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ABSTRACT

Vector control technology is used to control induction machines. Modem power 

electronics allow for the operation of inverters to fabricate AC voltages at any amplitude 

and any frequency. With full control of impressed voltage waveforms, a vector controller 

can be used to implement a variety of control approaches for induction machines.

In this thesis, a vector controller is used to regulate the voltage generated by an 

induction generator under output load variation and speed variation. The voltages on 

both the AC and DC buses are maintained for any operating condition. A constant DC 

bus voltage is very useful for generating power because another inverter can be 

connected to the DC bus and generate typical household AC voltage. The DC bus 

voltage is directly controlled by the torque developed by the machine. If the voltage on 

the DC bus decreases, the controller applies more negative torque until this voltage is 

reestablished and similarly if the voltage increases.

If the AC bus voltage is held constant, there are several types of loads that can be 

driven from the induction generator. The frequency of the AC is relatively proportional 

to the speed of the machine. Even though the controller can regulate the voltage of the 

machine, it is impossible to control the frequency due to slip frequency requirements.

In practice, there are several AC loads more sensitive to voltage variation than 

frequency regulation. Some loads that could accept a variable frequency include 

switching power supplies, lighting, heating, or any rectifier system. Although the AC 

voltage on the terminals of the machine is not directly controlled, it is indirectly 

controlled by the flux within the machine. In normal operation, the voltage on the 

terminals is proportional to the product of speed and the machine flux. Therefore, if the 

flux within the machine is inversely controlled to the speed, the terminal voltage would 

be fairly constant.



This thesis explores a vector controller through simulations, and then an experimental 

setup is implemented to validate the strategy. The functionality of the controller is 

evaluated by how well the controller regulates the voltage on the AC and DC buses.
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CHAPTER 1 
INTRODUCTION

1.1 Outline of Each Chapter

The objective of this thesis is to develop a control strategy to maintain an induction 

generator and keep a constant voltage on an AC and a DC bus under load and speed 

variation. There is a vector controllable inverter that connects the AC bus to the DC bus 

and regulates both buses separately. The DC bus voltage is directly regulated by 

controlling the torque generated by the machine. The AC bus voltage is controlled 

indirectly by controlling the flux within the machine. Since the voltage generated by the 

machine is proportional to the product of speed and flux, if the flux is changed inversely 

to the speed the voltage output of the generator will be constant.

In any system that is to be modeled or controlled, dynamical equations are needed to 

simulate the system and to provide a method of control. In Chapter 2, all of the equations 

needed to simulate the induction machine and the controller are developed and explained. 

The fundamentals of mathematical transformations required for vector control are 

explained. The equations for the transformations phase rotation and vector rotation are 

developed. Next, equations needed to model an induction machine are developed so that 

the machine can be simulated. Considering that the experimental setup uses an inverter, 

equations for modeling the inverter are developed so that a realistic simulation can be 

created.
Next, the equations used for each of the controllers tested are developed. The 

controllers simulated include Volts per Hz (V/Hz), Indirect Vector Control (IVC), Direct 

Vector Control Rotor Flux Orientation (DVCRFO), and Direct Vector Control Stator
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Flux Orientation (DVCSFO). A method of calculating the voltage and currents on the 

AC and DC buses is also explained.

After deriving the equations needed, the first step is to simulate the induction machine 

with the feedback controller for voltage control, such simulation is described in Chapter 

3. Before any of the controllers are tested, the induction machine is first tested in a 

transient response and then in open loop control with a V/Hz controller. After it is 

established that the induction machine model is working, speed control is implemented 

using a V/Hz, IVC, and DVCRFO controllers. The next step is to change the control 

parameter to torque control using the IVC, DVCRFO, and DVCSFO controllers. Each of 

the torque controllers are compared and the most efficient controller is chosen and 

implemented to simulate the entire system.

The last simulation study completes the system for the main objective. The voltage 

on the DC bus is controlled to a specific value, and the AC bus is controlled by changing 

the flux inversely to the speed. The regulations of both bus voltages are examined under 

load and speed variation.

The next step in this thesis project was to implement the simulation previously 

described into a real experimental setup. The simulation was followed as closely as 

possible to provide a basis to compare the experimental and simulated systems. In 

Chapter 4, the entire experimental setup is outlined. This includes all of the mechanical, 

electrical subsystems and computer systems.

The mechanical subsystems include the parameters for the AC and DC machines.

The DC machine simulates a wind turbine as a source of mechanical power while the AC 

motor is generating. The other mechanical subsystems include mechanical sensors and 

coupling between the motors.

The electrical subsystems include: power for the circuits, the phase rotation circuit, 

the Sinusoidal Pulse Width Modulation (SPWM) circuit, propagation from the signal side 

to the power side of the circuit, the overcurrent detection circuit, gate driver and IGBT 

module, DC bus circuit, AC bus circuit, and the circuits required for voltage and current
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measurements. Also, the necessary isolation between the signal side of the circuit and the 

power side of the circuit is explained.

The last part of the experimental setup that is explained is the computer systems.

This includes communication with the Data Acquisition (DAQ) card, and a DOS program 

that implements the controller.

Chapter 5 verifies the operation of the experimental setup as well as obtaining results 

from running the controller. Initially, the correct operation of the inverter is verified. 

Then the controller is tested in torque control to show that the controller is working 

correctly. While in torque control, the variable flux controller is tested to show the 

regulation of the AC bus voltage. The next step is to control the voltage on the DC bus. 

After the operation of the AC and DC voltage regulators are verified, both controllers are 

tested together. The results are then obtained, and then both the AC and DC bus 

regulation are examined to determine the effectiveness of the controller.

1.2 Background of Vector Control

Induction machines are the most widely used machines in use today. However, 

induction machines have a few undesirable characteristics. The frequency and voltage of 

the electricity produced is proportional to the speed of the machine. The induction 

machine requires reactive power while running, and the torque-speed characteristics are 

difficult to control.

One of the reasons that separately excited DC motors are popular is that the flux 

within the machine can be controlled independently from the torque. This is because the 

armature current and the field current are on separate circuits. Since the armature current 

and field current are at decoupled, the amount of torque that is generated by the machine 

can be written as [2]:
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TM=kXl ia

Where k is a constant dependent on the DC machine construction, Àf is the field flux, 

and ia is the armature current. The concept of field orientation was proposed by Hasse in 

1969 (Direct Vector Control) and Blaschke in 1972 (Indirect Vector Control), and was an 

attempt to make an induction machine behave similar to the self-excited DC machine. 

Knowing that the torque generated by the induction machine can be expressed as:

TM=k(iqstP dr-ids' r qr)

If the rotor flux on the q-axis is set to zero, the torque generated by the induction 

machine can be expressed as:

T „=kY driqs

Comparing this equation with the torque developed by the DC machine shows that 

the equations are similar. Also, like in a self-excited DC machine, the current and flux 

vectors are decoupled from each other. The torque generated by the induction machine is 

proportional to the flux and the current Iqs. The current IqS can be controlled by

varying the voltage Vqs, and the flux can be changed by varying the voltage VdS.

However, several mathematical equations have to be developed so that this relationship 

holds true.
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CHAPTER 2 

BASIC EQUATIONS

2.1 Introduction

In any system that is to be modeled or controlled, equations are needed to simulate 

the system and to provide a method of control. To utilize vector control, two 

transformations of the variables are necessary to manipulate the variables in the system, 

and to make the values within the model controllable. The first transformation is a 

transformation from three phases to two phases. An induction machine is by definition a 

three-phase system, but the three phases can be represented by two phases to reduce the 

number of variables in the model. The second transformation is to rotate the axes of the 

two-phase system at the speed of the electrical frequency. Therefore, any vector rotating 

at the electrical frequency will appear as a constant value on that frame.

Equations to model the system must be developed from the physics of a typical 

induction machine. Equations are developed from the basic physics of a conductor in a 

magnetic field, and then expanded to an equivalent circuit so that the electrical 

characteristics of the machine can be modeled.

To control or model the machine, equations are developed for four different 

controllers. The first controller is a simple open-loop controller that keeps the ratio Volts 

per Hertz (V/Hz) constant to keep the flux within the machine relatively constant. The 

second controller is called Indirect Vector Control (IVC). This controller calculates the 

slip required, and then adds it to the measured speed of the machine to determine the new 

electrical speed. The third controller is called Direct Vector Control Rotor Flux 

Orientation (DVCRFO). This controller aligns the rotor flux vector with the rotating 

axes. The last controller is called Direct Vector Control Stator Flux Orientation
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(DVCSFO). This controller is very similar to the DVCRFO controller, except that the 

stator flux of the machine is aligned with the rotating axis.

2.2 Phase Rotations

To make the model simpler and faster to run, two revisions are made to the variables 

that the model is using. First, three-phase variables are translated into two-phase. Shown 

in Figure 2.1 is a vector representation to go from as, bs, and cs, to qss and dss. This is 

called the stationary frame.

Figure 2.1. Vector Representation for Movement to the dq-Frame.

The following matrix dealing with phase voltages can show the relation between the 

components on Figure 2.1:

(2 .1)

" v  s ~qs

X s =

1

cos(0) cos(0-12O°) cos(0 + 12O°) 
sin(0) sin(0-12O°) sin(0+12O°)

Vi Yi Yi
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Since the superscript ‘s’ means that the frame is stationary at any angle, 0 is set to 

zero to make the calculations easier. After some simplification, two equations can be 

developed to convert any three-phase system into a two-phase equivalent:

(2.2)
V =v.
V. = (X s-V j

Manipulating the equations slightly, the reverse transformation from two-phase to 

three-phase can also be obtained:

(2.3)

V = V 6as qs

-1V-^yKV + ̂ V*'))

Although the equations were shown using voltages, any three-phase variable can be 

translated from three-phase to two-phase or vice versa using equations (2.2) and (2.3).

2.3 Vector Rotations

The second translation that is used for modeling an induction machine is to go from 

the stationary frame derived above to a rotating or reference frame as shown in Figure 

2.2. This is called the reference frame. The process of going from the stationary frame to 

the rotating reference frame is called Vector Rotation (VR) while the inverse is called 

Inverse Vector rotation (IVR).
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we

-»qs=

Figure 2.2. Vector Representation for Vector Rotation.

The equations that relate the two pairs of axes are simple when using sin/cos 

relationships as follows for VR:

(2.4)
V  = V ^ c o s (8 e ) -V js in (8 e )  

Y t' = V =sm(8e) + VA=cos(0e)

The superscript ‘e’ means that the variable is on the reference frame. However, in all 

future references the superscript ‘e’ is omitted for convenience. As with the phase 

transformations, the process works for any variables. Now, the equations needed for IVR 

are:

(2.5)
\ S = \  cos(8e) + V(fc sin(ee) 

VdsS= -V qs sin(0e) + Vds cos(8e)

Now there are equations that can convert any input from three-phase to two-phase 

and from stationary to rotating and back again.
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2.4 Induction Machines

Induction machines are the most widely used machines in the world. Although in 

the past they have been mostly used in motor applications, there is a rising use as 

generators for supplying power from alternative energy sources.

Induction generators have many benefits over other generators. Synchronous 

machines are very expensive and require an external circuit to provide the magnetic field 

in the generator. Permanent magnet generators suffer from an uncontrollable magnetic 

field that diminishes over time, and DC machines are very expensive to maintain.

One of the main problems with an Induction Generator (IG) is that the magnetic 

field of the IG needs to be supplied by an external source. This is due to the physics of 

an induction machine. The machine uses induction to set up and provide the magnetic 

field within the machine, which requires reactive power whether it is running as a 

machine or a generator.

This reactive power need means that if the IG is connected to the grid, the grid can 

supply reactive power while the generator can supply real power. However, if the IG is 

not on a grid, this reactive power needs to be supplied from a different source. One 

source of reactive power is a three-phase capacitor connected in parallel with the 

machine, which supplies reactive power.

Another source of reactive power a capacitor attached to the DC bus on the inverter 

[4]. This is able to start the machine as long as there is an initial voltage on the capacitor. 

However, a more reliable method of starting the machine is to use a battery on the DC 

bus that can supply voltage until enough the machine generates enough power to supply 

the voltage itself.



10

2.4.1 Physics Behind Induction Machines

Before looking at the equations governing the operation of an induction machine, the 

physics behind it should be understood. Shown in Figure 2.3 is a magnet and also three 

shorted bars. Both the bars and the magnet are moving independently. The magnet is 

moving at a speed Vm, and the bars are moving at a speed Vy. However, Vm > Vb, so the 

relative speed between the bars and the magnet is: Vr = Vm- V b.

