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 Abstract 

 

 

Abstract 

 

 

Electric drives have many applications in different areas such as industry, transport, 

agriculture and domestic. The operation of electric drives are selectively regulated and 

made partly or fully automatic to increase the productivity and efficiency of the industry. 

The dc drives still play a significant role in modern industrial drives due to its higher 

performance, reliability, adjustable speed control etc. This project aim is to design and 

implement a speed and current controller for PMDC motor with a high performance. Using 

the chopper as a converter, the speed of DC motor may be controllable. The chopper firing 

circuit may get signal from controller in order to supply variable voltage to the armature of 

the DC motor at the desired speed. The controller consists of two different control loops, 

current control and speed control. The used controller is Proportional-Integral type due to 

its fastness. The current  and  speed  controller  is  designed  by taking into consideration 

the   high  stability even at high speed  control  of  DC   motor.  The simulation of model is 

investigated and analyzed using LABVIEW and Simulink/MATLAB under different speed 

and torque conditions. 
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 Introduction 

Introduction 

 

 

In a modern industrial situation, DC motor is widely used due to the low initial cost, 

excellent drive performance, low maintenance and the noise limit. As the electronic 

technology develops rapidly, it provides a wide range of applications of high performance 

DC motor drives in areas such as rolling mills, electric vehicle tractions, electric trains, 

electric bicycles, guided vehicles, robotic manipulators, and home electrical appliances. 

DC  motors  have  some  control  capabilities,  which  means  that  speed,  torque 

and even direction of rotation can be changed at any time to meet new condition. DC 

motors also can provide a high starting torque at low speed and it is possible to obtain 

speed control over a wide range.  So, the study of DC motor controller is more practical 

significant. 

Control theory is an interdisciplinary area of engineering and mathematics that 

deals with the dynamical behavior of systems.    For controlling a motor in any system,  a  

controller  is  needed  which  is  to  give  input  to  gate  driver.  For motor actuation, the 

microcontroller does not directly actuate the DC motor but it will actuate it through the use 

of a device   known as gate driver.  In this system, PWM amplifier may be used to provide 

variable output voltage for controlling  the  speed  of  the  motor  as well as its direction by 

applying  positive  or  negative  voltage. 
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 Chapter one: Modeling of DC machines 

1.1 Introduction 

A  DC  motor  is  a  machine  that  converts  electrical  energy  into  mechanical  

energy.  The operation is based on simple electromagnetism, i.e. “when a current carrying 

conductor is placed in an external magnetic field it experiences a force which is 

proportional to the current and the external magnetic field”. A  torque  is developed  by  the  

magnetic reaction  and the   armature revolves and this induces a voltage in the armature 

windings which is opposite in direction to the outside voltage applied to the armature, 

when current is passed through the armature of the DC motor, and hence is called back 

voltage or counter EMF. The back voltage rises till it becomes equal to the applied voltage 

as the motor rotates faster. [12] 

1.2 Physical Construction Description 

A very basic permanent magnet PMDC motor is constructed of two main 

components: the armature (rotor) including armature winding and the stator made from 

permanent magnet. The armature rotates within the framework of the stationary part called 

stator. A simple illustration of a dc motor is given in Figure 1. 1. 

Figure 1. 1: Basic dc motor configuration. 

The stator creates a magnetic field. However, the armature winding creates an 

electromagnetic field. The rotor (armature) rotates due to the phenomenon of attracting and 

opposing forces of the two magnetic fields. A magnetic field is generated by the armature 

by sending an electrical current through the coil and the polarity is constantly changed by 

alternating the current through the coil (also known as commutation) causing the armature 

to rotate. The commutator is made up of two semicircular copper segments mounted on the 
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shaft at the end of the rotor. Each terminal of the rotor coil is connected to a copper 

segment. Stationary brushes ride on the copper segments whereby the rotor coil is 

connected to a stationary dc voltage supply by a near frictionless contact. [13] 

1.3 Mathematical Model 

 The goal in the development of the mathematical model is to relate the 

voltage applied to the armature to the velocity of the motor. Two balance equations can be 

developed by considering the electrical and mechanical characteristics of the system. [14] 

1.3.1 Characteristics 

Electrical Characteristics 

The  electrical  equivalent  circuit  of  a  dc  motor  is  illustrated  in  Fig.  1.2. It can 

be represented by a voltage source (𝑉𝑎) across the coil of the armature. The electrical 

equivalent of the armature coil can be described by an inductance (𝐿 𝑎) in series with a 

resistance (𝑅𝑎) in series with an induced voltage (𝐸𝑐) which opposes the applied voltage.  

The  induced  voltage  is generated  by  the  rotation  of  the  electrical  coil  through  the  

fixed  flux  lines  of  the  permanent magnets. This voltage is often referred to as the back-

EMF (electromotive force). [14] 

 

Figure 1.2: Equivalent circuit of PMDC motor. 
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A differential  equation  for  the  equivalent  circuit  can  be  derived  by  using  

Kirchhoff’s voltage law around the electrical loop, or 

𝑉𝑎 = 𝑅𝑎𝑖𝑎 + 𝐿 𝑎
𝑑𝑖𝑎

𝑑𝑡
+ 𝐸𝐶      (1.1) 

Where the motor back EMF, is expressed as follows: 

𝐸𝐶 = 𝐾𝑣𝜔𝑚       (1.2) 

Where: 

𝑖𝑎: The armature current. 

𝜔𝑚: The rotational velocity of the armature, [rad/sec]. 

𝐾𝑣 : Motor voltage constant [v/amp-rad/sec].determined by the flux density of the 

permanent magnets, the reluctance of the iron core of the armature, and the number of 

turns of the armature winding. [14] 

Mechanical Characteristics 

Performing an energy balance on the system, the sum of the torques of the motor 

must equal zero. Therefore, 

𝑇𝑒 − 𝑇𝜔′ − 𝑇𝜔 − 𝑇𝑙 = 0     (1.3) 

Where 𝑇𝑒  is the electromagnetic torque, 𝑇𝜔′  is the torque due to rotationa l 

acceleration of the rotor, 𝑇𝜔 is the torque produced from the velocity of the rotor, and 𝑇𝑙 is 

the torque of the mechanical load. The electromagnetic torque is proportional to the current 

through the armature winding and can be written as: 

𝑇𝑒 = 𝐾𝑡𝑖𝑎      (1.4) 

Where 𝐾𝑡 is the torque constant and like the voltage constant is dependent on the 

flux density of the fixed magnets, the reluctance of the iron core, and the number of turns 

in the armature winding. 𝑇𝜔′ can be written as 

𝑇𝜔′ = 𝐽
𝑑𝜔𝑚

𝑑𝑡
      (1.5) 

Where 𝐽 is the inertia of the rotor and the equivalent mechanical load. The torque 

associated with the velocity is written as 
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𝑇𝜔 = 𝐵𝜔𝑚       (1.6) 

Where 𝐵  is the damping coefficient associated with the mechanical rotational 

system of the machine. [14] 

Substituting eqns. (1.4), (1.5), and (1.6) into eqn. (1.3) then the torque developed by the 

motor is: 

𝑇𝑒 = 𝐾𝑡𝑖𝑎 = 𝐽
𝑑𝜔𝑚

𝑑𝑡
+ 𝐵𝜔𝑚 + 𝑇𝑙      (1.7) 

1.3.2 State Space Representation 

The differential equations for the armature current and the angular velocity can be 

obtained from rearrangement of Eqns. (1.1) and (1.7): 

𝑑𝜔𝑚

𝑑𝑡
=

𝐾𝑡

𝐽
𝑖𝑎 −

𝐵

𝐽
𝜔𝑚 −

𝑇𝑙

𝐽
      (1.8) 

𝑑𝑖𝑎

𝑑𝑡
= −

𝑅𝑎

𝐿𝑎
𝑖𝑎 −

𝐾𝑣

𝐿𝑎
𝜔𝑚 +

𝑉𝑎

𝐿𝑎
      (1.9) 

Which describe the dc motor system. Converting the differential equations (1.8) 

and (1.9) to state space form gives: 

(

𝑑𝑖𝑎

𝑑𝑡
𝑑𝜔𝑚

𝑑𝑡

) = (
−

𝑅𝑎

𝐿𝑎
−

𝐾𝑣

𝐿𝑎
𝐾𝑡

𝐽
−

𝐵

𝐽

) (
𝑖𝑎

𝜔𝑚
) + (

1

𝐿𝑎
0

0 −
1

𝐽

) (
𝑉𝑎

𝑇𝑙
)    (1.10) 

Equation (1.10) is expressed compactly in the form: 

Ẋ = 𝐴𝑋 + 𝐵𝑈     (1.11) 

Where: 

𝑋 = (
𝑖𝑎

𝜔𝑚
); Ẋ = (

𝑑𝑖𝑎

𝑑𝑡
𝑑𝜔𝑚

𝑑𝑡

) ; 𝐴 = (
−

𝑅𝑎

𝐿𝑎
−

𝐾𝑣

𝐿𝑎

𝐾𝑡

𝐽
−

𝐵

𝐽

);𝐵 = (

1

𝐿𝑎
0

0 −
1

𝐽

) ; 𝑈 = (
𝑉𝑎

𝑇𝑙
) 

1.3.3 Block diagrams and transfer functions 

The block diagram of Permanent magnet DC motor is shown in Fig.1.3. 
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Figure 1.3: Block diagram of PMDC motor. 

