller software embedded within the
Altera DE2 board calculates the required duty cycle and generates the PWM signals for the
H_bridge driver through the PWM block using the PID algorithm implemented in the PID
block. The speed of the DC motor is maintained at the selected reference. The interconnection
between the different blocks is shown in figure V-7.

47



NEUT.

Clock_Divid

thock_outi
thock_out?

-

Wik

N P25

REFERENCE[T.0]  DAC DATAFT.J]

REFERENGEL.J]

ch

DAC_DATAT.]

Ve

FWM_out

PN D25
P12
I £26
AN EZ5
I F24

A 23

Chisd

121

PN J20 b [P b

_________ Curent_ Dty

_________ BN_N12
AN_P18
AN G23
AN_G24
AN K2
AN_G25
AN_H23
AN_H24

ADC_DATAT.0] ADC_DATA[T.0]
— CLK ——1 CLK
g RN B DR RS SRR R R RO S DR EE LR SRR R R R R ARSI
_____________ i e
_____________ “ 400 sk L T g
e Do) e 1 il AL e
......... oo e S PNABIZ [
S N revesernm ALY ROIRISTREREOEN! M NACIZ |0
s LW e e BNADH [
U__nj }P-c_w ............................................. BIAET) | .o
BOC Dol ] o o DA |
0_ifr.0) o NV
s (el | AT
_________________________ { Bary_Mom(7.0)  o_Segment 2.0 BNV
- u o N
e INYR e
T BNAAZE | oo
T AR | L
e TAR |

Figure V-7. VHDL blocks interconnection.
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V.20ff board design:

V.2.1 The actual speed and current acquisition:
The speed of the DC motor and the armature current need to be converted into electric voltage
in order to be manipulated. For the motor speed, a tachogenerator can be used to convert the

speed, which is a mechanical quantity into an electrical quantity that is voltage.

In the same way, the armature current of the DC motor needs to be converted to a voltage,
because the input of the next stage (analog to digital converter) has to be voltage, therefore a

current transducer is needed.

The most simple and economic current transducer is a shunt resistor, the voltage across the
resistor is function of the current flowing through it. However, adding an external resistor can
affect the parameters of the motor. Consequently, the controllers will be affected and the

control system response will change.

The solution is to use a Hall Effect current transducer such as the LA 25-P, which has an
excellent accuracy, the current in the primary is proportional to the current in the secondary.
The current that flows in the primary of the Hall Effect sensor is the armature current. The
secondary current must be passed through an external measurement resistor so that the voltage

across the resistor is function of the armature current, this resistor is selected such as:

R, = Ure \nhere Vrer is the reference voltage given to the ADC chip and I, is the rated

_Ir

armature current of the motor.

V.2.2 Analog to digital conversion:

The actual speed and armature current of the DC motor are in analog form. Therefore, they
need to be converted to digital form using an analog to digital converter to perform further
applications.

In our design, two ADCO0808 analog to digital converters were used. One for the speed and

the other for the armature current. For the speed, the V,..r, and V,..,_ values is set to V;,,, and

OV respectively where 1,,,,, is the maximum voltage obtained from the tachogenerator which

corresponds to the base speed.

For the armature current, the V,..r, and V,.r_ are set to V4, and OV respectively where

Vnax = Ir * Ry
Figure V-8 shows the hardware connections.
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H_bridge 1
driver ADCOBOS =

Figure V-8. Hardware system connections.

V.3Hardware implementation:
Our hardware design was based on controlling a 2KW DC motor but during the process of
implementation, we faced a problem, we could not find an H_bridge driver that could support
2KW the only H_bridge that we could find was the L293D integrated circuit. Therefore, we
decided to carry out the implementation using a small DC motor that can be driven by the
L293D driver.
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V.3.1 Experimental setup :

The experimental setup is shown in figure V-10. The three input switches are used to select

the reference speed 25%, 75% and 100% of the base speed. The measured speed and the

armature current are converted to digital data by the ADC chips and fed back to the FPGA
board through the GPIO ports. The DC motor is driven by the L293D H-bridge depending on

the PWM signal coming from the board.