A bar moving in a magnetic field creates an voltage (emf) defined as:

(2.6) emf [V] = B[T] • 1 [m] • V[m/s]

Where 1 is the length of the bar, B is the strength of the magnetic field, and V is the 

velocity of the bar. Since voltage is developed on the bars, a current is developed as per 

Ohm’s law as follows:

(2 .7) , [A]=2=£m
R[fi]

So from Figure 2.3:

(2 .8 ) TM1 B[T]-l[m].Vr[m/s]
I[A]= R [n]

Vm
Vb
B
1

Figure 2.3. Basics of an Induction Machine.
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So now there is current created on the bar that is in a magnetic field. Any conductor 

carrying a current in an externally created magnetic field is subject to an induced force, 

the Lorenz’s force, defined as:

(2-9) F[N] = B [T ]x (l[m ]I[A ])

Combining (2.8) and (2.9):

(2.10) F[N] = B [T ]x f l[m] •
V  R[^] J

From equation (2.10), it can be seen that the force created on the bar only depends on 

the relative speed between the magnet and the bars, and the strength of the magnetic 

field. All other variables are held constant. The force is created in the direction of the 

movement.

Now, assume that the bars are formed in the shape of a cylinder as shown in Figure 

2.4. This is the traditional shape for a rotor inside of an induction machine. To have a 

complete induction machine, all that is needed is a magnetic field that rotates around the 

rotor. This is where three-phase power is utilized. If three-phase power is applied to the 

stator in the configuration shown in Figure 2.5, current provided by phase A goes into A, 

and comes out in Ap, phase B current goes into B and comes out in Bp, and phase C 

current goes into C and goes out in Cp.
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Figure 2.4. Squirrel-Cage Rotor.

Figure 2.5. Induction Machine.

When three-phase power is applied to the induction machine in the configuration 

shown in Figure 2.5, the currents applied create a rotating magnetic field. The magnetic 

field rotates at the same speed as the speed of the electrical voltage. Therefore, wm in the 

picture is we. If 60 Hz is applied to the terminals:

(2 11) w„ = w = 2n
rad/s
"Hz"

(60[Hz]) = 367[rad/s]

Now, since the rotor is spinning at a speed of wr, and the magnetic field is rotating at 

wm, so the slip speed is:
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 ̂ ’ Wsl̂ m-Wr

Combining this with the analogy of the bar and the magnet ((2.10) & (2.12)):

(2 13) T, a

If the magnetic field in the machine is held constant, then the torque provided by the 

motor is only proportional to the slip speed. This is not true in practice as other factors 

do effect how much torque is produced. A real induction machine has a torque-speed 

characteristic as shown in Figure 2.6.

0

Figure 2.6. Torque Speed Characteristics of an Induction Machine.

2.4.2 Equations for Modeling an Induction Machine

Even though physics was used to describe how an induction machine operates and 

how the torque is created by the machine, a circuit analysis is actually used in this thesis 

to provide the necessary equations needed to model and control the induction machine.

Shown in Figure 2.7 is a typical per-phase equivalent circuit for an induction 

machine. All components with an ‘s’ subscript are for the stator, while ‘r’ relates to the
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rotor components. Since it is a per-phase equivalent, 6n’ can be replaced by a, b or c. 

The equivalent circuit in Figure 2.7 is not valid for voltages on the reference frame, so a 

new circuit is shown in Figure 2.8 that is correct for the reference frame.

Inr
Rs Lis Llr

+  °— W v
Ins

Vn Rr/sLm

Figure 2.7. Per Phase Equivalent Circuit for an Induction Machine.

qs-axis

Ub

iqs

Lm VqrVqs Tqr

ds-axis

Rs

Vds

w e 'Pqs
A/V'v—

w SLTqr

ids

O-

Rr
— q

idr

Vdr

-O

Figure 2.8. Equivalent Circuit for the Reference Frame.
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Using the circuit shown in Figure 2.8, equations describing the operation of the 

machine can be obtained as follows:

v „ = R ,  + -P*
(2.14) “

Vds=R ,  û + - Ÿ * - w .  -P„

The last term in both of the equations in (2.14) is the speed emf from the rotation of 

the axes. Similarly, equations can also be developed for the rotor of the induction 

machine:

v „  = R, + * *
(2.15) ®

y . = R .  L + f - ^ - w . ,  
dt

The next step in developing equations to model the induction machine is to 

standardize the impedances by choosing a base electrical frequency such that the flux 

linkage can be written as:

F q s = W b T q ,  

F ds = W b ^ d s

F*  = Wb Y*
Fdr=Wb T*

(2'16) S . 'Pqm
F d m = W b ^ d m  

X h  =  w b F ls 

Xir = Wb Fk
X m = W b Lm

where wb = 2ti(60) = 377rad/s
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From Figure 2.8 the currents can be calculated from the values in (2.16) as follows:

F  - F_  qs qm

(2.17)
=

Fds -  Fdm
XIs

F  - F  : _ qf qm
 ̂ x lr 

Fdr ~  F dm1̂ , —
X ,

Now, all of the equations in (2.17) can be substituted for their values in (2.14) and

(2.15) and after some rearranging the following equations are developed for the stator:

(2.18)
F qs =  w b F . - * l (f  - F  )

w  X  qfa'dt

l F* =wb[v‘ +^ - t {F* " F j

And now the equations for the rotor, assuming that the rotor is shorted so the voltage 

is zero:

(2.19)

dtFqr“ “Wb

* F* — Wb

v w b

F ,  - i ( F  - F  )dr Y  V qr qm /

V W b Ir

The only item that is unknown in equations (2.18) and (2.19) are the components of 

the magnetizing flux (Fqm and Fdm). To get equations for these last two unknowns, the 

following relationship is used:
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(2.20)

Rearranging terms:
Fqm -  Xm

(Fqs-Fqm) ,

X,

v  y
F = —isl-F +—̂ -Fqm v  qs Y  qr

(2.21) ^

Fdm=YLFd.+| nlR-

Where:

Llr

(2.22) Xml =
1

v X m Xls Xlr j

Now only two equations are needed to finish the model for the induction machine. 

First, an equation to calculate the torque developed by the machine is needed. The 

general equation for torque is:

(2.23)
2 VW b /

Where P is the number of poles in the machine. Resolving into the rotating reference 

frame gives us:

(2.24)
V w b

r | ( F*. iqr-F»- '*)

Which can also be expressed as:

(2.25) T =
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The last item that needs to be calculated is the speed of the machine. Both wr and wm 

(mechanical) have to be calculated. They can be calculated from basic physics principles 

of rotating masses:

(2.26) Tc-Tl = J ^ l

Where Te is the torque applied by the motor, TL is the counter torque to the 

movement, J is the moment of inertia of the spinning shaft and load, and wm is the speed 

of the shaft in rad/s. The counter torque is assumed to be a viscous friction, so the 

following equation shows the relation between counter torque and angular speed:

(2.27)
Tl = B ^ - =B w m2

T.-Bw „2 = J dWM
dt

Although these equations are shown for the mechanical speed, there is a simple 

relationship between wm and wr:

(2.28) w. w„

Combining equations (2.27) and (2.28) and rearranging for wr:

(2.29) dwr
dt

|) (T e-TL)

This constitutes all of the equations needed to model the induction machine.
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2.5 Inverter Design

In the real hardware design, the method of creating a variable voltage and frequency 

voltage input is through an inverter. A three-phase inverter design is a set of six switches 

where the three upper switches are connected to the positive side of the DC bus, and the 

other three lower switches are connected to the negative side of the DC bus as shown in 

Figure 2.9. In this figure, the switches are being implemented by IGBTs. The diodes in 

Figure 2.9 provide a path for current to flow when the IGBTs turn off.

Three
Phase
Load

o

Figure 2.9. Basic Three-phase Inverter

When the upper IGBTs (HI, H2, or H3) are on, Vdc is impressed on the 

corresponding phase on the output (a, b, or c). When the lower IGBTs (LI, L2, or L3) 

are on, zero voltage is impressed on the corresponding phase on the output (a, b, or c). 

However, these voltages are in terms of the ground on the DC bus, which is ‘o’ on Figure 

2.9. The voltages that are desired are VaN, VbN, and VCNas shown on Figure 2.9. These
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can be easily calculated by considering that the line to line voltages can be calculated as 

such [2]:

X ' '1 -1 o' a
Vu = 0 1 -1 b

X . -1 0 1 c

The relationship between the phase voltages and the line to line voltages can be 

shown by the following considering a balanced load (VaN + VbN + Vcn = 0):

VaN 1 0 -TX '
vbN-00 -1 1 0 Xe

_VcN_ 0 -1 1 X_

Combining equations (2.30) and (2.31) to get the relationship between a, b, and c and 

VaN, VbN, and Vcn gives:

X " "2 -1 -f a
vbN=(X) -1 2 -1 b

X . -1 -1 2 c

To generate the command signals for the IGBTs, Sinusoidal Pulse Width Modulation 

(SPWM) is used. In SPWM, the desired signal is compared to a triangular waveform at a 

higher frequency to output pulses as shown in Figure 2.10. A one on the output of the 

SWPM means that the upper IGBT is turned on (a = Vdc), while a zero means that the 

lower IGBT is turned on (a = 0).
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0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

t i m e  (s)

Figure 2.10. SWPM Output Generation Example.

Three SPWMs are used to drive the inverter in Figure 2.9. When the three SPWMs 

are combined with the inverter, it is now called a SPWM inverter. The inputs to the 

SPWM inverter are the reference voltages Va*, Vb*, and Vc*. The outputs of the SWPM 

inverter are the voltages VaN, VbN, and Vcn. For example, if a balanced three-phase 

reference signal is applied to the SWPM inverter, the outputs of the SWPM inverter will 

be similar to the signal shown in the top of Figure 2.11. The voltage on the DC bus was 

chosen to be 300V , so take notice that the voltage on the output has five distinct voltages, 

2*VdC / 3, Vdc /  3, 0, -V dc / 3, and -2*VdC /  3. This is due to equation (2.32). Based on 

which phases are on determines the voltage on each output phase.

When the output of the inverter is filtered by a low-pass filter at 500Hz as shown in 

the bottom waveform in Figure 2.11, a sinusoidal waveform is obtained. This shows the 

fundamental frequency of the voltage waveform. Considering that an induction
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machine’s response is slow electrically, the machine will respond to the fundamental 

frequency and not to the PWM frequency.

200

100

0

-100

-200
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

t im e  (s)

Figure 2.11. SPWM Inverter Output Voltage Example.

In terms of output voltage, the fundamental component can be determined from the 

following equation:

(2-33) (V)
x /  Fundamental ^

Where m is the modulation factor, and is defined as:

V
REF

(2'34) ^

Where Vref is the peak amplitude of the reference signals (Va*, Vb*, and Vc*) and 

VTri is the peak voltage of the triangular waveform. In the previous example, the
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modulation factor was 1.0 and the fundamental frequency has the amplitude of Vdc / 2 or

150V. In all of the simulations, the triangular wave peak voltage was 1.0, so the 

amplitude of the output voltage is determined by the reference voltage. For example, 

with a reference voltage peak of 0.5V, the peak voltage of the fundamental frequency is

When using this inverter, the output can be configured to output any sinusoidal 

voltage. The fundamental frequency of the output is determined by the reference voltage 

signals. Therefore, if an increase in frequency is needed, the reference voltage frequency 

must increase. The amplitude of the output is proportional to the reference amplitude, so 

an increase in the reference amplitude will increase the amplitude of the output.

2.6 Volts per Hertz controller

The Volts per Hertz (V/Hz) controller is one of the simplest controllers to implement, 

and can be used for control without requiring feedback from the machine. The principle 

behind an open loop V/Hz controller is very simple. The voltage applied to the terminals 

of the machine creates a flux in the machine. The relationship between the voltage and 

flux in electrical terms is:

75V.

(2.35)

Now the voltage is normally in the form of:

(2.36) V =V „T sin(w= t)

So the integral of voltage is:
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(2.37) ¥  = cos(we t)
w.

This shows that the flux amplitude is determined by the amplitude of the voltage and 

the electrical frequency. Therefore, if the quantity V/Hz is held constant, the flux in the 

system is also held constant.

2.7 Vector Control Types

The main reason that vector control was developed was to create a method to 

calculate sin (0e) and cos (0e). In the V/Hz example we was integrated to determine the 

value of 0e. This is fine if you know exactly we. Since this is hard to measure in real 

time, vector control was established to estimate the value of 0e. Having this information 

allows the rotating dq frame in the controller.

2.7.1 Calculating Speed in Vector Control

In Indirect Vector Control (I VC), the speed of the machine is needed to calculate the 

electrical speed, and therefore cannot be estimated. Therefore, a speed sensor is needed 

on the shaft of the machine to determine the speed of the machine. However, Direct 

Vector Control (DVC) calculates the sin(0e) and cos(0e) based on the fluxes within the 

machine, and does not need the speed to be measured on the shaft. Even though the 

controller does not require the speed of the shaft, it is sometimes useful to be able to 

determine the speed of the shaft.

If both the electrical frequency and slip frequency are known, it is possible to 

estimate the speed of the machine by calculating the electrical frequency and adding it to 

the slip speed. In Direct Vector Control Rotor Flux Orientation (DVCRFO), the slip
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frequency of the machine is not calculated so the speed cannot be estimated without 

additional equations. However, in Direct Vector Control Stator Flux Orientation 

(DVCSFO), the slip frequency is calculated by the controller and only the electrical speed 

needs to be calculated. One method of determining the electrical speed is to calculate the 

inverse tangent of the division of sine and cosine. This has many problems including 

numerical instability as well as the function inverse tangent is not continuous.