Taking Laplace transform of equations (1.8) and (1.9) and making initial conditions 

equal to zero, we get: 

𝑖𝑎
(𝑠) =

𝑉𝑎 (𝑠)−𝐾𝑣𝜔𝑚(𝑠)

𝑅𝑎+𝑠𝐿𝑎
     (1.12) 

𝜔𝑚 (𝑠) =
−𝐾𝑡𝑖𝑎 (𝑠)−𝑇𝑙(𝑠)

𝐵+𝑠𝐽
     (1.13) 

In block diagram form, the relationships are represented in figure (1.3) .Then, the 

transfer functions are derived from the block diagram as 

𝐺(𝑠) =
𝜔𝑚(𝑠)

𝑉𝑎(𝑠)
=

𝐾𝑡

𝑠2(𝐽𝐿𝑎)+𝑠(𝐵𝐿𝑎+𝐽𝑅𝑎)+(𝐵𝑅𝑎+𝐾𝑡𝐾𝑣)
   (1.14) 

𝐻(𝑠) =
𝜔𝑚(𝑠)

𝑇𝑙(𝑠)
=

−(𝑠𝐿𝑎+𝑅𝑎)

𝑠2(𝐽𝐿𝑎)+𝑠(𝐵𝐿𝑎+𝐽𝑅𝑎)+(𝐵𝑅𝑎+𝐾𝑡𝐾𝑣)
   (1.15) 

The  PMDC  motor  is  a  linear system,  and  hence  the  speed  response 𝜔𝑚 (𝑠)  

due  to  the simultaneous  voltage  input  and  load  torque  disturbance  can  be  written  as  

a  sum  of their individual responses: 

𝜔𝑚(𝑠) = 𝐻(𝑠)𝑇𝑙(𝑠) + 𝐺(𝑠)𝑉𝑎(𝑠)    (1.16) 

Laplace  inverse  of  equation  (1.16)  gives  the  time  response of  the speed for a  

simultaneous change in the input voltage and load torque. [14] 

1.4 Approach for characterizing a dc motor 

The conventional way  of  characterizing  a  dc  motor  is  to  perform  a  separate 

test for each parameter, but this is not only time consuming, but can yield misleading 

results if the parameters are measured under static or no load conditions. So, other methods 

have been developed get accurate parameters need for good controlling.  There are various 



 

 
7 

 Chapter one: Modeling of DC machines 

methods such as Pasek’s frequency response, pseudo inverse and nonlinear least square 

method. [15] 

Pasek’s method is one of the earliest techniques used in parameters identification of 

dc motors. It determines a high-performance dc motor’s mode model type and all the 

model parameters based only on the current response of the machine to a step input of 

armature voltage along with the steady state speed. But this method can introduce some 

instrumentation problems. The technique requires an accurate reading of two points of 

transient waveform, which can be difficult to do in presence of noise. Also this method 

measures a few points on the current time response curve making it is very sensitive to 

current commutation noise, which renders the method in accurate for low cost dc motors 

widely used in our industry. [15] 

An alternative method to Pasek’s method is the frequency response method for 

determining the parameters of high performance dc motors. This method has the following 

features: 

  1. All significant motor parameters are determined at once in a dynamic and loaded 

condition. 

2. No nonelectrical measurements are required (such as speed in Pasek’s method). 

3. Results are averaged out to minimize errors caused by noise. 

4. Sophisticated instrumentation is not necessary. 

5. The approach is readily adaptable to automatic testing. 

Frequency  response  method  determines  the  parameters  of  high  performance  

dc motors  by treating a second order motor model as an electrical impedance (RLC 

circuit), and by tuning the values  of  RLC  circuit  elements  to  match  the  response of  dc  

motor  and  by  some  relations  the parameters of dc motor are calculated. [15] 

This method uses an AC signal with specific frequency about 1kHz. Unfortunately, 

this method is  not  suitable  to  the  power  drivers  used  in  our  experimental  platform;  

sensitivity to  noise  is another reason that discouraged us to utilize this method. [15] 
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The pseudo inverse technique is a method capable of identifying an equivalent 

discrete transfer function of simple systems like motor, thermal system, mass damper 

systems etc. with no zeros(only poles). This method assumes a single input single output 

system and unable to find the dc motor parameters and doesn’t fit our objective. [10] 

Nonlinear least square method is a general approach in identification seeks to 

define an objective function that would reach its minimum. The physical system to be 

investigated is described in terms of parameters, and then, the objective function is 

minimized with respect to the parameters by an iterative procedure. At the minimum of the 

objective function, the values of the parameters describe the real structure of the physical 

system. [11] 

Pattern  search  algorithm  is  another  method  used  in  this  thesis  and  applied 

practically  on  our experimental system. Pattern search is an attractive alternative to the 

genetic algorithm, as it is often computationally less expensive and can minimize the same 

types of functions. Finally, this method can be used to find the motor parameters with less 

error and compare it with previous methods. [11] 

1.5 Applications of DC motors 

Permanent magnet dc motors are extensively used where smaller power ratings are 

required, e.g. in toys, small robots, computer disc drives etc. [16] 

1.6 Advantages and Disadvantages 

1.6.1 Advantages 

The D.C motors have the following main advantages [16]:  

1. For smaller ratings, use of permanent magnets reduces manufacturing cost. 

2. No need of field excitation winding, hence construction is simpler. 

3. No need of electrical supply for field excitation, hence PMDC motor is relatively more 

efficient. 

4. Relatively smaller in size. 

5. Cheap in cost.  
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1.6.2 Disadvantages 

The main disadvantages of D.C motors are [16]: 

1. Since the stator in PMDC motor consists of permanent magnets, it is not possible to add 

extra ampere-turns to reduce armature reaction. Thus armature reaction is more in PMDC 

motors. 

2. Stator side field control, for controlling speed of the motor, is not possible in permanent 

magnet dc motors.  

 

 

http://www.electricaleasy.com/2013/01/armature-reaction-in-dc-machines.html
http://www.electricaleasy.com/2014/01/speed-control-methods-of-dc-motor.html
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 Chapter two: DC chopper 

2.1 Introduction 

The Choppers or DC–DC converters can be operated in either a continuous or 

discontinuous current conduction mode, they can be built with and without electrical 

isolation. [17] 

2.2 Chopper – Definition 

A chopper is a static device that converts fixed dc input voltage to a variable dc 

output voltage directly. [17] 

 A chopper is considered as DC equivalent of an AC transformer since it 

behaves in an identical manner. 

 The choppers are more efficient as they involve in one stage conversion. 

 The choppers are used in trolley cars, marine hoists, forklift trucks and mine 

hauler. 

 The future electric automobiles are likely to use choppers for their speed 

control and braking. 

 The chopper systems offer smooth control, high-efficiency, fast 

response and regeneration. 

 The chopper is the dc equivalent to an AC transformer having continuously 

variable turn’s ratio. Like a transformer, a chopper can be used to step down 

or step up the fixed dc input voltage. 

2.3 Principle of operation 

A chopper is a high speed ON/OFF semiconductor switch. Figure 2.1 shows a 

chopper schematic diagram. It connects source to load and disconnects the load from 

source at high speed. A chopped load voltage is obtained from a constant DC supply of 

magnitude 𝑉𝑠. [18] 
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Figure 2.1: A chopper schematic diagram. 

 
The principle of chopper operation can be explained in figures 2.2 and 2.3. 

Here the SCR (silicon-controlled rectifier) is used as a switch. The SCR can be 

turned ON and turned OFF with the help of triggering circuit and commutating circuit 

respectively. It can be turned on or turned off as desired at very high frequency. 

During the 𝑇𝑂𝑁 period, chopper is in ON condition and load voltage is equal to 

source voltage 𝑉𝑠. 

Figure 2.2: Chopper ON condition. 