Ve

3 switches
input

EOC_A
DA
DA1

DA2

DA
DA4
DAS
DAG
DB7

EOC_B
DBO
DB

DB2

DB3
B4
DB5
BB
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ADC_CLK
PWM_OUT
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02

03

D4

D5

D&
07

0E

50C

E0C

CLK

IND

L‘_I
o Sl

ADCD308 Voo

FPGA

D2

03

D4

D5

D&

D7

0E

50C

EOC

CLK

IND

ADCOB08

Figure V-9. Experimental setup connections.
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Figure V-9. Experimental setup

V.3.2 Implementation results:

The experiment is conducted to verify the performance of the controller hardware design. The
VHDL design was downloaded into the DE2 FPGA board. A reference speed of 25% of the
base speed was assigned to the input switches. The ADC blocks read the actual speed and
current data from the ADC chips then the PID1 block calculates the control signal for the
PID2 block and the PID2 block calculates the control signal that feeds back the motor through
the PWM block. The motor started running at the reference speed when the actual speed
matches the reference speed as observed from the seven segment display. Then, the same
procedure was repeated for reference speeds of 75% and 100% of the base speed. Observed
equivalent hexadecimal values of the actual speed which is displayed on the seven segment

display and tacho-generator voltage were tabulated in table V-1.
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Table V-1. Result of control system for various reference speeds.

Input switches Reference speed Equivalent HEX value | Tacho-generator
position voltage (V)
000 0% of base speed 00 ov
001 25% of base speed 40 0.8V
011 75% of base speed CO 2.5V
111 100% of base speed FF 3.3V

To show the control system response, the first speed (25% of base speed) is assigned to the
input switches and then a scope is used to plot the waveform of the tacho-generator voltage as

shown in figure V-10.

h'2 couung
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Y

TETIRY {Em—— D——— yrtobod 11 RIS R e 4,Ar,,,.,..,,,,.,l'r.,,,...¢ c-.-{,www««ﬁ_

Cch1' 1.00V © [l 200mV$:“M 1.008 ‘A Ch1 S-40.0
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Cougiina | WAt BAnRai LGl .-'ﬂ'%'%'l'v‘ 0.000 V ‘ ‘€Y

Figure V-10. Measured tacho-generator voltage (speed) vs time.

From the above figure, the result of the control system response showed a noisy behavior.
This is due to the steady state error and also due to the tacho-generator. It can be observed that
the tacho-generator signal is noisy even when the speed was set to zero and the motor was not

revolving.
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General Conclusion

The main objective of this project is to control the speed of a separately excited DC motor; as
seen in this report many methods of controlling the speed and the torque has been discussed

briefly, however, the armature voltage control technique has been presented in details.

The simulation of this control technique has been done on a 2 kW motor. However, the
prototype implementation of the armature voltage technique was carried on a small DC motor

due to the absence of an H-bridge that can support a 2 kW power.

As said previously in the report, controlling the speed and the torque of a DC motor using the
armature voltage controlling method is widely used in the world of electricity and electronics
due to its simplicity and efficiency. In this project, an FPGA board has been used to control
this speed and torque. FPGA has been chosen due to our familiarity with the VHDL, its
robustness and the ease of control.

From this project, we have learnt the difference between implementing and simulating
system, in fact, the difficulties that may be faced during the implementation and the
experiment and hence the challenges we had led us to acquire a wide knowledge of the DC
motors such as their working principle, behaviour with digital controllers and their speed and

torque control.
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Appendix A

The L293D dual H-bridge integrated circuit motor driver.

Top View
1,2EN [] 1 -/ 16 [] Ve
1A ]2 15[] 4A
1Y ] 3 14[] 4Y
HEATSINKAND I [J4 13 ]} HEAT SINK AND
GROUND 1B 12]] I GROUND
2Y [ls 1] 3y
2A [17 10[] 3A
Veeo 18 9[] 3,4EN

Figure A-1. Pin diagram of the L293D H-bridge
The 8-bit analog to digital converter ADC0808.

311 = 28| ] 2
a2 27 [ 1 }?.?.f'f.??
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Figure A-2. Pin diagram of ADC0808
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