Another method of calculating the electrical frequency is to start with the definition 

of the angle:

(2.38) 0 = tan 1 qs

Taking the derivative of angle to get speed:

(2.39)

Simplifying and rearranging gives [3]:

(2.40) t o ,

Although in this derivation the stator flux was used to calculate the electrical speed, 

rotor flux can also be used to calculate the electrical speed. The controller DVCSFO 

calculates the slip speed during the simulation, so all that is needed to estimate the rotor
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speed is to use (2.40) to calculate the electrical speed and then add it to the slip frequency 

already calculated by the controller. The speed estimation of the rotor speed using (2.40) 

is accurate and can be used for control aspects within the machine without any 

degradation of the response [6] [7].

2.7.2 Indirect Vector Control (IVC)

The main difference between Indirect Vector Control (IVC) and Direct Vector 

Control (DVC) is the method used to calculate the sin (6e) and cos (6e). The idea behind 

I VC is to use the location of the rotor as shown on Figure 2.12 in pink to calculate the 

angle ee. To develop this angle the following equations are used:

9r = Jw r dt

(2-41) 9e = j*we dt

es, = Jws, at

Now, from the vector diagram in Figure 2.12, 0e can be calculated in the following 

way:

(2.42) Gc=8r+8d

The speed wr can be measured directly from the machine, so all that is left to be 

calculated is wsi.



27

we

+qs

ds

F igure 2.12. V ector Representation of I VC.

An equation to calculate wsi can be developed from the circuit in Figure 2.8. Starting 

with these two equations:

V  + ^  ^  =  0(2.43) dt

^ d r  + R , id, -  w sl Ÿ qr = 0

It is needed to eliminate iqr and idr from the equations in (2.43), so from the definition 

of flux:

(2.44) 'Pqr -  Lm iqs + LR iqr 
^dr -  ids + Lr idr

Solving for iqr and idr in (2.44) and replacing them in (2.43):
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(2.45)

Now force the situation that ¥ r is aligned with the de axis. Therefore vFqr=0 and d/dt 

Tqr=0. Solving the first equation in (2.45) for wsi:

(2.46) w„, =
V T d r y

Z R, X

v^ r y
qs

Solving the second equation for the flux:

(2.47) dT'1'dr

Now, making the assumption that the machine is operating in the constant flux 

region, equation (2.47) becomes:

(2.48) ^ d r  ~  L m  i d s

Therefore, if Ids is held constant, the flux is constant. From equation (2.48), the slip 

speed is directly proportional to Iqs. Since the torque is proportional to the slip, the torque 

is then proportional to Iqs. If the value of Iqs is commanded, the torque developed by the 

machine will also be commanded.
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2,7.3 Direct Vector Control Rotor Flux Orientation (DVCRFO)

Although Direct Vector Control is different than Indirect Vector Control, both control 

a vector that is aligned with the reference frame. I VC and this controller (DVCRFO) 

both align the rotor flux with the de axis. Shown in Figure 2.13 is the vector 

representation for Direct Vector Control Rotor Flux Orientation (DVCRFO). As can be 

seen from the figure, the vector T r has been aligned with the de axis. This is the basis of 

DVCRFO. Other vectors can be aligned with the axis, producing different equations for 

the controller. In the next section, the stator flux is aligned with the de axis.

Knowing that the rotor flux is aligned with the de axis allows for several relationships 

between the variables to be known:

(2.49) N  = J W + W  = V W + W  = v*

Also from Figure 2.13, the relationships of sin (0e) and cos (0e) can determined such:

(2.50)
cos(e«)=l f -

dr

sin(6=)=Ir
dr
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we

+qs

F igure 2.13. V ector Representation for D V CRFO.

Now all that is needed is to determine the values of Yd/ and Y qrs from values that can 

be measured. The circuit shown in Figure 2.8 is used to develop rotor equations:

(2.51)

Also from Figure 2.8:

(2.52) * V = W r Vdr’-R , V

Subtracting ( Lm Rr Iqs s / LR ) , where Lr is (Lm + Lr), from both sides and 

rearranging:

(2.53) l ¥qi- _ ^ ( Ri)iqi. = Wt Vdr- - ^ ( Llti1> L m j,,-)

Equation (2.53) can be combined with equation (2.51) to get:



31

(2-54) V ~ V

Where:

(2.55) Tr = | s -

A similar equation can be derived from the de circuit to obtain:

(2.56) = t f V  -w , V

With an input of the current, equations (2.54) and (2.56) are all that are needed to 

calculate the signals sin (6e) and cos (0e). Now that a method for calculating the sin (6e) 

and cos (0e) are developed, the controller can be developed for DVCRFO to command the 

machine.

2.7.4 Direct Vector Control Stator Flux Orientation (DVCSFO)

Another method of implementing the DVC is to align the stator flux along the de axis 

as shown in Figure 2.14. This is the basis of the controller called Direct Vector Control 

Stator Flux Orientation (DVCSFO). However, the method of deriving the equation for 0e 

is different than the DVCRFO system.
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Figure 2.14. Vector Representation for DVCSFO.

Instead of using the relationships in the Figure 2.14, the equations are derived off of 

the Blaschke equations [7]:

(2.57)
(l + sTR)'Fdr = LMi<,! +o)!lTR'Pqr 

0  + sTR) 'i 'qr = LMiq!-m slTR4'dr

However, the equations in (2.57) are in terms of the fluxes on the rotor, so they must 

be transformed to fluxes on the stator. Using the circuit shown in Figure 2.8:

(2.58)

Also from Figure 2.8:

^qs ~ ^qr “ LLRiqr + LLSiqs

(2.59) Y - iqs qs
M

LS

V

+ 1

Replacing iqr in (2.58) gives:
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(2.60) Y = î ^ 'F  + iqs T qr T  Aqs 
R

LlrLs + LlsLm

Solving for the rotor flux ( tFqr) in (2.60) gives

(2.61) Y = ^ XP - iqr x qs qs 
M

^LR^S + ^LS^M
'M y

Similarly, can be shown as:

(2.62) XI/ -  J k i L v p  _  j 
A dr — T x  ds ds

M

^LR^s + LlsLm

'M y

Using the transformations in (2.61) and (2.62) in the Blaschke equations (2.57) and 

simplifying:

(l + sTR)'Fds= idsA + mSLTRl>i'qs- ^ - i
V l r y

\  r  y

(2.63)

(l + sTR) ¥ qs= iqsy9 -m SLTE

Where:

(2.64)

Using Figure 2.14, the following relationships about the stator flux can be defined:
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(2.65) ¥  =0

Using equation (2.65) in (2.63):

(l + sTR) 'r s = ids/? -m SLTR-5Liq,
R(2.66)

0 = iq s^ -°)SLTR

As can be seen from the equations in (2.66), there is a coupling between the stator 

flux (XFS) and the torque component (Iqs). To decouple these values in the controller, the 

block diagram shown in Figure 2.15 is used.

* £ H p i

idq

D e c o u p le r

i i  ài. 

%  ids

Figure 2.15. Decoupler Circuit.

From the block diagram:

(2.67) ids=pi(s)(Y ;-<i-s)+ i dq

Replacing with the first equation in (2.66) and simplifying:
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(2.68) (1 + *Tr ) = /9(p Ks)('P: -  ^  ^ a i qs
R

To decouple the stator flux (T^) from the torque component (Iqs) the last two terms 

must add to zero, and then solving for the decoupler current ( I d q ) :

(2.69) idq
j

<ySL1qs

The only unknown in equation (2.69) is the slip frequency which can be calculated 

from the second equation in (2.66):

The transient nature of the current I q S is not taken into account, because it has been 

found out that including the transient effect does not significantly improve performance 

[8], so (2.70) becomes:

(2.71) coSL = lq' l 'sl'K
Tr ^ sLr “ a i* )

The inputs to the model are the reference torque (Te *) and reference stator flux ( VFS ).

To determine the value of the reference current I q S since torque and flux are coupled, the 

following relationship is used:

(2.72) Te = ! ! ( 4 V qs- 4 y ds)
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However, 'F qS -  0 due to the controller, so (2.72) can be solved for the current Iqs:

T* 4
(2.73) iq, =

3P

The last information that needs to be known is the angle 0e. This can be calculated 

from Figure 2.14 with the following relationships:

VI/s

sin(0e)=  qs
(2.74) T

ms
cos(6e)=  ^

%

The stator flux on the stationary axis can be calculated from Figure 2.8 as follows [3]:

n  = l ( V ^ -R siL)dt

However, integrals are very unstable and if there is any offset in the signal, the value 

will continue to grow as long as there is an offset. Several methods have been suggested 

to alleviate this problem [11], but the simplest method is to simply use a low-pass filter to 

approximate the integral. This is a very good approximation as long as the frequency 

integrated is more than ten times the comer frequency of the low-pass filter. Rewriting 

both equations in (2.75) as a low-pass filter gives:

(2.76, W ^ S M - R A M )

s + co
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Taking the inverse Laplace transform of both equations and solving for the stator flux 

gives you:

Where o)c is the comer frequency of the low-pass filter. To find (dc the following 

relationship is used:

Where fc is the comer frequency of the low-pass filter and in this simulation was 

chosen to be 0.0001 Hz. Therefore, the model will only work if the frequency of the 

machine is above 0.001 Hz.

2.8 Supplying AC and DC loads Using a Variable DC bus

There are two different types of loads that can be supplied by an induction generator 

with an inverter. The first load that can be used is a DC load. This means that there is no 

longer an infinite DC bus, and that power is being drained from the DC bus. In this 

simulation it is assumed that the DC bus is connected to a resistive load and a capacitor 

as shown in Figure 2.16. When the machine is initializing the flux and running as a 

motor, the battery supplies the power, and then the switch turns and the resistive load 

takes power from the DC bus. The capacitor is used to store voltage and make voltage 

control possible.

(2.77)
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'DC

Inverter / Rectifie îr

var_DC Vdc
Vb

far_DC

Figure 2.16. Circuit for Variable DC Bus.

This change in the bus voltage changes the control strategy. Instead of directly 

controlling the torque being generated by the motor, the voltage on the DC bus must be 

controlled to keep the DC load constant. Also, if the voltage drops too much the 

generator will be affected because the SPWM inverter will not work correctly.

The second type of load that can be used is an AC load. This load is connected 

directly to the generator terminals as shown in Figure 2.17. In this simulation it was 

assumed that the AC load is a resistive-inductive load, which is a typical AC load. One 

thing to note about the AC load is that neither the voltage nor the frequency applied to the 

load is constant.
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Induction
Generator

load

‘load

Figure 2.17. Circuit for AC Load.

To add both the AC and DC loads to the model and incorporate a variable DC bus, 

equations modeling the loads are needed. First, to determine the voltage on the DC bus, 

the circuit shown in Figure 2.16 is used:

(2 '79) Id c = I r + I c

Continuing with basic equations for a capacitor and a resistor:

(2.80) , _ c  l Y t
c ~  var_DC ^

And:

(2.81) , vdc
^ v a r  DC
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Also, the current from/to the inverter/rectifier is not known, but can be calculated 

from the following equation:

(2 82) I _
DC Vdc

The negative sign is due to the fact that in Figure 2.16 the current is going out of the 

inverter/rectifier. Pe is the electrical power being supplied (+) or absorbed (-) by the 

inverter/rectifier. How to calculate this is discussed later in this section. Combining 

equations (2.79) through (2.82) and rearranging gives you:

(2.83)
V, If 2dc i p

var DC

Vdc
V ^ d c  ^  var DC J

dt

The only unknown in the variable bus calculations is Pe, the amount of power 

supplied/absorbed. The simplest method of calculating the power is to calculate the 

power in each phase of the phases and add them together. Since instantaneous power is 

voltage times current, the power being supplied (-) and absorbed (+) by the machine can 

be calculated by the following:

(2-84) Pmach,« = V / I a +V b*Ib+Vc*Ic

Due to the fact that the voltages are being generated by an inverter running at 2 kHz, 

the voltages were filtered before being used to calculate the power. To achieve even 

better response, the current was also filtered. However, the machine is not the only item 

using power from the inverter. The AC load is also absorbing power. To calculate the 

amount of power being absorbed by the R-L load, the following relation from Figure 2.17 

is used:
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(2 85) V, = V* +

Continuing with basic equations for a resistor and an inductor:

(2.86) VR = IaR,

And:

(2.87) y  L dl.
L load ^

Combining equations (2.84) through (2.87) and rearranging gives you:

(2'88) I . = r L |(V a - I ,R load)dt
load

This method of calculating the current can be applied to any phase, so the current in 

each phase can be calculated separately. Therefore, to calculate the amount of power 

supplied/absorbed by the inverter/rectifier, the following equation can be used:

( 2 -89 )  P e =  Pmachine +  P AC load

It is interesting to note that the AC load will never be negative, as it is always 

absorbing power due to the resistive load. Also, the amount of power that is being 

generated by the machine equals the AC load plus the DC load power plus losses.
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CHAPTER 3 

SIMULATION STUDIES

3.1 Introduction

The simulation environment was chosen to be Simulink, a Graphic User Interface 

(GUI) subsystem of Matlab®. This simulation environment allows for block diagrams to 

represent equations. Many functions are necessary to simulate an entire system. An 

example of a summing block with two inputs is shown in Figure 3.1.