 

During the 𝑇𝑂𝐹𝐹 period, chopper is OFF condition, load current flows through the 

freewheeling diode FD. 

Figure 2.3: Chopper OFF condition. 
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As a result, load terminals are short circuited by freewheeling diode FD. Thus the 

load voltage is zero during 𝑇𝑂𝐹𝐹 period. 

In this manner, a chopped DC voltage is produced across the load terminals. The 

average voltage is given as follows: 

𝑉𝑜 =
𝑇𝑂𝑁

𝑇𝑂𝑁+𝑇𝑂𝐹𝐹
𝑉𝑠 =

𝑇𝑂𝑁

𝑇
𝑉𝑠 = 𝛼𝑉𝑠   (2.1) 

Where:  

                                      𝛼 =
𝑇𝑂𝑁

𝑇
    Is the duty cycle and   𝑇 = 𝑇𝑂𝑁 + 𝑇𝑂𝐹𝐹. 

 
The above equation shows that, the load voltage is independent of load current and 

it is clear that the load voltage depends on two factors the supply voltage and the duty 

cycle of the chopper. Since the supply voltage is constant, load voltage is governed by the 

duty-cycle of the chopper. In other words, the load voltage is dependent on two factors 

𝑇𝑂𝑁 and  𝑇𝑂𝐹𝐹 . Hence it is concluded that the average load voltage can be controlled by 

varying the value of 𝑇𝑂𝑁  and of 𝑇𝑂𝐹𝐹   in the following two ways [18]:  

1.  Varying 𝑇𝑂𝑁 and keeping the periodic time T constant. This is called constant frequency 

system. 

2. Variable frequency system. i.e., Keeping either 𝑇𝑂𝑁  constant and varying 𝑇𝑂𝐹𝐹   or 

keeping 𝑇𝑂𝐹𝐹  constant and varying  𝑇𝑂𝑁. 

2.4 Classification of choppers 

Depending upon the direction of the output current and the polarity, the converters 

can be classified into five classes namely [17]: 

 Class A: One-quadrant Operation (1st quadrant only). 

 Class B: One-quadrant Operation (2nd quadrant only). 

 Class C: Two-quadrant Operation (1, 2 quadrants only). 

 Class D: Two-quadrant Operation (1, 4 quadrants only). 

 Class E: Four-quadrant Operation (All four quadrants). 
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2.5 Class E chopper operation 

It is a four quadrant chopper (i.e., it operates in all 4 quadrants of the 𝑉𝑜. 𝑖𝑜 plane 

shown in figure 2.4. The load current and load voltage can be both positive and negative.  

Positive Load Current so that Current flows from source to load and Negative Load 

Current so that Current flows from load to source. [19] 

Figure 2.4:  𝑉𝑜. 𝑖𝑜 plane. 

 

When the chopper operates in the first and third quadrants, the motor receives 

energy and the motor operates in the driver mode. 

When the motor operation is in second and fourth quadrant power is fed back to the 

supply and the motor operates in braking mode. 

The four quadrant operation of class E chopper system can be achieved by means of 

two quadrant. Choppers may be connected as shown in figure 2.5. In class E chopper the 

load is active (i.e., Motor load). The motor's direction of rotation can be reversed without 

reversing the polarity of its excitation. [19] 
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Figure 2.5: A four-quadrant chopper circuit. 

 

In the circuit diagram, T1, T2, D4 and D3 constitute chopper-1 and chopper-2 

consists of T4, T3, D1 and D2. 

2.5.1 First quadrant operation 

Figure 2.6: First quadrant operation with positive voltage and current in the load. 

 
In first quadrant forward motoring or rectifying operation will happen. Here switch 

(SCRs) T1 and T2 are turned ON. 

Now the voltage across the motor 𝑉𝑜 = 𝑉𝑠 =supply voltage and load current𝑖𝑜starts 

to flow then both 𝑉𝑜 and 𝑖𝑜 are in positive direction and the load consumes the power from 

the source. When SCR T1 is turned OFF, the load current Io freewheels through T2, D4 as 

shown in figure 2.7. Inductance L stores energy during the time T2 is ON. Thus both 

𝑉𝑜 and 𝑖𝑜 controlled to be in positive and thus in first quadrant. [19] 
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Figure 2.7: first-quadrant operation with zero voltage across the load. 

 
2.5.2 Fourth quadrant operation 

When the SCR T2 is turned off, the inductance forces the current through D3 and 

D4. This current flows through the supply 𝑉𝑠. i.e., the energy is fed back to the supply. 

Note that at this moment, the (𝑉𝑜 = 𝐿
𝑑𝑖

𝑑𝑡
) is more than the supply voltage 𝑉𝑠. Here 

load voltage is negative but load current is positive leading to the chopper operation in the 

fourth quadrant. [19] 

Figure 2.8: fourth–quadrant operation of chopper. 
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2.5.3 Third quadrant operation 

Figure 2.9: Increasing load current mode. 

 

To reverse the direction of rotation of the motor, T3 and T4 are turned ON. Polarity 

of load voltage 𝑉𝑜 reverses and the current flow is also reversed Therefore the operation is 

in the third quadrant. 

Now the T3 is turned OFF, but T4 remains ON. 

To maintain the current in the same direction inductance generates voltage and 

𝑖𝑜 flows in the same direction through D2 and T4 (freewheeling). 

With T4 ON reverse current flows through L (Inductance L stores energy during the time 

T4 is ON), T4, and D2. [19] 

Figure 2.10: Decreasing load current mode. 

 
2.5.4 Second quadrant operation 

When T4 is turned OFF, the inductance forces load current through D1 and D2.  

This current flows through supply. Because (𝑉𝑜 = 𝐿
𝑑𝑖

𝑑𝑡
) is more than the supply voltage 𝑉𝑠 

so the energy is fed back to the supply. As load voltage 𝑉𝑜 is positive and load current 𝑖𝑜 is 

negative then it is second quadrant operation of chopper. [19] 
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Figure 2.11: Second-quadrant operation with negative. 

 
2.6 Applications of choppers 

Choppers are used for DC motor control (battery-supplied vehicles), solar energy 

conversion, wind energy conversion, electric cars, airplanes and spaceships, where 

onboard-regulated DC power supplies are required. In general, Chopper circuits are used as 

power supplies in computers, commercial electronics, and electronic instruments. [17] 

Now the motor is said to be in reverse regeneration operation (i.e. regeneration in 

reverse direction). [17] 
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3.1 Introduction 

Motor control is a very old field but interesting development has been done recently 

by making the use of digital technology for motion control. Sophisticated motor controllers 

are being used for wide range of application for much complex and accurate motion control.  

The function of a DC motor speed controller is to take as an input a signal 

representing the desired speed and to drive a motor at that speed. The controller may or 

may not measure the speed of the motor to use it as a feedback for the purpose of error 

reduction. If it does so, it is called a closed loop system else an open loop system. [1] 

3.2 Open loop structure 

Open loop system is a type of control system in which uses only the current state as 

well as its model of the system for computing its output. It is controlled directly, and only, 

by an input signal, without the benefit of feedback. The basic units of this system are a 

transducer, an amplifier, a controller and the plant. It starts with a subsystem called an 

input transducer, and this transducer convert the input signal in the form that can be used 

by the controller. The amplifier  receives  a  low- level  input  signal  from  the  transducer  

and  amplifies   it enough  to drive the plant to perform the desired job. 

The  distinguishing  characteristic  of  an  open-loop  system  is  that  it  cannot  

compensate  for  any disturbances that add to the controller's driving signal (Disturbance 1 

in figure 3.1). 

Open-loop control systems are not as commonly used as closed-loop control 

systems because they are less accurate. [7] 

 

Figure 3.1: Open loop control system. 
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3.3 Closed loop control structure 

A closed- loop control system is one which determines an input forcing function in 

part by the system response. Then, it compares the measured response of a physical system 

to the desired response. Actions will be initiated by the difference between the two 

responses to make the actual response of the system approach the desired response.  Hence, 

the difference signal drives towards zero. Basically closed loop systems use two 

transducers. One transducer convert the input signal to a form that can be used by the 

controller and the other one measure the output response of  the plant and convert it into a 

form that can be used by the  controller.  

These systems measures the output response and then it provides the measurement 

result through a feedback path to the input where the output is compared with respect to a  

desired response and this error signal is then used to drive the plant via an actuating signal 

provided by the controller. 

Closed- loop  systems, then  have  the  obvious  advantage  of  greater  accuracy  

than  open loop systems. They are less sensitive to noise, disturbances and changes in the 

environment. Transient response and steady-state error can be controlled more 

conveniently and with greater flexibility in closed- loop systems, often by a simple 

Adjustment of gain (amplification) in the loop and sometimes by redesigning the controller. 