Input 1

Input 2

output

Figure 3.1. Simple Addition Circuit in Simulink.

Although there are many advanced blocks available in Simulink, most of the 

equations needed for this study only require simple arithmetic. In this chapter, each part 

of the system is outlined and tested. First, the induction machine model is developed and 

tested. Second, the speed of the machine is controlled using three different speed 

controllers. Third, the torque of the machine is controlled using three different torque 

controllers. After each torque controller is tested, the most efficient controller is chosen 

and then the controller is used to implement closed loop control of both the DC bus 

voltage and the AC bus voltage being generated by the machine.
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3.2 Induction Machine Model

In Chapter 2, equations modeling the operation of the induction machine were 

derived so that a realistic model of an induction machine could be created in the Simulink 

environment. The complete block diagram for the induction machine in Simulink is 

shown in Figure 3.2.

-------------- ►

--------------- ►

Xa
Xqss

Xb

-------------- ► Xc xdss

3 ph-> 2ph

Xqss

Xdss

SinCDe)

Xqse
Xtise * * =  
SinCDe) 
CosfDe)

Cos(De) R otation -1

Rotation

me Sm<pe> 
CosfDe) induction  m ach in e Currents

Integrate

G enera to r

? if £ !• J
C alcu lator

ca lcu la tio n sl

uur (rad/s)

►CDmm(rad/s)

ivm(rpm)

|P h im | sp e e d  ca lcu la tions

wm (rad/s)

»Œ)
lAim(ipm)

Figure 3.2. Complete Simulink Block Diagram for an Induction Machine.

The model of the induction machine has the inputs of voltages (Va, Vb, Vc), load 

torque (Tj), and electrical angular frequency (we). One thing to note is that the outputs of 

the model are independent of the input we. Since the input variables are phase rotated at 

the input at a speed of we, and then inverted on the output, the outputs of the machine 

model do not depend on the electrical speed. The only reason to input a correct we is to
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make the values within the model DC values and thus easier to understand. In most of 

the simulations, we was chosen to be zero, in effect making all of the machine equations 

on the stationary frame. This is because the we signal from the controller is not always 

clean and can make the simulation run slower.

Using the equations derived in Chapter 2, the machine model calculates the currents 

(Ia, lb, Ic), the developed torque (Te), speeds (wr (rad/s), wm (rad/s), wm (rpm)) and the 

fluxes (1Fs, xFr, and xPm ).

The parameters for the machine were chosen off a basic three-phase induction 

machine. However, since the simulations were run before the actual motor was chosen, 

the real motor has different parameters than the one in the simulations. The machine 

being simulated has the following characteristics:

Table 3.1. Parameters for Machine Used in Simulation.

Param eter V alue
R s 0 .5 8 1 4 0
Rr 0 .4 1 6 5 0
Lis 3.45m H
Llr 4.15m H
Lm 82.23m H
P 4
J 0 .05  Nm/ rad/s

And also the rated items for the machine for simulation are shown in Table 3.2 as 

follows:
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Table 3.2. Rated Values for Machine Used in Simulation.

Param eter V alue
Vin 220Vrm s
w e 60H z
1 18Arms
Iqs 1 SArms
Ids 10Arms
Wr 0.45W b
wm 1800rpm

w m AT RATED SLIP 1721 rpm
wsl 2.62H z
Sm 11.9KVA

Q
. 0 .85

Pm 10.1 kW

3.3 Transient Response

The first step in simulating any model is to first test the uncontrolled transient 

response of the system. This verifies that the Induction Machine (IM) model works and 

correctly emulates a real machine. So the first task is to apply a sudden three-phase 

voltage at 220Vrms @ 60Hz and measure the response of the system. The simulation 

was first run with no load, but this is not realistic because a machine always has power 

losses even with no load. Since the induction machine is to be tested at its rated values, a 

load was created so that the rated slip and speed match the rated items given. A load was 

attached to the machine, in the following form:

(3 - l )  TL = Kw( w r)2

Where wr is the mechanical rotor speed. After the load was connected, the value of 

Kw was varied until the rated speed of 1721 rpm was achieved.
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Figure 3.3 through Figure 3.5 show the response to the transient of several different 

variables. Figure 3.3 shows the induction machine’s developed torque and mechanical 

speed during the simulation, Figure 3.4 shows the currents experienced by the machine, 

and Figure 3.5 shows the rotor flux within the machine.

Torque and speed vs Time
150

100

50

0
-50

0 0.05 0 1 0 15 0.2 0 25 0.3 0.35 0,4 0.45 0.5

2000

1500

500

0,
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

time (s)

Figure 3.3. Transient Response of Torque (Te) (Top) and Mechanical Speed (wm)

(Bottom).
150

. 1 5 0 -------------- 1-------------- 1---------------1-------------- 1--------------- 1-------------- 1-------------- 1---------------1-------------- 1---------------
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

tim e (s)

Figure 3.4. Transient Response for Currents (ia (Blue), iy (Green) and ic (Red)).
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Figure 3.5. Transient Response for Rotor Flux ( ) •

From Figure 3.3, several items can be found out about the transient response of the 

simulated system. First, the speed oscillates slightly while approaching the rated speed of 

1721 rpm, leveling off at 1721.4rpm. The transient overshoots the speed by 0.5%, and 

takes 0.24s to level off within 10% of the rated speed. Second, the torque created by the 

machine is very inconsistent, oscillating from a maximum torque of 120Nm to a negative 

torque of -60Nm, and the system finally settles out to 61.7Nm.

From Figure 3.4, it can be seen that the initial currents are around 100A peak, with a 

maximum current 140A. The currents finally stabilize to a value of 31 A. Comparing to 

rated items given about the machine, the current is too high (21.9Arms instead of 

1 SArms). Rotor flux is too high (0.72 Wb instead of 0.45 Wb). Iqs is slightly too high 

(18.9Arms instead of 15Arms). Also, Ids is slightly too high (11.4Arms instead of 

10 Arms). All of the rated values from the simulated model are compared to the actual 

machine ratings in Table 3.3.
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Table 3.3. Comparison Between Actual Machine Ratings Given and Ratings Obtained

From the Simulation.

Param eter Unit
M achine
Rating

Model
Rating Error (%)

1 Arms 18 21 .9 22%
Iqs Arms 15 18.9 26%
Ids Arms 10 11.4 14%
Phir Wb 0.45 0.72 60%
wm rpm 1721 1721 0%
w sl Hz 2 .62 2 .62 0%
Sm kVA 11.9 12.85 8%
Pf 0 .85 0 .866 2%
Pm kW 10.1 11.13 10%

Most of the simulated variables are higher than the machine rated values. This is 

probably due to the fact that the model does not take into account that there are losses 

within the machine and has saturation effects. However, the values obtained during 

operating the model show that the model is working and does resemble the machine that 

is to be modeled. The only value that is significantly different is the rotor flux within the 

machine. This might be due to saturation effects or other electromagnetic irregularities 

not taken into account by the model.

3.4 Speed Control for Motoring Mode

A speed controller was implemented first to test the machine model. In this section, 

three different controllers are used to control the speed of the modeled machine. A speed 

controller is usually used for motoring mode, not for generating. The reason for this is 

that during regeneration, the speed of the shaft is determined by what is powering the 

shaft. In the case of a wind generator, the speed of the shaft is dependent on the speed of 

the wind. A controller cannot control an uncontrollable variable.
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The first controller is Volts per Hertz (V/Hz), which controls the speed of the 

machine without using feedback from the machine. The idea behind the controller was 

explained in Chapter 2 and states that as long as the ratio between input voltage and 

frequency is held constant, the flux within the machine is kept constant. This controller 

changes the shaft speed by changing the frequency of the input. If a 30Hz (% of rated) 

input frequency is applied to the simulation machine, the output speed will be half of the 

rated value.

The next two controllers need feedback from the machine in the formulation of the 

controller as described in Chapter 2. Indirect Vector Control (IVC) is implemented first, 

and then Direct Vector Control Rotor Flux Orientation (DVCRFO). Both of these 

controllers change the speed of the machine through the quadrature voltages Vqs and VdS. 

The flux is controlled to a constant value, while the speed is directed to be a step input to 

test the controller’s response. Direct Vector Control Stator Flux Orientation (DVCSFO) 

was not implemented as a speed controller.

3.4.1 Volts per Hertz (V/Hz) Control

The V/Hz controller is the only controller that was simulated without feedback from 

the machine. This makes it a good candidate to begin with and also a check to make sure 

that all elements of the simulation are working correctly. Although V/Hz is compared to 

the other controllers, the nature of its response is extremely slow and would not be used 

in situations that need fast speed control. However, in this section, the SWPM inverter is 

tested for the first time on the machine, and shown to work correctly.
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3.4.1.1 V/Hz Speed Controller

The only input to the V/Hz controller is the desired electrical angular speed (we). The 

complete Simulink model for the entire system is shown in Figure 3.6. This is the same 

block diagram as the other controllers, only the V/Hz controller 1 block is changed and 

replaced with the block containing the new controller. All simulations used the three- 

phase inverter, induction machine, load, and filter blocks. The voltage on the DC bus 

was chosen to be 300V, which is insufficient to provide full rated voltage to the machine. 

This voltage was chosen because the hardware design will incorporate a lower voltage for 

safety reasons.

s p e e d  ca lcu latio n s

R ep ea tin g
S e q u e n c e 2

w

Vb*

W

we set

uM 
►
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Vb* Vb

Vb* Vb
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3  p h ase  inverter
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Figure 3.6. Complete Simulink Simulation for V/Hz.
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The input to the V/Hz controller is a frequency command that sets the output speed of 

the simulated machine. However, a minimum speed is needed so that the machine has 

enough voltage to create the flux within the machine. The modeled machine was started 

with a minimum speed of we = 6Hz (wm = 180rpm), and then slowly accelerated to a 

speed of we = 24Hz (wm = 720rpm), and then decelerated to a negative speed of we = - 

24Hz (wm = -720rpm).

3.4.1.2 V/Hz Speed Controller Results

Shown in Figure 3.7 through Figure 3.10 are the V/Hz system responses. Figure 3.7 

shows the induction machine’s mechanical speed during the simulation, Figure 3.8 shows 

the developed torque, Figure 3.9 shows the currents supplied to the machine, and Figure 

3.10 shows the rotor flux within the machine.
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Figure 3.7. V/Hz Controller Response to Mechanical Speed.
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Figure 3.8. V/Hz Controller Response to Torque.
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Figure 3.9. V/Hz Controller Response to Currents (ia (Blue), iy (Green) and ic (Red)).
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Figure 3.10. V/Hz Controller Response to Rotor Flux.

Figure 3.7 and Figure 3.8 show the controller’s response to speed and torque. The 

velocity follows the reference waveform well, although there is an offset of about 12rpm 

for the high positive and negative speed. The controller takes 0.173s to stabilize within 

10% of the low, 0.890s to stabilize within 10% of the high, and 1.91 Is to stabilize within 

10% of the high negative speed. There is significant noise in the torque response of the 

system, especially after the speed changes from positive to negative. However, the peak 

of the torque is significantly lower than the transient response (20Nm vs. 120Nm).

Shown in Figure 3.9 is the response of the simulated system to current. Comparing to 

the transient response in the previous section, the initial current spike is considerably 

reduced (29A vs. 120A). Also, the current is fairly constant at a value of 10A. The 

reason that the steady state current is lower than the transient case is that the amount of 

voltage that can be produced by the inverter is less than half of the machine rated voltage. 

Shown in Figure 3.10 is the V/Hz controller’s response to the rotor flux created in the 

modeled machine. The flux is not very constant, and also drops considerably when the 

speed crosses zero. Notice that even when the machine is accelerated or decelerated by 

the we command, the flux developed by the system is relatively constant. The only time
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that the flux is not consistent is when the speed reverses. After the flux is established, the 

max value is 0.868Wb, and the minimum flux is 0.264Wb. This corresponds to a 

regulation of 30.4%.

The V/Hz controller is a much more stable system than was obtained for the transient 

response. The V/Hz controller does, however, show that the induction machine model is 

working correctly and does respond correctly to the new inputs.

3.4.2 Indirect Vector Control (IVC)

Indirect Vector Control (IVC) was the next controller to be tested using speed control. 

There are two command signals that are being controlled by the controller, Vqs and V^. 

These voltages determine the voltage that is to be applied to the machine. From the 

equations in Chapter 2, if the rotor flux ( X¥ T) is aligned with the axis de, the voltage Vqs is

proportional to the torque being generated by the machine. Therefore, if the torque is 

controlled in a loop that is dependent on the speed, a higher speed can be obtained by 

raising the torque until the desired speed is obtained. The voltage VdS is proportional to 

the flux within the machine. The flux within the machine is set to the rated value in all 

conditions, except if the speed of the machine exceeds the rated speed of the machine. 