[7] 

 

Figure 3.2: Closed loop control system. 
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3.4 Cascade control structure 

A cascade control structure such as that shown in figure 3.3 is used. The cascade 

control structure is commonly used for motor drives because of its flexibility. It consists of 

distinct control loops; the innermost current loop and the outer speed loop.  

Cascade control requires that the speed of response increases towards the inner loop, 

with the current loop being the fastest .The cascade control structure is widely used in 

industry. [3] 

 

Figure 3.3: Cascade control of motor drive. 

3.5 Performance of a control system 

It describes how well the output tracks a change in the reference input. Frequently, 

the performance characteristics of a control system are specified in terms of the transient 

response to a unit-step input, since it is easy to generate and is sufficiently drastic (If the 

response to a step input is known, it is mathematically possible to compute the response to 

any input). 

In specifying the transient-response characteristics of a control system to a unit-step 

input, it is common to specify the following and are shown graphically in figure 3.4: 

1. Delay time, 𝑡𝑑: The delay time is the time required for the response to reach half the 

final value the very first time. 
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2. Rise time, 𝑡𝑟: The rise time is the time required for the response to rise from 10% to 

90%, 5% to 95%, or 0% to 100% of its final value. For underdamped second order systems, 

the 0%to 100% rise time is normally used.  

3. Peak time, 𝑡𝑝: The peak time is the time required for the response to reach the first peak 

of the overshoot. 

4. Maximum (percent) overshoot, 𝑀𝑝 : The maximum overshoot is the maximum peak 

value of the response curve measured from unity.  If  the  final  steady-state  value  of  the  

response  differs  from unity, then it is common to use the maximum percent overshoot, 

The  amount  of  the  maximum (percent)  overshoot  directly  indicates  the  relative  

stability  of  the system. 

5. Settling time, 𝑡𝑠: The settling time is the time required for the response curve to reach 

and stay within a range about the final value of size specified by absolute percentage of the 

final value (2%or 5%). The settling time is related to the largest time constant of the 

control system which percentage error criterion to use may be determined from the 

objectives of the system design. 

The time-domain specifications just given are quite important, since most control 

systems are time domain systems; that is, they must exhibit acceptable time responses. 

(This means that, the control system must be modified until the transient response is 

satisfactory). [4] 

Figure 3.4: Unit step response curve showing  𝑡𝑑 , 𝑡𝑝 , 𝑡𝑟 ,𝑀𝑝  𝑎𝑛𝑑 𝑡𝑠. 
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3.6 Generation of PWM 

PWM technique  is  widely  used  in  many  applications  where  we  want  to  feed  

our system in pulses, it is used in the control of the speed of a dc motor by varying the 

average voltage fed to it, this is done through varying the duty cycle of the signal over the 

full range. 

The term duty cycle describes the proportion of on time to the period of signal. 

Duty cycle is expressed in percent: 

𝐷𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 =
𝑂𝑁 𝑇𝐼𝑀𝐸

𝑃𝐸𝑅𝐼𝑂𝐷
∗ 100%                                              (3.1) 

There is a carrier signal and a modulating signal, these two signals are compared 

using comparator, when the saw tooth voltage (triangle) rises above the reference voltage 

the output is high so the switch is turned on. However, if it is below the reference voltage 

the output will be zero hence the switch will be turned off, as in Figure 3.5. [8] 

Figure 3.5: PWM Analog Generation method. [8] 

3.7 PID Controller 

A PID Controller algorithm involves a parallel combination of proportional integral 

and derivative   control.  The Proportional term determines how the   controller   responds 

to an existing error, the Integral term determines the response based upon sum o f recent 

errors and finally derivative term determines the response of the controller, based on the 

rate of change of the error. The weighted sum of all the actions is then used to adjust the 

process via a final controlling element such as PWM Generator. [8] 
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Figure 3.6: Block diagram of PID controller. [8] 

3.7.1 Proportional term 

The proportional gain changes the output in such a way that the change is 

proportional to the existing error. The proportional term is given by [8]: 

ƿ𝑜𝑢𝑡 = 𝐾𝑝𝑒(𝑡)     (3.2) 

Where: 

ƿ𝑜𝑢𝑡  : Proportional output. 

Kp: Proportional gain, a tuning parameter. 

e(t): Error= SP-PV(t)  is the error (SP is the set-point, and PV(t) is the process variable). 

t : the time or instantaneous time (the present). 

3.7.2 Integral term 

The integral term makes a change to the output that is proportional to both the error 

magnitude and the  error  duration;  the  error  is  accumulated  over  the  time  and  this 

error  is  then  multiplied  by  a constant  known  as  integral  gain  and  then  it  is  added to  

the  controller output;  the  integral  term  is given by: 

𝐼𝑜𝑢𝑡 = 𝐾𝑖 ∫ 𝑒(𝜏)𝑑𝜏
𝑡

0
     (3.3) 

Where: 

𝐼𝑜𝑢𝑡  : Integral output. 

Ki: Integral gain, a tuning parameter. 

𝑒(𝜏) : The Error. 

t: Time or instantaneous time. 

τ: The variable of integration (takes on values from time 0 to the present t). 
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The  integral  term  reduces  or  even  completely  eliminates  the  steady state  error  

and  reduces  the response time for a change in error but it can cause the output of the 

controller to overshoot the set point value. [8] 

3.7.3 Derivative term 

The  derivative  term  is  calculated  by  determining  the  slope  of  the  error  with  

respect  to time  and multiplying the derivative gain 𝐾𝑑 with the rate of change of error.  

The derivative term is given by: 

𝐷𝑜𝑢𝑡 = 𝐾𝑑
𝑑

𝑑𝑡
𝑒(𝑡)     (3.4) 

Where: 

𝐷𝑜𝑢𝑡  : Derivative term of output. 

𝐾𝑑 : Derivative gain, a tuning parameter. 

e(t): Error= SP-PV(t)  is the error (SP is the set-point, and PV(t) is the process variable). 

t: Time or instantaneous time. 

To  calculate  the output  of  the  PID  Controller  the  proportional,  integral  and  

derivative  terms  are summed together. [8]  

Let u(t) be the controller output, then the final form of the PID algorithm is: 

𝑝𝑖𝑑𝑜𝑢𝑡 = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝜏)𝑑𝜏 + 𝐾𝑑
𝑑

𝑑𝑡
𝑒(𝑡)

𝑡

0
   (3.5) 

3.8 Controllers design 

The overall closed- loop system of DC motor drive is shown in figure 3.7, the 

design of control loops starts from the innermost (fastest) loop to the outer (slowest) loop. 

The reason to proceed from the inner to the outer loop in the design process is that the gain 

and time constants of only one controller at a time are solved, instead of solving for the 

gain and time constants of all controllers simultaneously. [2] 
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Figure 3.7: Block diagram of the DC motor drive. [20] 

In some applications such as traction application, the motor drive need not be speed 

controlled but may be torque controlled. In that case, the current loop is essential and exists 

regardless of whether the speed control loop is going to be closed. The performance of the 

outer loop is dependent on the inner loop; therefore, the tuning of the inner loop has to 

precede the design and tuning of the outer loop. [2] 

Current and speed controllers 

The current control loop: it is shown in figure 3.8. 

Figure 3.8: Current-control loop. [20] 

The open loop gain transfer function is, 

𝐺𝐻𝑜𝑙 (𝑠) = {
𝐾1 𝐾𝑐𝐾𝑟 𝐻𝑐

𝑇𝑐
}

(1+𝑠𝑇𝑐 )(1+𝑠𝑇𝑚)

𝑠(1+𝑠𝑇1 )(1+𝑠𝑇2)(1+𝑠𝑇𝑟)
   (3.6) 

Where: 

𝑇1, 𝑇2 : Electrical time constant of the motor. 

𝐾1 : Motor gain. 

𝐵𝑡  : Total friction co-efficient in N-M/ (rad/sec). 

𝐽 : Moment of inertia. 
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𝐾𝑐  : Current controller gain. 

𝑇𝑐 : Current controller time constant. 

𝐾𝑟  : Converter gain. 

𝑇𝑟 : Converter delay time. 

From the open loop gain, the system is 4th order (due to 4 poles of the system) then 

if designing without computers, simplification is needed. 

𝑇𝑚  Is in order of one second and in the vicinity of the gain crossover frequency, we 

see that the following approximation is valid: 

(1 + 𝑠𝑇𝑚) ≅ 𝑠𝑇𝑚     (3.7) 

And by making 

𝑇𝑐 = 𝑇2      (3.8) 

Then the final open loop gain function: 

𝐺𝐻𝑜𝑙 (𝑠) ≅
𝐾

(1+𝑠𝑇1)(1+𝑠𝑇𝑟)
    (3.9) 

Where 

         𝐾 =
𝐾1𝐾𝑐 𝐾𝑟𝐻𝑐 𝑇𝑚

𝑇𝑐
      (3.10) 

The system is now of 2nd order and from the closed loop transfer function: 

𝐺𝑐𝑙(𝑠) =
𝐺𝐻𝑜𝑙(𝑠)

1+𝐺𝐻𝑜𝑙 (𝑠)
     (3.11) 

The closed loop characteristic equation is: 

(1 + 𝑠𝑇1)(1 + 𝑠𝑇𝑟) + 𝑘     (3.12) 

By comparing the system characteristic equation with the standard 2nd order system 

equation: 

𝑠2 + 2𝜁𝜔𝑛 + 𝜔𝑛
2     (3.13) 

So that we can easily design the current controller. [2][20] 

The speed control loop: 

To design the speed loop, the 2nd order model of current loop must be replaced 

with an approximate 1st order model to reduce the order of the overall speed loop gain 

function by adding 𝑇𝑡  to 𝑇1: 
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 𝑇3 = 𝑇𝑟 + 𝑇1                                       (3.14) 

Then 

𝐼𝑎 (𝑠)

𝐼𝑎
∗ (𝑠)

=

𝐾𝑐𝐾1𝐾𝑟 𝑇𝑚
𝑇𝑐(1+𝑠𝑇3 )

1+
𝐾𝑐 𝐾𝑟𝐾1𝐻𝑐 𝑇𝑚

𝑇𝑐 (1+𝑠𝑇3)

=
𝐾𝑖

(1+𝑠𝑇𝑖 )
    (3.15) 

Where: 

  𝑇𝑖 =
𝑇3

1+𝐾𝑓𝑖
      (3.16) 

𝐾𝑖 =
𝐾𝑓𝑖

𝐻𝑐 (1+𝐾𝑓𝑖 )
      (3.17) 

𝐾𝑓𝑖 =
𝐾1𝐾𝑐 𝐾𝑟𝐻𝑐 𝑇𝑚

𝑇𝑐
     (3.18) 

1st order approximation of current loop used in speed loop design. 

If more accurate speed controller design is required, values of 𝐾𝑖 and 𝑇𝑖 should be obtained 

experimentally. 

FIGURE 3.9: Simplified block diagram of the DC motor drive. [20] 

 

Assume there is a unity feedback: 

𝐺𝜔(𝑠) =
𝐻𝜔

(1+𝑠𝑇𝜔 )
= 1      (3.19) 

The open loop gain function will be: 

𝐺𝐻(𝑠) = {
𝐾𝐵 𝐾𝑠 𝐾𝑖

𝐵𝑡 𝑇𝑠
}

(1+𝑠𝑇𝑠 )

𝑠(1+𝑠𝑇𝑖 )(1+𝑠𝑇𝑚 )
    (3.20) 

From the open loop gain, the system is of 3rd order. Again If designing without computers, 

simplification is needed. 

Relationship between the denominator time constants in the previous equation: 
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𝑇𝑖 < 𝑇𝑚      (3.21) 

Hence, design the speed controller such that: 

 𝑇𝑠 = 𝑇𝑚      (3.22) 

After simplification, open loop gain function: 

𝐺𝐻(𝑠) ≅
𝐾𝜔

𝑠(1+𝑠𝑇𝑖 )
     (3.23) 

Where: 

𝐾𝜔 =
𝐾𝐵 𝐾𝑠𝐾𝑖

𝐵𝑡 𝑇𝑠
      (3.24) 

The controller is now of 2nd order. 

Again from the closed loop transfer function, the characteristic equation is: 

𝑠(1 + 𝑠𝑇𝑖) + 𝐾𝜔      (3.24) 

By comparing the system characteristic equation with the standard 2nd order system 

equation (3.13), we can easily design the speed controller. [2][20] 
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 Chapter four: System parameters identification 

4.1 Introduction 

After implementing the whole system and acquiring the required signals, it can be 

noticed that the stage of parameters identification of dc motor as well the controller is 

necessary. The DC motor parameters needed to be identified are: 

𝐾𝑔 : Tacho-Generator constant. 

𝐿𝑎 : The inductance of the DC motor. 

𝑅𝑎: The armature resistance of the DC motor.  

𝐾𝑣:  Motor voltage constant. 

𝐾𝑡:  The Motor torque constant. Since the manufacturer‘s data sheet.is not available, it is 

required to measure these constants experimentally. 

4.2 DC motor parameters identification tests 

The setup that we are going to use is shown in figure 4.1. 

Figure 4.1: Setup used for identifying the motor parameters. 

The data are repeated 3 times for more accurate results and given in Table 4.1. 
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Table 4.1: the experimental data of the DC motor. 

Va(V) Ia(A) W(rpm) Vg(V) Va(V) Ia(A) W(rpm) Vg(V) Va(V) Ia(A) W(rpm) Vg(V) 
1.05 0.144 96 0.128 1.05 0.145 80 0.140 1.05 0.147 108 0.149 

2 0.145 300 0.375 2 0.156 288 0.362 2 0.155 312 0.376 
3 0.158 516 0.631 3 0.169 497 0.625 3 0.168 518 0.640 

4 0.164 798 0.909 4 0.176 810 0.892 4 0.168 802 0.902 
5 0.170 1044 1.187 5 0.176 1070 1.203 5 0.178 1052 1.191 

6 0.174 1300 1.478 6 0.177 1328 1.500 6 0.180 1286 1.492 
7 0.176 1650 1.768 7 0.180 1710 1.778 7 0.180 1680 1.790 

8 0.176 1860 2.058 8 0.181 1880 2.080 8 0.181 1876 2.100 
9 0.177 2070 2.345 9 0.182 2055 2.360 9 0.182 2080 2.320 

10 0.178 2288 2.635 10 0.183 2300 2.650 10 0.182 2345 2.689 
11 0.179 2310 2.928 11 0.183 2415 2.943 11 0.184 2450 3.057 

12 0.182 2390 3.231 12 0.184 2495 3.105 12 0.184 2518 3.162 

 

4.2.1 Tacho-Generator constant (𝑲𝒈) 

Using equation (4.1) and the data of the graph shown in figure (4.2), the tacho-

generator constant Kg may be obtained, 

𝑉𝑔 =  𝐾𝑔 𝑊𝑚      (4.1) 

Figure 4.2: plot of the speed (rpm) vs. the tacho-voltage (v). 
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The Tacho-generator constant is represented by the slope of the graph in figure 4.3, 

by using the linear regression of the 3 repeated sets of data obtained and then taking the 

average value, we get: 

𝐾𝑔 = 0.0012 𝑉 𝑟𝑝𝑚⁄      (4.2) 

Or 

𝐾𝑔 = 0.01146
𝑉

𝑟𝑎𝑑/𝑠𝑒𝑐
                            (4.3) 

4.2.2 Motor voltage constant (𝑲𝒗) 

We have:  

𝐸𝑐 =  𝐾𝑣𝑊𝑚       (4.4) 

And at steady state conditions: 

𝑉𝑎 =  𝑅𝑎 𝐼𝑎 +  𝐸𝑐      (4.5) 

Then  

𝑉𝑎 =  𝑅𝑎 𝐼𝑎 +  𝐾𝑏𝑊𝑚     (4.6) 

𝑉𝑎

𝐼𝑎
=  𝐾𝑣

𝑊𝑚

𝐼𝑎
+  𝑅𝑎      (4.7) 

To obtain 𝐾𝑣 we must plot  
𝑉𝑎

𝐼𝑎
  versus   

𝑊𝑚

𝐼𝑎
. 

Figure 4.3: plot of   
𝑉𝑎

𝐼𝑎
  vs  

𝑊𝑚

𝐼𝑎
. 
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Using the same procedure as before the back EMF constant is:  

𝐾𝑣 = 0.0042 𝑉 𝑟𝑝𝑚⁄       (4.8) 

4.2.3 The armature resistance (𝑹𝒂)  

By applying directly the multi-meter on the dc motor terminals we can measure: 

𝑅𝑎 = 8.6 Ω      (4.9) 
 

4.2.4 The armature inductance (𝑳𝒂) 

By applying an AC voltage with 𝑉𝑀𝐴𝑋 = 0.6𝑉. 