This is called operating in the field weakening region of the machine. To operate at a 

higher speed than rated requires that the flux being generated by the machine to be lower 

so that the machine current stays below the thermal limits.

3.4.2.1 IVC Speed Controller

The block diagram for the IVC controller is shown in Figure 3.11. As can be noted 

on Figure 3.11, there are two controller loops. The lower loop in Figure 3.11 commands
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the flux. The upper loop controls the speed of the machine. If the flux controller keeps a 

constant flux, the upper loop will command the torque to the required speed.

*v-.
RID C o n tro lle r RID C o n tro lle rs S a tu ra t io n

Ids’

Lo ok-Up 
T a b le

RID C o n tro lle rs

Xqss

Xqse

Sin(De)

Ids
CosflDe)

R o ta tio n

Figure 3.11. Controller for IVC.

Going through the lower (flux) loop in Figure 3.11, the far left input signal is the 

current speed of the machine. This is used so that if the machine is going faster or slower 

than the rated speed, the flux field is weakened to keep the power constant. Since all of 

the speed simulations were less than the rated speed, this block had no effect and the 

value for the flux current (Ids *) is always T'* /Lm. Then the inner loop is closed with Ids

to develop the command V ds*.

The upper speed loop is considerably different. First, the current speed is compared 

to the reference speed to determine if the machine needs to be accelerated or decelerated, 

and then this signal is sent through a PI controller that calculates the required torque 

current (IqS *). This is compared to the current torque current (Iqs), and then sent through 

another PI to calculate what the output reference voltage should be VqS*.
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After the signals Yds* and Vqs* are generated, they are sent through IVR and a two- 

phase to three-phase block to generate Va*, Vy*, and Vc*. These signals are sent through 

a SPWM inverter to create the voltages on the terminals of the machine.

Combining all the blocks required for the I VC speed controller together, the complete 

controller is shown in Figure 3.12. The controller inputs the currents and speed, and 

outputs the reference voltages to control the machine to the specified speed. The input 

currents are filtered using an 8th order low-pass Butterworth filter.

S in  & C os c a lc

Va*

* C E )
Vb*

R ota tion  -1 2 p h -> 3 p h

wr*

G O
IVC R otor C on tro llerOT_filter_i

vu_filter_i1

v u _ filte rJ2

Xdss

wr*

Cos(0e)

3 p h -> 2 p h

Figure 3.12. Complete IVC Speed Controller

3.4.2.2 IVC Speed Controller Results

The Results for the IVC speed controller are shown in Figure 3.13 through Figure 

3.15. Shown in Figure 3.13 is the induction machine’s mechanical speed during the 

simulation, Figure 3.14 shows the currents in the machine, and Figure 3.15 contains a 

graph of the rotor flux within the machine.



Figure 3.13. IVC Speed Controller Response to Reference Speed (Blue) and Actual

Speed (Green).
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Figure 3.14. IVC Speed Controller Response to Currents (ia (Blue), iy (Green) and ic

(Red)).



58

0.9

0.2  ■ 

0.1 -

0 ' 1 ' ' '---------
0 1 2 3 4 5 6

tim e  (s)

Figure 3.15. IVC Controller Response to Rotor Flux.

Shown in Figure 3.13 is the IVC speed controller’s response to speed. The controller 

overshoots the low reference by 48.4 rpm (26.9%), the high by 20.2rpm (2.8%), and the 

high negative by 72.6rpm (10.1%). The controller takes 0.56s to stabilize within 10% of 

the lower reference value, 0.05s to stabilize within 10% of the high, and 0.164s to 

stabilize within 10% of the high negative. There is no steady state error in the signal, 

although the signal oscillates by 0.2rpm (0.1%), 0.1 rpm (0.01%), and 0.04rpm (0.01%) 

for the low, high, and high negative speeds respectively.

Shown in Figure 3.14 is IVC speed controller’s response to currents. The starting 

current was 21 A, with a peak current of 74.6A. The rotor flux in the machine is 

somewhat constant as shown on Figure 3.15, but is rather slow to respond to changes. 

After the flux is established, the flux only varies from 0.805Wb to 0.740Wb, which is a 

flux regulation of 91.9%. It is noticed that the currents (ia, iy, and ic) reverse phase when 

the machine reverses direction as shown in Figure 3.16.
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Figure 3.16. IVC Speed Controller Currents During Transient.

This phase reverse is due to the controller operation. The electrical speed( we ), is 

calculated from the machine speed and slip speed. Since the machine speed goes from 

positive to negative, and the slip speed is always very small compared to the machine 

speed, the electrical speed will also reverse from positive to negative, reversing the 

sequence of voltage and currents.

3.4.3 Direct Vector Control Rotor Flux Orientation (DVCRFO)

The next controller that was tested using speed control was the Direct Vector Control 

Rotor Flux Orientation (DVCRFO) controller. As with the IVC, there are two signals 

that are being controlled by the controller, Vqs and V^. These voltages determine the 

phase voltages that are being applied to the machine. From the equations in Chapter 2, if 

the rotor flux is aligned with the axis de, the voltage Vqs is proportional to the torque 

being generated by the machine. Therefore, if the torque is controlled in a loop that is 

dependent on the speed, a higher speed can be obtained by raising the torque until the
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desired speed is obtained. The voltage Yds is proportional to the flux within the machine. 

The flux within the machine is set to be the rated value in all conditions, except if the 

speed of the machine exceeds the rated speed of the machine. This is called operating in 

the field weakening region of the machine. To operate above the rated speed requires 

that the flux being generated by the machine to be lower so that the machine current stays 

below the thermal limit.

3.4.3.1 DVCRFO Speed Controller

The block diagram for the DVCRFO speed controller is shown in Figure 3.17. As 

can be noted on Figure 3.17, there are two controller loops. The upper loop in Figure

3.17 commands the flux. The lower loop controls the speed of the machine. If the flux 

controller keeps a constant flux, the upper loop will command the torque to the required 

speed.

Œ>
GE>

Look-Up

R otation

Figure 3.17. Controller for DVCRFO Speed.

Going through the lower (flux) loop in Figure 3.17, the far left input signal is the 

current speed of the simulated machine. This is used so that if the machine is going faster 

or slower than the rated speed, the flux field is weakened to keep the power constant.
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Since all of the speed simulations were less than the rated speed, this block had no effect 

and the value for the flux current (Ids *) is always T* /Lm. Then the inner loop is closed

with I d s  to develop the command Y d s * -

The upper (speed) loop is considerably different. First, the current speed is compared 

to the reference speed to determine if the machine needs to be accelerated or decelerated, 

and then this signal is sent through a PI controller that calculates the required torque 

current ( I q S *). This is compared to the current torque current ( I q S) ,  and then sent through 

another PI to calculate what the output reference voltage should be Vqs*.

After the signals Y d s *  and V q s *  are generated, they are sent through I V R  and a two- 

phase to three-phase block to generate V a * ,  V b * ,  and V c * .  These signals are sent through 

a SPWM inverter to create the voltages on the terminals of the machine.

3.4.3 2 DVCRFO Speed Controller Results

The results obtained from the DVC rotor flux speed controller are shown in Figure

3.18 through Figure 3.21. Shown in Figure 3.18 is the mechanical speed of the machine 

as well as the desired mechanical speed during the simulation. Figure 3.19 shows the 

torque developed by the machine. Figure 3.20 shows the currents within the machine, and 

lastly the rotor flux within the machine is shown in Figure 3.21.



Figure 3.18. DVCRFO Speed Controller Response to Reference Speed (Blue) and Actual

Speed (Green).
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Figure 3.19. DVCRFO Speed Controller Response to Torque.
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Figure 3.21. DVCRFO Speed Controller Response to Rotor Flux.

Shown in Figure 3.18 is the DVC speed controller’s response to speed and the 

reference waveform. The controller has overshoots of 32.6rpm (18.1%), 138rpm 

(19.1%), 258rpm (35.8%) for the low, high, and high negative speeds respectively. The 

controller takes 0.203s to stabilize within 10% of the lower reference value, 0.042s to
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stabilize within 10% of the high, and 0.081s to stabilize within 10% of the high negative. 

There is no steady state error. The signal oscillates 0.0002rpm (0.0001%), 0.002rpm 

(0.0003%), and 0.0006rpm (0.00008%) for the low, high, and high negative speeds 

respectively.

The rotor flux in the machine is somewhat constant as shown on Figure 3.21. After 

the flux is established, it varies from 0.968Wb to 0.630Wb, which corresponds to a flux 

regulation of 65.1%. Shown in Figure 3.19 and Figure 3.20 are the system’s response to 

torque and current, respectively. The response has very large torque spikes (374 Nm) and 

current spikes (197.6A) to obtain the quick speed response. The starting current of the 

controller is 50.6A.

3.5 Comparison of Speed Controllers

Table 3.4 shows the results of all of the speed controllers. Shown both the high and 

low speed responses are the time to 10% of the final value (T 10%), steady state 

oscillation (SS oscillation), and steady state error (SS error). Also, the flux regulation is 

given in percent, and the maximum torque peak is stated.

Both of the vector control controllers outperformed the V/Hz controller in terms time 

to 10% of the control value. Also, the V/Hz controller had a steady state error, which is 

not present in the vector controllers. Both vector controllers also had better flux 

regulation than the V/Hz controller. When comparing the vector controllers, the DVC 

rotor speed controller goes to the final value faster than the IVC speed controller, and 

DVC rotor speed controller also has less steady state oscillation than the IVC speed 

controller. However, the peak torque in DVCRFO is significantly higher than the IVC.
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Table 3.4. Comparison of the Speed Controllers.

High Speed (720rpm) Negative High Speed (-720rpm)
Flux
Regulation

Torque
Peak
(Nm)

T 10% 
(s)

SS Oscillation 
(rpm)

SS error 
(rpm)

T 10%
(s)

SS Oscillation 
(rpm)

SS error 
(rpm)

V/Hz 0.890 1.000 -12.0 1.911 1.000 13.0 30.4% 19.6
IVC 0.050 0.100 0.0 0.164 0.040 0.0 91.9% -227
DVC
RFO 0.042 0.002 0.0 0.081 0.001 0.0 65.1% -374

3.6 Torque Control for Motoring Mode and Generating Modes

The next task for the controller is to control the torque being developed by the 

machine. Torque control can be used for motoring as well as generating. In all of the 

simulations in this chapter, the machine is first accelerated using a positive torque 

command, and then the controller commands the torque to be negative to start generating. 

Normally, this would accelerate the machine in a negative direction, but before the 

negative torque command is applied, the inertia of the shaft is changed to a very high 

value. This procedure makes the speed of the shaft unchangeable, and therefore when the 

torque becomes negative, the speed does not change, and power is being generated from 

the shaft to the machine terminals.

The V/Hz controller is not implemented in torque control, as it was primarily used for 

testing the inverter and the machine block diagrams. Also, V/Hz is a speed controller, 

not a torque controller.

The first controller that was tested in torque control was Indirect Vector Control 

(IVC). The controller is very similar to the IVC speed controller, except the loop with 

speed has been replaced with torque. The controller is first tested with feedback from the 

torque developed by the machine, and then tested without using feedback from the 

torque. The second controller that was tested was Direct Vector Control Rotor Flux 

Orientation (DVCRFO), which also is very similar to the DVCRFO speed controller.
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The speed loop is replaced with torque, and then tested with and without feedback from 

the machine torque. The last controller that was tested was the Direct Vector Control 

Stator Flux Orientation (DVCSFO). This is the first time that this controller was used, 

although the controller is similar to both other vector controllers. The DVCSFO 

controller is tested with and without torque feedback from the machine torque.

3.6.1 Indirect Vector Control (IVC)

Indirect Vector Control (IVC) was the first controller to be tested using torque 

control. There are two command signals that are being controlled by the controller, VqS* 

and Vds*. These reference signals determine the voltage that is to be applied to the 

machine. From the equations in Chapter 2, if the rotor flux is aligned with the axis de, the 

current Iqs is proportional to the torque being generated by the machine. Therefore, the 

controller can either use a loop with torque to develop the commands, or assume that the 

current Iqs is directly proportional to the torque and not use feedback from the machine. 

The voltage V^ is proportional to the flux within the machine. The flux within the 

machine is set to be the rated value.

3.6.1.1 IVC Torque Controller

Although IVC was previously used to control the speed of a machine, speed control is 

not usually used to generate power from a machine. When generating power, the speed 

of the shaft is determined by the source of the power. If another machine is turning the 

shaft, that machine should be on speed control. Therefore, to generate power off of a 

shaft, the torque must be commanded because a negative torque can be applied to the 

shaft to generate power as long as the speed of the shaft is positive.
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One method of doing this in simulation is to allow the machine to accelerate normally 

to a certain speed, and then increase the inertia on the shaft so there is lots of kinetic 

energy on the shaft. Therefore, after the time inertia is increased, the acceleration of the 

shaft is set to zero, so the speed is constant and independent of the applied torque. This 

allows power to be generated off of the shaft because the speed of the shaft is 

independent of the torque applied to the shaft.