Then  𝑉𝑅𝑀𝑆 = 0.424𝑉 ; ƒ = 50𝐻𝑧 ; 𝐼 =  12.3 𝑚𝐴  

Now we have 

𝑍 =
𝑉𝑟𝑚𝑠

𝐼𝑟𝑚𝑠
      (4.10) 

𝑍 = √2𝜋Ƒ2 + 𝑅𝑎
2     (4.11) 

 𝑍 = √𝑥𝑙
2 + 𝑅𝑎

2     (4.12) 

So 

 𝑥𝑙 = √𝑍2 − 𝑅𝑎
2 = √(

𝑉𝑟𝑚𝑠

𝐼𝑟𝑚𝑠
)2 − 𝑅𝑎

2 = √(
0.424

0.0087
)2 − 8.62 = 47.97  (4.13) 

Finally    𝐿 𝑎 =
𝑋𝑙

2𝜋Ƒ
=

47 .97

2𝜋 ∗50
= 0.153 H    (4.14) 

 

4.2.5 The motor torque constant (𝑲𝒕)  

Since   𝐾𝑡 =  𝐾𝑣, so: 

𝐾𝑡 = 0.0042 𝑉 𝑟𝑝𝑚⁄       (4.15) 

 

4.2.6 Motor transfer function T(s)  

The DC motor transfer function is a first order with the form: 

T(s) =  
1

Ra
⁄

1+τs
      (4.16) 

Using The DAQ to acquire the analog signal which is the output of the tachometer. 

So for input voltage 4V we obtain the voltage response graph: 
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Figure 4.4: Tacho-voltage waveform with 4V input voltage using LABVIEW.   

Using LABVIEW, we can export our data to excel so: 

Amplitude = 0.90V → 0.63*0.90= 0.567V. 

Time at 0.567V is 303 so 

𝑡1  =  303 − 300 = 3 

𝐾1 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

0.9

4
= 0.225    (4.17) 

 

For input voltage 8V, we obtain the voltage response graph as illustrated in Fig.4.5. 

 

Figure 4.5: Tacho-voltage waveform with 8V input voltage using LABVIEW.   
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Using LABVIEW we can export our data to excel so: 

Amplitude = 2.08V →  0.63*2.08= 1.310V.  

Time at 1.310V is 72.5 so 

𝑡2  =  72.5 − 70 = 2.5 

𝐾2 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

2.08

8
= 0.260    (4.18) 

For input voltage 12V, we obtain the voltage response graph as illustrated in Fig.4.6. 

 

Figure 4.6: Tacho-voltage waveform with 12V input voltage using LABVIEW.   

Using LABVIEW we can export our data to excel so: 

Amplitude = 3.166V →  0.63*3.166= 1.995V. 

Time at 1.995 V is 142.3 so 

𝑡3 =  142.3 − 140 = 2.3 

𝐾3 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

3.166

12
= 0.264    (4.19) 

So the average time constant is: 

 𝑡𝑎𝑣𝑔 =  
𝑡1+ 𝑡2+𝑡3

3
=  

3+2.5+2.3

3
= 2.6         (4.20) 

Since the sampling rate used in Labview is 50 Hz which means 0.02s, then: 

𝑇𝑎𝑣𝑔 = 𝑡𝑎𝑣𝑔 ∗ 0.02 = 2.6 ∗ 0.02 = 0.052 𝑠    (4.21) 

And the average coefficient K is: 

 𝐾 =
𝐾1 +𝐾2 +𝐾3

3
=

0.225 +0.260+0.264

3
= 0.250      (4.22) 
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Then the transfer function will be: 

𝑇(𝑠) =
0.250

1+0.052 𝑠
     (4.23) 

4.2.7 Motor inertia (𝑱𝒎) 

Motor rotor inertia can be measured as follow: 

Inertia [kg. m2] =
acceleration  torque [A.rad/s^2]

acceleration [rad /s^2]
   (4.24) 

To do this test it is necessary to measure the acceleration of the motor rotor and the 

acceleration torque of the motor rotor. These two parameters are described as follows: 

1. Acceleration: This parameter is determined by putting a step in voltage into the motor 

winding to bring the motor up to rated speed. The motor will accelerate exponentially. The 

acceleration is a measure of the rate of change of velocity over a period of time. The 

acceleration is therefore the change in velocity for the linear part of the exponential curve 

divided by the time elapsed for the detected rate of change in velocity. 

2. Torque: When the step in input voltage is applied to the motor input, the maximum 

value of current should be noted. This current must be converted to torque. The torque is 

equal to 

Torque [N.m] = amps [A]* KT [(N*m)/A]    (4.25) 

For input voltage 12V, the graph as shown in figure 4.5 

The acceleration is  

 𝛼 =
2.97897 −0.012028

(145−143)∗0.02
∗ 0.01146 = 0.85 𝑟𝑎𝑑/𝑠2   (4.26) 

The acceleration torque is 

 𝛼𝑇 = 0.184 𝐴 ∗ 0.0401 (𝑁.
𝑚

𝐴
) = 0.007378 𝑁. 𝑚                  (4.27) 

 The inertia is 

𝐽 =
0.007378

0.85
= 0.00868 𝐾𝑔.𝑚2                    (4.28) 
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4.3 PID Controller Parameters Identification 

The permanent magnet dc motor supplied by a switch-mode PWM dc-dc converter 

is used in this experimental test. The DC motor parameters as given in table 4.2 are used in 

this test. The speed controller type is PID: 

Table 4.2: The DC motors parameters. 

System parameters value 

𝑅𝑎 8.6 𝜴 

𝐿𝑎 0.153 H 

𝐽𝑚𝑎  0.00868 𝐾𝑔. 𝑚2 

𝐵 0 

𝐾𝑡 0.0042 𝑉 𝑟𝑝𝑚⁄  

𝐾𝑣 0.0042 𝑉 𝑟𝑝𝑚⁄  

𝐾𝑔  0.01146 V/(rad/s) 

 

The whole system with the obtained parameters have been implemented using 

MATLAB, where the PI controller parameters are tuned as illustrated in Figs.4.7 & 4.8 and 

given in Table 4.3. 

Figure 4.7: The Simulink model of the system simulated in MATLAB. 

Figure 4.8: Step response system simulated in MATLAB. 
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Figure 4.9: Simulation of the whole system in MATLAB. 

Figure 4.10: The system response simulated in MATLAB. 

 

Table 4.3: PI controller parameters. 

 

Parameters Value (speed controller) Value (current controller) 

Kp 7.127 0.0016623 

Ki 8.135 0.0223009 
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5.1 Introduction 

Motor control is a very old field but interesting development has been done recently 

by making the use of digital technology for motion control. Sophisticated motor controllers 

are being used for wide range of application for much complex and accurate motion control. 

However development time and the cost factor have increased due to error in design and 

integration which can be detected only when the code is run on the actual hardware. 

5.2 DC motor interfacing with DAQ card: IC L293D 

L293D is a quadruple high current half-H driver for the DC motor, The L293D is 

designed to provide bidirectional drive currents of up to 600mA at voltages from 4.5 V TO 

36 V. All the inputs are TTL compatible. Drivers are enabled in pairs, with drivers 1 and 2 

enabled by 1,2EN and drivers 3 and 4 enabled by 3,4EN. L293D is used to drive the motor. 

Basically the output of the PWM Generator is given to the EN1 pin of the L293D.  

When the PWM Generator output is high it enables the driver. 1A and 2A are two 

inputs; 1Y and 2Y are the outputs. The output terminal of the L293D is connected to the dc 

motor input. When 1A is high and 2A is low the motor will rotate in counter clock-wise 

direction and when the polarity is reversed then the motor will rotate in clockwise direction. 

The pin and the block diagram of L293D IC are shown below: 

 

Figure 5. 1: The block diagram of L293D IC and its function table. 
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5.3 Experimental setup 

5.3.1 DC motor hardware setup 

The DC motor is driven by the driver IC L293D. The following figure shows the 

schematic diagram of the DC motor with IC L293D: 

Figure 5. 2: schematic for showing the interfacing of the DC motor with L293D. 

From the circuit we can see that the motor in connected at terminals 3 and 6 and 

terminals 1.2 and 7 i.e. Enable, A and B are used to control the motor. The output of the 

PWM generator is fed to the Enable input and inputs A and B controls the direction of 

running of the DC motor such that A is low and B is high and the motor turns left in our case. 

5.3.2 The current sensing circuit 

The  armature  current  ‘𝐼𝑎’  must  be  converted  into  a  voltage  before  used  as  a  

feedback  signal,  a differential amplifier have been used to perform this conversion. This is 

illustrated in Fig 5.3. Where: 

𝑉𝑜𝑢𝑡 =
𝑅1

𝑅2
∗ 𝑅5 ∗ (1 +

𝑅8

𝑅9
) = 30𝐼𝑎                                                    (5.1) 
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Figure 5. 3: Differential amplifier and second order filter circuit for interfacing the current. 