The IVC torque controller is shown in Figure 3.22, and is very similar to the speed 

controller shown in Figure 3.11. A torque loop has replaced the speed loop. This 

simulation assumes that the current torque is not known, so there can be no feedback 

from the torque developed by the machine. This system also makes the assumption that 

the torque developed by the machine is directly proportional to the current Iqs.

G > &375J
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Figure 3.22. IVC Torque Controller.

The last step in testing the IVC torque controller was to add feedback from the torque 

to achieve better torque response from the system. The modified controller is shown in 

Figure 3.23, and the upper loop takes into account the difference between the reference 

torque and current torque.
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Iqs’

Figure 3.23. IVC Torque Controller with Torque Feedback.

3.6.1.2 IVC Torque Controller without Torque Feedback Results

The response of the system is shown in Figure 3.24 through Figure 3.27. Figure 3.24 

shows the torque developed by the machine, as well as the amount of torque that is 

desired. Figure 3.25 shows the mechanical speed of the motor during the simulation, and 

Figure 3.26 shows the amount of rotor flux within the machine. The mechanical power is 

shown in Figure 3.27 to show that after time 6s, the machine is generating power.
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Figure 3.24. IVC Torque Controller Response to Reference Torque (Blue) and 

Developed Torque (Green) with No Torque Feedback.
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Figure 3.25. IVC Torque Controller Response to Mechanical Speed with No Torque

Feedback.
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Figure 3.26. IVC Torque Controller Response to Rotor Flux with No Torque Feedback.
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Figure 3.27. IVC Torque Controller Response to Mechanical Power with No Torque

Feedback.

Shown in Figure 3.24 is the IVC torque controller with no feedback’s response to 

torque with the reference waveform. The controller has no overshoot, but only 

approximately follows the reference profile. The controller takes 0.968s to stabilize
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within 10% of the lower reference value, 0.006s to stabilize within 10% of the high, and 

0.006s to stabilize within 10% of the high negative. There is a steady state error in the 

high negative torque signal of about l.SNm (30%). The signal oscillates by 0.2Nm 

(20%), 0.15Nm (3%), and 0.15Nm (3%) for the low, high, and high negative torque 

respectively.

The rotor flux in the machine is very constant as shown on Figure 3.26. After the 

flux is established, it only varies from 0.805Wb to 0.794Wb, which is a regulation of 

98.6%. From Figure 3.25, it can be seen that the speed of the machine does not change 

after the inertia is changed at time 4s, which allows the machine to generate power after a 

negative reference torque.

3.6.1.3 IVC Torque Controller with Torque Feedback Results

The response of the IVC torque controller with torque feedback is shown in Figure 

3.28 through Figure 3.30. Figure 3.28 shows the torque developed by the machine, as 

well as the amount of torque that is desired. Figure 3.29 shows the amount of rotor flux 

within the machine, and the mechanical power is shown in Figure 3.30 to show that after 

time 6s, the machine is generating power.
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Figure 3.28. IVC Torque Controller Response to Reference Torque (Blue) and 

Developed Torque (Green) with Torque Feedback.
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Figure 3.29. IVC Torque Controller Response to Rotor Flux with Torque Feedback.
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Figure 3.30. IVC Torque Controller Response to Mechanical Power with Torque

Feedback.

Shown in Figure 3.28 is the IVC torque controller with feedback’s response to torque 

and the reference waveform. The controller has slight overshoot on the low reference 

value 0.18Nm (18%). The controller takes 0.109s to stabilize within 10% of the lower 

reference value, 0.134s to stabilize within 10% of the high, and 0.235s to stabilize within 

10% of the high negative command. There is no steady state error. The signal oscillates 

by 0.08Nm (1.6%), 0.15Nm (3.0%), and 0.15Nm (3.0%) for the low, high, and high 

negative torque respectively.

The rotor flux in the machine is very constant as shown on Figure 3.29. After the 

flux is established, it only varies from 0.806Wb to 0.794Wb, which corresponds to a flux 

regulation of 98.5%. From Figure 3.30, it can be seen that after the negative torque 

command is followed, the machine starts to generate power from the shaft.
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3.6.2 Direct Vector Control Rotor Flux Orientation (DVCRFO)

Direct Vector Control Rotor Flux Orientation (DVCRFO) was the next controller to 

be tested using torque control. There are two command signals that are being controlled 

by the controller, Vqs* and Vds*. These voltages determine the voltage that is to be 

applied to the machine. From the equations in Chapter 2, if the rotor flux is aligned with 

the axis de, the voltage Vqs is proportional to the torque being generated by the machine. 

Therefore, the controller can either use a loop with torque to develop the commands, or 

assume that the current Iqs is directly proportional to the torque and not use feedback from 

the machine. The voltage Vds is proportional to the flux within the machine. The flux 

within the machine is set to be a constant value of the rated simulation value.

3.6.2.1 DVCRFO Torque Controller

Although DVCRFO can be used to control the speed of a machine, speed control 

cannot be used to generate power from a machine. When generating power, the speed of 

the shaft is determined by the source of the power. If another machine is turning the 

shaft, that machine should be on speed control. Therefore, to generate power off of a 

shaft, the torque must be commanded because a negative torque can be applied to the 

shaft to generate power as long as the speed of the shaft is positive after the torque 

becomes negative.

As stated previously in IVC torque, one method of doing this in simulation is to allow 

the machine to accelerate normally to a certain speed, and then increase the inertia on the 

shaft so there is lots of kinetic energy on the shaft. Therefore, after the time inertia is 

increased, the acceleration of the shaft is set to zero, so the speed is constant and 

independent of the applied torque. This allows power to be generated off of the shaft 

because the speed of the shaft is independent of the torque applied to the shaft.
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The torque controller is shown in Figure 3.31, and is very similar to the speed 

controller shown in Figure 3.17. The torque loop has replaced the speed loop. This 

simulation assumes that the current torque is not known, so there can be no feedback 

from the torque developed by the machine. This system also makes the assumption that 

the torque developed by the machine is directly proportional to the current Iqs.

-KZD

Rotation

Figure 3.31. DVCRFO Torque Controller.

The next step in testing the DVCRFO torque controller was to add feedback from the 

torque to achieve better torque response from the system. The modified controller is 

shown in Figure 3.32, and the upper loop takes into account the difference between the 

reference torque and current torque.

Œ>
G >

Figure 3.32. DVCRFO Torque Controller with Feedback from Torque.
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3.6.2.2 DVCRFO Torque Controller without Torque Feedback Results

The response of the system is shown in Figure 3.33 through Figure 3.36. Figure 3.33 

shows the torque developed by the machine, as well as the amount of torque that is 

desired. Figure 3.34 shows the mechanical speed of the motor during the simulation, and 

Figure 3.35 shows the amount of rotor flux within the machine. The mechanical power is 

shown in Figure 3.36 to show that after the time 6s, the machine is generating power.
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Figure 3.33. DVCRFO Torque Controller Response to Reference Torque (Blue) and 

Developed Torque (Green) With No Torque Feedback.
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Figure 3.34. DVCRFO Torque Controller Response to Mechanical Speed with No

Torque Feedback.
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Figure 3.35. DVCRFO Torque Controller Response to Rotor Flux with No Torque

Feedback.
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Figure 3.36. DVCRFO Torque Controller Response to Mechanical Power with No

Torque Feedback.

Shown in Figure 3.33 is the DVC rotor flux torque controller with no torque 

feedback’s response to torque and the reference waveform. The controller has slight 

overshoots of: 0.092Nm (9.2%), l.SNm (36%), 4.4Nm (87.6%) for the low, high, and 

high negative torques respectively. The controller takes 0.402s to stabilize within 10% of 

the lower reference value, 0.016s to stabilize within 10% of the high, and 0.021s to 

stabilize within 10% of the high negative. There is no steady state error. The signal 

oscillates by 0.03Nm (3.0%), 0.002Nm (0.04%), and 0.002Nm (0.04%) for the low, high, 

and high negative torques respectively.

The rotor flux in the machine is very constant as shown on Figure 3.35. After the 

flux is established, it only varies from 0.8002Wb to 0.7981 Wb, which corresponds to a 

flux regulation of 99.7%. From Figure 3.36, it can be seen that after the negative torque 

command is followed, the machine starts to generate power from the shaft. From Figure 

3.34, it can be seen that the speed of the machine does not change after the inertia is 

changed at time of 4 seconds, which allows the machine to generate power after a 

negative reference torque.
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3 6.2.3 DVCRFO Torque Controller with Torque Feedback Results

The response of the DVC torque controller with torque feedback is shown in Figure 

3.37 through Figure 3.39. Figure 3.37 shows the torque developed by the machine, as 

well as the amount of torque that is desired. Figure 3.38 shows the amount of rotor flux 

within the machine, and the mechanical power is shown in Figure 3.39 to show that after 

a time of 6 seconds, the machine is generating power.
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Figure 3.37. DVCRFO Torque Controller Response to Reference Torque (Blue) and 

Developed Torque (Green) with Torque Feedback.
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Figure 3.38. DVCRF'O Torque Controller Response to Rotor Flux with Torque
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Figure 3.39. DVCRFO Torque Controller Response to Mechanical Power with Torque

Feedback.

Shown in Figure 3.37 is the DVC rotor flux torque controller with torque feedback’s 

response to torque and the reference waveform. The controller has slight overshoot on 

the low torque of 0.138Nm (13.8%). The controller takes 0.376s to stabilize within 10%
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of the lower reference value, 0.105s to stabilize within 10% of the high, and 0.168s to 

stabilize within 10% of the high negative. There is no steady state error. The signal 

oscillates by O.OOlSNm (0.13%), 0.0008Nm (0.02%), and 0.0006Nm (0.01%) for the 

low, high, and high negative torques respectively.

The rotor flux in the machine is very constant as shown on Figure 3.38. After the 

flux is established, it only varies from 0.8001 Wb to 0,7986Wb, which corresponds to a 

flux regulation of 99.8%. From Figure 3.39, it can be seen that after the negative torque 

command is followed, the machine starts to generate power from the shaft.

3.6.3 Direct Vector Control Stator Flux Orientation (DVCSFO)

Direct Vector Control Stator Flux Orientation (DVCRFO) was the last controller to 

be tested using torque control. There are two command signals that are being controlled 

by the controller, Vqs and Yds- These voltages determine the voltage that is to be applied 

to the machine. From the equations in Chapter 2, if the stator flux is aligned with the axis 

de, the current Iqs is proportional to the torque being generated by the machine.

Therefore, the controller can either use a loop with torque to develop the commands, or 

assume that the current Iqs is directly proportional to the torque and not use feedback from 

the machine. The voltage VdS is proportional to the flux within the machine. Although 

this was set to be a constant value, this is the first controller to have feedback for the flux 

to control the flux more accurately.

3.6.3.1 DVCSFO Torque Controller

Although DVCSFO was not used to control the speed of a machine, the controller 

was implemented in torque control. To show that the controller could also generate



82

power off of a shaft, a negative torque must be commanded in relation to the speed the 
shaft.

As stated previously in I VC torque and DVCRFO, one method of doing this in 

simulation is to allow the machine to accelerate normally to a certain speed, and then 

increase the inertia on the shaft so there is lots of kinetic energy on the shaft. Therefore, 

after the time inertia is increased, the acceleration of the shaft is set to zero, so the speed 

is constant and independent of the applied torque. This allows power to be generated off 

of the shaft because the speed of the shaft is independent of the torque applied to the 

shaft.

The DVCSFO controller was also the first controller to use an outer flux controller to 

help regulate the flux within the machine. Therefore, as can be seen on DVCSFO torque 

controller shown in Figure 3.40, there are two loops composed of four PI controllers. 

Although this makes the controller more difficult to stabilize, the controller will be more 

robust and can change the flux within the machine to any value.

d> 4 / ( 3  " P )

Figure 3.40. DVCSFO Torque Controller.

The complete controller for DVCSFO is shown in Figure 3.41, and inputs the 

voltages and currents from the machine, as well as the reference torque and the current 

torque. Both the input currents and voltages are filtered using an 8th order low-pass 

Butterworth filter to obtain cleaner signals.
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Figure 3.41. Complete DVCSFO Controller.

The next step in testing the DVC stator flux torque controller was to add feedback 

from the torque to achieve better torque response from the system. The modified 

controller is shown in Figure 3.42, and the upper loop takes into account the difference 

between the reference torque and current torque.
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Figure 3.42. DVCSFO Torque Controller with Feedback from Torque.

3.6.3 2 DVCSFO Torque Controller without Torque Feedback Results

As before with I VC and DVCRFO, the torque controller was run as both a motor and 

a generator, with feedback and without feedback from torque. The response of the
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controller with no feedback from torque is shown in Figure 3.43 through Figure 3.46. 

Figure 3.43 shows the torque developed by the machine, as well as the amount of torque 

that is desired. Figure 3.44 shows the mechanical speed of the motor during the 

simulation, and Figure 3.45 shows the amount of rotor flux within the machine. The 

mechanical power is shown in Figure 3.46 to show that after of time 6 seconds, the 

machine is generating power.
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Figure 3.43. DVCSFO Torque Controller Response to Reference Torque (Blue) and 

Developed Torque (Green) with No Torque Feedback.
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Figure 3.44. DVCSFO Torque Controller Response to Actual Speed (Blue) and 

Estimated Speed (Green) with No Torque Feedback.
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Figure 3.45. DVCSFO Torque Controller Response to Rotor Flux with No Torque

Feedback.
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Figure 3.46. DVCSFO Torque Controller Response to Mechanical Power with No

Torque Feedback.

Shown in Figure 3.43 is the DVC stator flux torque controller with no torque 

feedback’s response to torque and reference torque. The controller has overshoots of: 

0.72Nm (14.4%) and 1.91Nm (38.1%) on the high and high negative torques 

respectively. The controller takes 0.431 s to stabilize within 10% of the lower reference 

value, 0.0007s to stabilize within 10% of the high, and 0.013s to stabilize within 10% of 

the high negative value. There is no steady state error. The signal oscillates by 0.04Nm 

(4.00%), 0.03Nm (0.60%), and 0.04Nm (0.80%) for the low, high, and high negative 

torques respectively.

The rotor flux in the machine is very constant as shown on Figure 3.45. After the 

flux is established, it only varies from 0.78 IWb to 0.775Wb, which corresponds to a 

regulation of 99.2%. From Figure 3.46, it can be seen that after the negative torque 

command is followed, the machine starts to generate power from the shaft. From Figure 

3.44, it is seen that the speed is constant after the time 4s when the shaft inertia is 

increased. Also, the speed estimator does a very good job of estimating the speed of the 

machine. The estimated speed fluctuates every time the controller changes, and takes
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0.01s to stabilize within 10% of the actual value when the high torque command is 

applied, and 0.032s to stabilize within 10% of the actual value when the high negative 

torque command is applied. The average error in the estimated speed is 0.04rpm.

3.63.3 DVCSFO Torque Controller with Torque Feedback Results

The response of the DVC torque controller with torque feedback is shown in Figure 

3.47 through Figure 3.49. Figure 3.47 shows the torque developed by the machine, as 

well as the amount of torque that is desired. Figure 3.48 shows the amount of rotor flux 

within the machine, and the mechanical power is shown in Figure 3.49 to show that after 

a time of 6 seconds, the machine is generating power.
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Figure 3.47. DVCSFO Torque Controller Response to Reference Torque (Blue) and 

Developed Torque (Green) with Torque Feedback.



88

0.7

0.6

0.5

o 0.4

0.2

time (s)

Figure 3.48. DVCSFO Torque Controller Response to Rotor Flux with Torque

Feedback.
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Figure 3.49. DVCSFO Torque Controller Response to Mechanical Power with Torque

Feedback.

Shown in Figure 3.47 is the DVCSFO torque controller with torque feedback’s 

response to torque and the reference waveform. The controller has no overshoot. The
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controller takes 0.194s to stabilize within 10% of the lower reference value, 0.195s to 

stabilize within 10% of the high, and 0.270s to stabilize within 10% of the high negative 

value. There is no steady state error. The signal oscillates by 0.03Nm (3.00%), 0.03Nm 

(0.60%), and 0.03Nm (0.60%) for the low, high, and high negative torques respectively.

The rotor flux in the machine is very constant as shown on Figure 3.48. After the 

flux is established, it only varies from 0.781 Wb to 0.775Wb, which corresponds to a 

regulation of 99.2%. From Figure 3.49, it can be seen that after the negative torque 

command is followed, the machine starts to generate power from the shaft.

3.7 Comparison of all Torque Controllers

Table 3.5 shows the results of all of the torque controllers. In all of the cases, adding 

torque feedback reduced the system response time to the final values. The only benefit to 

adding torque feedback was to eliminate the steady state error in the I VC controller. In 

terms of time to 10% of the final value, DVCSFO with no torque feedback is the best 

performer except for I VC with no feedback. However, I VC with no feedback cannot go 

to the final value and has a steady state error. In terms of steady state oscillation, 

DVCRFO has the best response, but it is the slowest to respond to changes in the 

reference torque. All of the controllers had extremely good flux regulation, only 

fluctuating slightly once it is established.
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Table 3.5. Comparison of the Torque Controllers.

High Torque (5.0Nm) Negative High Torque (-5.0Nm)
Flux
RegulationT 10%

SS
Oscillation SS error T 10%

SS
Oscillation SS error

IVC with 
Feedback 0.134 0.150 0.0 0.235 0.150 0.0 98.5%
IVC without 
Feedback 0.006 0.150 0.0 0.006 0.150 1.5 98.6%
DVCRFO with 
Feedback 0.105 0.001 0.0 0.168 0.001 0.0 99.8%
DVCRFO without 
Feedback 0.016 0.002 0.0 0.021 0.002 0.0 99.7%
DVCSFO with 
Feedback 0.195 0.030 0.0 0.270 0.030 0.0 99.2%
DVCSFO without 
Feedback 0.001 0.030 0.0 0.013 0.040 0.0 99.2%

From Table 3.5, it is difficult to decided on a “best” controller, but at least the IVC 

controller can be ruled out in terms of performance due to the offset. The experimental 

setup will not use torque feedback, so therefore the offset poses a problem for the final 

controller. To decide between the DVCRFO and DVCSFO controllers, it is stated that 

DVCRFO relies more on rotor parameters than DVCSFO does. Rotor parameters are the 

most difficult parameters to measure accurately, and vary the most due to speed variation 

and temperature.

DVCSFO has the disadvantage of using integrators to calculate the stator flux 

components, but as stated previously, this disadvantage can be compensated for by using 

a low-pass filter. From the results of the simulation and the disadvantage of DVCRFO, 

DVCSFO was chosen to be the controller in all further simulations and the experimental 

setup.
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3.8 Additional Modes for Direct Vector Control Stator Flux Orientation

The main reason for doing these simulations is to model an induction machine that is 

operating independently from the grid. This means that the DC bus is supplied solely 

from the generator. Also, the simulated machine will be running as a generator and 

supplying power to both a DC and an AC load. The simulation assumes that the DC bus 

voltage is supplied from the induction machine and not from an external source. The 

simulation system is first tried with just a variable DC bus and a variable speed to 

determine if the controller can compensate for the change, and to determine the effect of 

changing the speed on the DC bus voltage regulator. After it is verified that the 

controller can regulate the voltage on the DC bus, the flux is controlled in an inverse 

relationship with the flux to attempt to keep the voltage on the machine terminals 

relatively constant despite fluctuations in the speed.

3.8.1 Variable DC Bus

The method for controlling the DC bus voltage is slightly different than controlling 

the torque or the speed. In terms of the speed and the torque, there is a positive 

relationship between the reference voltage Vqs* and the item being controlled. For 

instance, a higher Vqs* will produce a higher torque and speed. However, for the bus 

voltage, a higher Vqs* will produce a lower bus voltage. Therefore, to make the bus 

voltage go up, a lower Vqs* must be used.

This negative relationship can be seen in the controller for the variable DC bus 

controller shown in Figure 3.50. The upper loop is the normal torque controller, which is 

used with a constant DC bus to initialize variables within the machine. The center loop is 

the variable DC bus controller, and it can be seen from the figure that reference DC bus 

voltage is subtracted from the current DC bus voltage, providing the negative relationship
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needed. The lower loop in the figure is the normal flux controller. In this initial 

simulation, the flux is set to a constant.

Œ>

Œ>
Idq

Œ>

Figure 3.50. DVCSFO Variable DC Bus Controller.

Other items to note from Figure 3.50 are that the Pi’s in the DC bus controller have 

initial conditions. This resets the integrator to the last value in the torque controller when 

the control switches from torque control to DC bus control. This happens on both the 

reference current IqS * and reference voltage Vqs*. This prevents unstable operation when 

the controller is changed.

Shown in Figure 3.51 is the Simulink diagram when all of the components necessary 

for the DVCSFO controller to regulate the DC bus voltage are compiled together. The 

inputs into the controller are: phase currents (from machine), phase voltages (from 

machine), reference torque, actual torque (not used in controller), reference bus voltage, 

and current bus voltage. The outputs are the phase voltages that drive the inverter, and 

the estimated speed of the machine. The input voltages and currents from the machine 

are filtered before being used in calculations.
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Figure 3.51. Complete DVCSFO Variable DC Bus Controller.

The voltage on the bus was chosen to be a different voltage than the voltage on the 

battery to determine dynamic response when the voltage is at 300V and is 

instantaneously changed to a lower voltage. To test how well the DC bus controller 

regulates the DC bus voltage, the speed of the shaft was changed while the controller was 

running and supplying a constant power. The flow of the program can be explained by 

Table 3.6.
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Table 3.6. Flow of Program for Testing DVCSFO Variable DC bus Controller.

Time 
R ange (s) Controller

Te*
(Nm)

Vdc*
(V)

DC Bus 
Supplied by S p eed  Description

0-1 Torque 1 N/A
O utside
S ource

S p eed  is increased  by 
the motor

1-2 Torque 5 N/A
O utside
Source

S p eed  is increased  by 
the motor

2-3 Torque -5 N/A
O utside
Source S p eed  is constant

3-4
Variable
Bus N/A 25 0 AC m achine S p eed  is constant

4-6
Variable
Bus N/A 2 5 0 AC m achine

S p eed  is d ecrea sed  by 
an external sou rce

From the flow of the program, it can be seen that from time = Osec to time = 3 sec, the 

torque controller is setting up the flux within the machine and putting the motor in 

generating mode before switching to a variable DC bus. From time = 3sec to time =

6sec, the DC bus voltage is controlled. The reason that the speed is varied is that the bus 

voltage changes with the speed of the machine. Since in a real situation, the speed of the 

shaft will be an external variable, the controller should be able to compensate for changes 

in the speed by an external source.

The response of the new variable bus controller is shown in Figure 3.52 through 

Figure 3.57. As can be seen from the graphs, from time = Osec to time = 2.5sec the data 

was omitted because it is the same as the DVCSFO torque controller described 

previously. At the time = 3.Osec the variable DC bus controller starts. Time =2.5sec to 

time 3.Osec shows the initial conditions before the variable bus is activated.

The estimated speed and the actual speed are shown in Figure 3.52. Figure 3.53 

shows the voltage on the DC bus during the simulation, and on Figure 3.54 is the rotor 

flux within the machine. The developed torque of the machine is shown in Figure 3.55, 

and on Figure 3.56 and Figure 3.57 is the powers throughout the system and the currents 

in the machine respectively.
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Figure 3.52. DVCSFO Variable Bus Controller Response to Actual Speed (Blue) and

Estimated Speed (Green)
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Figure 3.53. DVCSFO Variable Bus Controller Response to DC Bus Voltage.
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Figure 3.54. DVCSFO Variable Bus Controller Response to Flux.
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Figure 3.55. DVCSFO Variable Bus Controller Response to Torque.
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Figure 3.56. DVCSFO Variable Bus Controller Response to Motor Power (Blue), AC 
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Figure 3.57. DVCSFO Variable Bus Controller Response to Phase Voltages (Va (Blue),

Vb (Green) and Vc (Red)).

Many features can be noted from the response of the variable bus controller. First, 

from Figure 3.52, the speed is constant for the first second of variable bus operation, and
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then slopes down to a lower speed. This decreases the output power of the machine 

because power is the product of speed and torque. Therefore, the controller must 

compensate for the reduction in speed.

Second, from Figure 3.53, the bus voltage before the change is 300Vdc, and then the 

controller reduces this voltage down to 250Vdc, which is the reference voltage. The 

controller does a very good job of controlling the voltage on the bus, dropping to only 

249.45Vdc (0.22% reduction) when the speed is changing.

Third, from Figure 3.54, the flux within the machine is controlled very well, 

fluctuating less than 1% from the base value. Fourth, from Figure 3.55, there is a spike 

on the torque when the variable bus is initiated. This is due to the fact that the bus 

voltage is higher than it is supposed to be (300Vdc vs. 250Vdc). The controller applies 

positive torque to the machine to dissipate some of the power that is present on the DC 

bus. After the initial spike, the controller levels the torque to about -20Nm, which is 

enough to sustain both the AC and DC loads. When the machine speed starts to decrease, 

the controller applies more torque to increase the amount of power being generated. This 

keeps the voltage on the bus at 250Vdc.

Fifth, from Figure 3.56, the amount of power being used by the DC load is 

proportional to the square of the DC bus voltage. Therefore, initially the bus is at 

300Vdc, and then drops to 250Vdc, so the DC load changes its power proportionally to 

the square (900W to 625W). The AC load varies with the voltage being applied by the 

inverter, and the amount of power is reduced when the speed decreases. The amount of 

power being used by the machine has an initial spike when the machine runs as a motor 

and then levels off as a generator. The machine is supplying both the AC and DC loads, 

so therefore the amount of power being generated by the machine should be more than 

the sum of the AC and DC loads. Even though the simulated inverter has no losses, the 

simulated machine does have losses. The efficiency of the machine at the higher speed is 

86.6%, while the efficiency is only 61.5% at the lower speed.
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Sixth, from Figure 3.57, the voltages generated by the inverter drop significantly 

when the speed is changed, from 77.8Vrms to 28.5Vrms. This corresponds to a change 

of 49.3Vrms for a change of about 360rpm. The lower the speed the lower the voltage on 

the terminals. This is one of the reasons why the amount of power that the AC load 

absorbs drops when the speed of the machine changes.