Figure 5. 4: Hardware implementation of the differential amplifier and second order filter. 

5.3.3 The Filter circuit Design Procedure 

The speed of the motor is obtained by a Tacho-generator; the interfacing circuit for 

the output of the Tacho-voltage is shown in figure 5.5 Where: 

𝑉𝑜𝑢𝑡 = 𝑉𝑔 ∗ (1 +
𝑅8

𝑅9
) = 2𝑉𝑔                                                 (5.2) 

The feedback signals are connected to DAQ NI USB-6009, which, after that can be 

used to perform the PID-speed controller. 

To design the filter for the Tacho-voltage to be compatible with the DAQ in range of 

0 to 10 v and also to minimize the ripple we set: 
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𝑅6 = 𝑅7 = 𝑅8 = 𝑅9 = 8.2𝐾𝛺      And            𝐶1 = 𝐶2 = 1𝜇𝐹 

So 

𝐹𝑐𝑢𝑡−𝑜𝑓𝑓 =
1

2𝜋𝑅𝐶
= 20𝐻𝑧                                               (5.3) 

And the gain 

 𝐴 = 1 +
𝑅8

𝑅9
= 2                                                        (5.4) 

 

 

Figure 5.5: Second order filter circuit for interfacing the current. 

5.3.4 The PWM circuit Design Procedure 

The output of the NI USB-6009 is fed to the PWM circuit as shown in figure 5.6. 

 

Figure 5. 6: Schematic diagram of the PWM circuit used. 
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We have: 

𝑉𝑜 = 𝑉𝑧+ 2𝑉𝑑                                                            (5.5)  

𝑉𝑎 = (1+
𝑅2

𝑅1
) 𝑉𝑟𝑒𝑓 +

𝑅2

𝑅1
𝑉𝑜                                                (5.6)  

𝑉𝑏 = (1 +
𝑅2

𝑅1
) 𝑉𝑟𝑒𝑓 −

𝑅2

𝑅1
𝑉𝑜                                                (5.7) 

  

 

And the relations: 

𝐹 =
1

4
𝑅2
𝑅1

𝑅𝐶
                                                       (5.8) 

   𝑉𝑏 − 𝑉𝑎 = 𝑉𝑝𝑒𝑎𝑘−𝑡𝑜−𝑝𝑒𝑎𝑘                                          (5.9) 

In this PWM circuit the zener diode that have been used have 4.7 V and the 1N4002 

diode have a 0.7 V, hence: 

𝑉𝑜 = 4.7 + 2 ∗ (0.7) = 6.1𝑉                                    (5.10) 

Figure 5. 7: Hardware implementation of the PWM circuit. 

Now the design procedure: 

The Peak to peak voltage will be seated at 5V (𝑉𝑝𝑒𝑎𝑘−𝑡𝑜−𝑝𝑒𝑎𝑘 = 5𝑉)  and using eq 

(5.6) and eq (5.7), we get: 
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𝑅2

𝑅1
=

𝑉𝑝𝑒𝑎𝑘−𝑡𝑜−𝑝𝑒𝑎𝑘

2𝑉𝑜
=

5𝑉

2∗6.1𝑉
= 0.41   (5.11) 

Now by setting  𝑅1 = 5.1𝐾𝛺 → 𝑅2 = 2.01𝐾𝛺. 

And by setting    𝐹 = 1𝑘𝐻𝑧 → 𝑅 = 610𝛺. 

Now 𝑉𝑟𝑒𝑓  will be adjusted for the desired 𝑉𝑎, in this circuit the reference voltage and 

the frequency can be adjusted independently. 

Figure 5. 8: The output graph of the PWM circuit, yellow for output of PWM 

(square wave) and blue is the triangular wave. 

5.3.5 The LABVIEW software 

The main part of this project is interfacing of LABVIEW with DAQ NI USB-6009. 

The designing block diagram and front panel is developed using LABVEIW software. The 

design is built in order to control the speed of DC motor. 

The controller (PID controller) is implemented in LABVIEW with a reference point 

control as the desired RPM of the motor. The output of the controller which is the voltage of 

the required PWM is fed to the input of the PWM generator. This PWM signal is then given 

as the input at the ENABLE pin of IC L293D. 
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The Block diagram of the virtual instrument for the closed loop PID controller is 

shown in figure 5.9. 

Figure 5. 9: The Block diagram of the VI for the closed loop PID controller. 

 

Figure 5.10 shows the front panel of the virtual instrument for the closed loop PID, 

This panel will shows the user a gauge that indicates the actual speed and a measuring bar 

that the user can choose the desired speed. From this, user is able to monitor the environment 

condition comfortably. 

Figure 5.10: The front panel of the VI for the closed loop PID controller. 
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Duty cycle can be varied from 0-100% by varying the user controlled interactive 

graphical dial on the front panel. The response of the system can be changed by varying the 

gains of PID controller. These VI’s will be burnt in the DAQ NI USB-6009 and interfaced 

with the DC motor. Set point, set by the user will be fed into the PID controller and passed 

on to the DAQ NI USB-6009. PID controller will compare the set point value with the value 

received from the DAQ. DAQ receives this value from tachometer. Tachometer measures 

the revolutions of the DC motor. If the two values are not same, PID controller will try to 

minimize this error and bring the DC Motor to the desired speed. 

Figures 5.11 and 5.12 shows the block diagram and the front panel virtual instrument 

for monitoring the speed, current and torque of the DC motor respectively.  

 

Figure 5.11: VI block diagram for monitoring the speed, current and torque of the DC 

motor. 
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Figure 5.12: VI front panel for monitoring the speed, current and torque of the DC motor. 

 

5.3.6 The over-all setup  

  Hardware and software required for this project and connections are shown in figures 

5.13 and 5.14. 

Figure 5.13: The hardware circuit of the system. 
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The system consists of Hall Effect typed current, torque and speed sensors. Next, all 

this signals are collected and properly sampled by the heart of the system which is the data 

acquisition device. 

Figure 5.14: The hardware setup of the whole system. 

 

The  use  of  signal  conditioning  circuit  is  necessary  to  be  in  the  operating  range  

of  the  data acquisition  device  where  the  signal  is  converted  into  digital  form  and  is  

acquired  by  the software (LABVIEW). 

5.4 Results and discussion 

Various observations were taken for a varied range of inputs (reference rad/s). The 

following table and graph shows the observations: 

Table 5.1: Observation Table for Reference and Observed speed (rad/s). 

Reference speed (rad/s) Output speed (rad/s) 

10 23 

30 41 

50 55 

70 74 

95 92 

100 105 

200 192 
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The results obtained from our current sensing and speed (filter) circuits are shown in 

the below graphs for a different input voltages. 

For an input voltage of 12V: 

Figure 5.15: The current and torque of the DC motor for an input voltage of 12V. 

Figure 5.16: The speed of the DC motor for an input voltage of 12V. 
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For an input voltage of 3V: 

Figure 5.17: The current and torque of the DC motor for an input voltage of 3V. 

 

 

 

 

 

 

 

 

 

 

Figure 5 .18: The speed of the DC motor for an input voltage of 3V. 

 The current of the PMDC motor for an input voltage of 12v is 0.125A and the 

corresponding torque is 0.0053N.m with an overshoot of 4℅ and the corresponding speed is 

260 rad/s. 

 The current of the PMDC motor for an input voltage of 3v is approximately 0.125A 

and the corresponding torque is 0.0046N.m with an overshoot of 7℅ and the 

corresponding speed is 45 rad/s. 
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 The ripple of the torque and speed has been extinguished due the filter action where 

at high speed the frequency of the ripple is high compared to the cutoff frequency of 

the filter. 

 The ripple of the torque is 0.007 because at low speed the frequency of the current 

ripple is low compared to that of the high speed and is closer to the cutoff frequency of the 

filter. 

 The duty cycle can be varied from 0-100% by varying the user controlled interactive 

graphical dial on the front panel. The response of the system can be changed by varying the 

gains of PID controller. 

 The output of the DAQ NI USB-6009 is capable of generating an output voltage 5V 

so controlling the speed of the PMDC motor at full range will not possible and we are limited 

at low speeds. 

 The experimental results under varying reference speed are shown above. The test 

shows good results under all conditions employed during simulation.  
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Conclusion 

 

A brief review of dc drives, choppers, PMDC motors and control theory have been 

presented in this project report. The speed of a dc motor has been successfully controlled 

by using chopper as a converter. Proportional- Integral type based Speed and Current 

controller is used in the closed loop model of DC motor. Initially a simplified closed loop 

model for speed control of DC motor is considered and requirement of current controller is 

studied. Then, a generalized modelling of dc motor is done.  After  that,  a  complete  

layout  of  DC  drive  system  is  obtained.  Then, design of current and speed controller is 

done.  The simulation is achieved using MATLAB and LABVIEW under different   load 

condition, by varying reference speed condition and varying input voltage. The obtained 

results are also studied and analyzed under above mentioned conditions. The model shows 

good results under all conditions employed during simulation such as the proposed PI 

controller gives better performance and less setting time under the variation of speed 

and/or load. 

After succeeding, in the simulation of speed control of DC motor, it is also 

implemented in hardware. In this project, the speed control of DC motor is investigated for 

rated and below rated speed. 
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APPENDIX A: Software description 
1 NI LABVIEW 

NI LABVIEW (Laboratory Virtual Instrumentation Engineering Workbench) is a 

graphical program (G-programming) development environment from National Instruments 

(www.ni.com). Programs written in LABVIEW are called VIs (virtual instruments). 

One advantage of programming in LABVIEW is that we don’t have the overhead to 

write huge codes. Just the function of the different blocks needs to be known. Also, another 

advantage is that it works on ‘Dataflow Programming’ principle, i.e. the output is only 

obtained when all the inputs get their input data. 

LABVIEW consists of two windows called the Front Panel and the Block Diagram. 

1.1 LABVIEW front panel: 

The LABVIEW front panel is the window where, different controls (such as switch, 

knobs, numeric inputs, etc.) and indicators (such as LEDs, graphs, numeric outputs, etc.) can 

be viewed; it can also be called as LABVIEW HMI (Human Machine Interface).  

 

 

 

 

 

 

 

 

 

Figure A.1 Front panel window 

1.2 LABVIEW block diagram: 

LABVIEW block diagram serves as the brain of the program. It contains the 

graphical source code that defines the functionality of the VI. Front panel objects appear as 

terminals on the block diagram. The block diagram basically consists of different functions 

such as mathematical functions, Boolean functions, programming loops, etc.  
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Figure A.2: Block diagram window 

 

LABVIEW program also contains the following three types of pallet which give you 

the options you need to create and edit the front panel and block diagram: 

• Tools Palette: 
 The Tools palette is available on the front panel and the block diagram. A tool is a special 

operating mode of the mouse cursor. When you select a tool the cursor icon changes to the 

tool icon. Use the tools to operate and modify front panel and block diagram objects. 

• Controls Palette: 

 The Controls palette is available only on the front panel. The Controls palette contains the 

controls and indicators you use to create the front panel. 

• Functions Palette: 
 The Functions palette is available only on the block diagram. The Functions palette 

contains the VIs and functions you use to build the block diagram. The figure below shows 

the three types of pallets: 
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Figure A.3: Tools, Controls and function pallets. 

2 Data Acquisition (DAQ)  

Data acquisition is the process of measuring an electrical or physical phenomenon 

such as voltage, current, temperature, pressure, or sound with a computer. The system 

consists of sensors, DAQ measurement hardware, and a computer with programmable 

software. 

So, Data Acquisition is the process of: 

• Acquiring signals from real-world phenomena. 
 

• Digitizing the signals. 
 

• Analyzing, presenting and saving the data. 
 
Lab View software enabled us to acquire data using DAQ board the process block diagram 

is shown in figure A.4 

 

 

 

 

 

 

 

Figure A.4: the process block diagram 
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The parts are: 

1- Physical input/output signals: 

 A physical input/output signal is typically a voltage or current signal. 

2- DAQ device/hardware: 

DAQ hardware acts as the interface between the computer and the outside world. It 

primarily functions as a device that digitizes incoming analog signals so that the computer 

can interpret them. 

3- Driver software and software application: 

Driver software is the layer of software for easily communicating with the hardware. It 

forms the middle layer between the application software and the hardware. Driver software 

also prevents a programmer from having to do register-level programming or complicated 

commands in order to access the hardware functions. 

Application software adds analysis and presentation capabilities to the driver software. The 

software application normally does such tasks as: real-time monitoring, data analysis, data 

logging, control algorithms and human machine interface (HMI). 

3 NI-DAQmax  

Driver software is the layer of software for easily communicating with the hardware. It 

prevents a programmer from having from having to do register level programming or 

complicated commands in order to access the hardware functions. 

The driver software from national instrument are: 

- NI DAQmax  

- NI DAQmax Base. 
The DAQ Assistant, included with NI DAQmax, is graphical interactive guide for 

configuring, testing and acquiring measurement data. 

4 DAQ 6009 board  

NI USB 6009 is a simple and low cost multifunction I/O device from national 
instruments. 

The device is shown in figure 3.4.1 and has the following specifications: 

- 8 analog inputs (14-bit input resolution, 48 ks/s) 
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- 2 analog outputs (12- bit input resolution, 150 ks/s) 
 

- 12 digital I/O 
 

- USB connection, no extra power, supply needed 
 

- Compatible with labview, labwindows/CVI, and measurement studio for visual 
studio.NET  

- NI_DAQmax driver software.  

 

 

 

 

 

 

 

Figure A.5: NI USB 6009. 

4.1 Using NI USB 6009 in LABVIEW 

The DAQmax functions, are used in order to use the NI USB6009 in lab view as shown 

in the figure A.6 

 

 

 

 

 

 

 

 

 

 

 

Figure A.6: DAQmax DATA acquisition palette. 

By dragging the DAQ assistant icon, a block diagram appears in order to select either « 

Acquire signals» or « generate signals ». In the next window the type of the input analog 
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and the appropriate channel from where the data is acquired are selected all these steps are 

shown in figure A.7 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.7: Setting the DAQ Assistant 

In order to acquire the needed data correctly, the DAQ Assistant also allow the user to 

select the acquisition mode, the signal input range, rating frequency and rename the name 

of the channels, as in figure A.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.8: Different setting to record the data 
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In this part we are going to record three analog inputs which are voltage, current and speed 

as explained before, once these parameters are recorded, they will be used to calculate the 

different output powers of the three phase system. 

5 Software implementation 

Figure A.9 shows the structure block diagram of the data acquisition system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.9: Data Acquisition block diagram 

The DAQ 6009 interface is used to record four different signals namely voltage, current, 

speed and torque. In order to obtain the rms voltage and current, the Harmonic distortion 

analyser is used to determine the total harmonic distortion and the fundamental frequency, 

then from the FFT spectrum (Mag-phase).vi the magnitude and the phase at the fundamental 

frequency (V1,I1) are obtained to find the harmonic voltage and the current. 

The revolution per minute (rpm) speed is derived from the conversion of the speed frequency 

to voltage. In the other hand, the static torque is given by the applied force of the generator.
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APPENDIX C: The Hall Effect sensor 

 

Current sensor 

LEM-25P Hall Effect current sensor is a current transducer, used to measure DC, 

AC, pulsed …current with galvanic isolation between the primary circuit (high power) and 

the secondary circuit (electronic circuit). It is also a closed loop sensor.  

 

 

 

 

 

 

Figure C.1: Supply and testing circuits. 

Closed loop sensors amplify the output of the Hall Effect sensor to drive a current 

through a wire coil wrapped around the core. The magnetic flux created by the coil is exactly 

opposite of the magnetic field in the core generated by the conductor being measured 

(primary current). The net effect is that the total magnetic flux in the core is driven to zero, 

so these types of sensors are also called null balance current sensors. The secondary current 

in the coil is an exact image of the current being measured reduced by the number of turns 

in the coil. Passing the secondary current through a load resistor gives a voltage output. 

The closed loop sensor has several more components in addition to the core and Hall 

Effect sensor. The feedback electronics including an operational amplifier and the coil are 

the significant additions. Figure C.2 shows the construction of a typical closed loop sensor. 
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Figure C.2: Construction of a typical closed loop sensor. 

The primary current being measured (Ip) creates a magnetic flux in the core. The core 

is made up of thin pieces of steel stacked together to give high frequency response. The Hall 

Effect sensor in the core gap measures the amount of flux in the core. The voltage output of 

the Hall effect sensor is proportional to the current Ip. The output of the Hall sensor is 

amplified in the compensation electronics. The current output of the compensation 

electronics (Is) creates a second magnetic field in the coil. The magnitude of this secondary 

field is the product of current Is times the number of turns in the coil (Ns). The magnetic flux 

from the secondary coil cancels out the flux from the primary to zero. The system thus 

operates at zero magnetic flux.  

After explaining the principle of the Hall effect current sensor LEM25, we can 

introduce the design methodology. 

 

 

 

 

Figure C.3: Design methodology for current sensing. 