3.8.1.1 Study of Voltage Range Control

From the previous section, it could be seen that the controller has a good performance 

in controlling the DC bus voltage. However, the only reference voltage simulated was 

250V, and in this section various other voltages are used to determine the range of the 

controller. First, the minimum operating voltage is determined by lowering the control 

voltage. As can be seen in Figure 3.58, the controller cannot support the voltage of 

200Vdc. The controller saturates, and the voltage goes slowly down with the decrease in 

speed. The saturation point is at about 215V, so the controller cannot support a DC bus 

voltage lower than that.
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Figure 3.58. DVCSFO Variable Bus Controller Response to DC Bus Voltage with Vref

200V.

The next step was to determine if the controller could support a voltage slightly 

higher than the threshold. The new reference voltage was chosen to be 230V. As can be 

seen from Figure 3.59, the controller saturates slightly and then controls the voltage on 

the bus. After the voltage stabilizes, the largest variance with the speed is 0.41 Vdc (or 

0.18%).
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Figure 3.59. DVCSFO Variable Bus Controller Response to DC Bus Voltage with Vref =

230V.

The next step in determining the range of the controller is to test the upper limit of the 

voltage. It was chosen that the bus voltage be 300Vdc, and the simulation was run again. 

The results are shown in Figure 3.60 and show that the controller does a good job of 

controlling the voltage on the bus until the speed is reduced. To show the reason for this, 

consider the torque response of the system when the reference voltage is 300Vdc as 

shown in Figure 3.61.
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Figure 3.60. DVCSFO Variable Bus Controller Response to DC Bus Voltage with Vref =

300V.
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Figure 3.61. DVCSFO Variable Bus Controller Response to Torque with Vref = 300V.

The controller attempts to raise the torque and generate more power to compensate 

for the reduction in speed, but cannot generate sufficient torque, and then the voltage on
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the bus collapses. Therefore, there is a maximum voltage (300Vdc) for the imposed 

speed profile. This observation is important in guiding the experimental setup.

The voltage on the bus was reduced to 275Vdc to see if the controller was stable with 

that reference voltage. Shown in Figure 3.62 is the controller’s response when the 

reference voltage on the bus was chosen to be 275V. The system quickly changes to the 

new DC bus voltage, and after stabilizing it only has a variance of 1.0V (0.36%) with the 

varying speed.
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Figure 3.62. DVCSFO Variable Bus Controller Response to DC Bus Voltage with Vref =

275V.

The last conditions that were tested was to rerun a reference voltage of 300Vdc with a 

different speed profile to determine if the controller could handle a higher speed instead 

of a lower speed. Shown in Figure 3.63 is the new speed profile. The starting value is 

the same, but instead of slowing down, the machine speeds up to a higher value.
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Figure 3.63. DVCSFO Variable Bus Controller Response to Speed with Vref = 300V.

The response of the controller to the new speed profile is shown in Figure 3.64. The 

system does an excellent job holding at 300Vdc, and after an initial transient, only varies

0.1V (0.04%).
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Figure 3.64. DVCSFO Variable Bus Controller Response to DC Bus Voltage with Vref

300V.
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From varying the reference voltage for the DC bus several times, the following items 

can be summarized:

1. The controllable voltage range of the DVCSFO variable DC bus controller the 

current profile is:

a. Low: 230Vdc

b. High: 275Vdc

2. The controllable voltage range of the DVCSFO variable DC bus controller is 

dependent on the speed of the motor:

a. Higher speeds can handle higher DC bus voltages.

b. Lower speeds can handle lower DC bus voltages.

3.8.2 Variable Flux Controller

As seen from the previous simulations with variable speed, the AC voltage varies

with the speed of the machine. To try and compensate for this, the flux is controlled to

regulate the voltage on the AC bus. The basis for this control is that the voltage on the 

terminals can be written as follows [1]:

(3.2) V = KoYF

Where V is the no load voltage, K is a constant, and *¥ is the flux in web. This 

means that the voltage on the AC bus is proportional to the product of speed and flux. To 

keep the voltage on the terminals constant, the product of the speed and the flux must 

remain constant. However, this assumption has limits based on the machine. The 

maximum speed is limited by the mechanical rating of the machine. The machine should 

not be run above this speed, so this value corresponds to a minimum flux.
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The maximum flux in the machine is limited by saturation effects. The machine core 

will prevent the flux from rising above this value. This value corresponds to a minimum 

speed that the machine can run while maintaining constant voltage. This relationship is 

shown graphically in Figure 3.65.

Since the rotor speed is known either from a measurement or by estimation, the 

equation used to calculate the flux is as follows:

Although the maximum flux is determined by the saturation for real machines, in this 

simulation there is no core saturation. The maximum flux was set to 2.0 Wb, and the 

minimum speed was set to 50 rad/s. There is a saturation block in the system that limits 

the flux from the maximum flux of 2.0 Wb and a minimum of 0.3 Wb. This choice of a 

minimum flux corresponds to a maximum speed 333 rad/s to keep the voltage on the 

terminals constant.

The controller for the final simulation is very similar to the previous DVCSFO 

simulations, but the constant flux was replaced with a block that calculates the reference

co.

Figure 3.65. Relationship Between Flux and Rotor Speed.

(3 3) max

If this relationship is used, the voltage on the terminals should be relatively constant.
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flux from the speed of the machine. The simulation was run with the same constants as 

before, with the original speed profile and a reference DC bus voltage of 250Vdc. The 

result from this final simulation is shown in Figure 3.66 through Figure 3.71. The full 

range of time is shown because the variable flux controller was running during the entire 

simulation.
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Figure 3.66. DVCSFO Variable Flux Controller Response to Actual Speed (Blue) and

Estimated Speed (Green).
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Figure 3.68. DVCSFO Variable Flux Controller Response to Reference Flux (Blue) and

Actual Flux (Green).
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Figure 3.69. DVCSFO Variable Flux Controller Response to Reference Torque (Blue)
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Figure 3.70. DVCSFO Variable Flux Controller Response to Motor Power (Blue), AC 

Load Power (Green) and DC Load Power (Red).



Figure 3.71. DVCSFO Variable Flux Controller Response to Phase Voltages (Va (Blue),

Vb (Green) and Vc (Red)).

Many features can be noted from the response of the variable flux controller. First, 

from Figure 3.66, the speed profile is exactly the same as what was used for the previous 

simulations. Second, from Figure 3.67, the bus voltage before the change is 300Vdc, and 

then the controller reduces this voltage down to 250Vdc, which is the reference voltage. 

The controller does a very good job of controlling the voltage on the bus, dropping to 

only 249.6Vdc (0.16% reduction) when the speed is changing.

Third, from Figure 3.68, the reference flux within the machine is constantly changing 

and is inversely proportional to the speed profile in Figure 3.66. When the speed is 

initially very low (during startup), the flux is saturated at 2.0 Wb, and then as the speed 

increases the reference flux decreases in proportion. The lower limit of the flux is never 

reached by the speed profile (0.3 Wb).

Fourth, from Figure 3.69, the variable flux controller effects the operation of the 

torque controller. The torque controller is slower to respond to the change in high torque, 

and ends up overshooting the maximum torque. This is because that while the torque 

controller is changing the torque, the flux controller is also changing the flux within the
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machine. After the flux is established, the torque controller has no problems with the 

negative torque command. The rest of the profile is very similar to the variable bu& 

controller after the variable bus is initiated.

Fifth, from Figure 3.70, the amount of power being used by the DC load is 

proportional to the square of the DC bus voltage. Therefore, initially the bus is at 

300Vdc, and then drops to 250Vdc, so the DC load changes its power proportionally to 

the square (900W to 625W). The AC load power profile changed considerably. Instead 

of reducing with the speed, the amount of power being absorbed actually increased. This 

occurs because the electrical frequency is decreasing while the voltage is fairly constant. 

The amount of power being used by the machine has an initial spike when the machine 

runs as a motor and then levels off as a generator. The machine is supplying both the AC 

and DC loads, so therefore the amount of power being generated by the machine is more 

than the sum of the AC and DC loads. When the AC load needs more power, the 

machine supplies more power to compensate for the larger load.

Sixth, from Figure 3.71, the voltages being generated by the inverter do drop when 

the speed is changed, from 92.2Vrms to 57.0Vrms, which corresponds to a drop of 

12.6%. However, this is a significant improvement from the previous bus controller that 

reduced from 77.8Vrms to 28.5Vrms (or 63.4%).

The new variable flux controller adds a significant improvement in the regulation of 

the AC voltage. The controller does not affect the regulation of the DC bus while the 

variable bus controller is running, but does add a slight amount of sluggishness to the 

response of the torque controller.
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CHAPTER 4 

EXPERIMENTAL SETUP

4.1 Introduction

The next step in this thesis project was to implement the simulation previously 

described in Chapter 3 in a real experimental setup. The simulation was followed as 

closely as possible to provide a basis to compare the experimental and simulated systems. 

In this chapter, the entire experimental setup is outlined and compared to the simulation. 

The entire system is first outlined, and then the mechanical, electrical, and computer 

subsystems are described in detail.

4.2 Outline of Experimental Setup

The entire system attempted to emulate the simulation as closely as possible. The 

induction machine that was chosen was a small 3HP machine, connected to a 10HP DC 

machine. The DC machine provides power when the induction machine is switched to 

generating mode. Since the controller requires both current and voltage, sensors were 

placed so that they could be measured in real time. The controller was run on a Personal 

Computer (PC) and connected to the system using a Data Acquisition (DAQ) board.

Both DC and AC loads are used, with a three variable step load to measure the transient 

response.
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4.2.1 Motors

There are two motors that are used in this experimental setup. The first is the 

induction machine. The induction machine is a three-phase, 208Vrms line to line, Y 

connected, 3HP machine. This is very similar to the motor that was used in simulation, 

except that in the simulation, the rated power was 13.5HP (lO.lkW). However, the 

voltage rating was the same, and most of the other parameters are similar.

On the other side of the shaft, a DC machine is used to power the shaft and provide 

power for the induction machine while it is generating. The DC machine is a 10HP 

(7.5kW), 240Vdc machine. The power for the machine is derived from three-phase 

208Vrms. The machine is controlled through an inverter that is controlled by an AC/ DC 

converter built by WEG motors (CTW-A03). The DC machine is in speed control and 

the reference speed is set by a knob on the experimental setup. The inverter has 

regenerative properties and can absorb power from the shaft if the induction machine 

supplies enough power.

4.2.2 Sensors

There are several sensors that are placed at various places in the project. The sensors 

that are required for the controller to work are phase voltages (Va, Vb, Vc), phase currents 

(la, lb, Ic) and the DC bus voltage (VdC). Since the center of the Y connection of the motor 

is not accessible, the voltages Va, Vb, and Vc are not measured directly. Vab, VbC, and Vca 

are measured, and then Va, Vb, and Vc are calculated from the line to line values from the 

following equation [2]:

X ' " i 0 -1" X '
= ( X ) - i 1 0 X e

- X n _ 0 -1 1 x _
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V a b ,  V b c ,  and V c a  are measured using voltage transducers that generate a current that 

is proportional to the voltage measured. The transducers also provide a separation 

between the computer side and the power side. V d C is measured exactly the same as V a b ,  

Vbc, and Vca, using a voltage transducer. This transducer is set to a wider range, as the 

peak value of the DC bus voltage will be higher than the peak voltages on the AC side.

Ia, lb, and Ic, on the other hand, can be measured directly. Since the center of the Y is 

not connected to ground, the three-phase currents must add to zero (Ia + lb + Ic = 0). 

Therefore, if only two of the currents are measured, the third can be calculated. Ia and lb 

are measured, while Ic is calculated from Ia and lb. The currents Ia and lb are measured 

using current transducers that provide a current that is proportional to the measured 

current. The transducers also provide a separation between the computer and power side.

Beyond what the controller needs, there are two other measurements that are taken to 

provide more data to the project. The first measurement is torque, which is measured 

using a torque sensor placed between the AC and DC machines. This provides a voltage 

that is proportional to the amount of torque on the shaft. The second measurement is a 

speed sensor. This is provided by tachometer that measures the speed optically. This 

data is not logged with the other data as no connection to a computer is provided, but 

steady state speeds are noted in the experimental results for data comparison.

4.2.3 Circuits

The entire circuit is complex and has many functions. Since the DAQ card has only 

two outputs, V q S *  and V a , *  are used instead of V a * ,  V b * ,  and V c *  to control the machine. 

This means that the first item on the board converts V q s *  and V d s *  to V a * ,  V b * ,  and V c * .  

Just like in simulation, the reference signals are compared to a triangular wave to 

calculate the pulses that are sent to the inverter. After the pulse signals are created, they
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are sent through optocouplers so that there is a isolation between the computer side of the 

circuit and the power side of the circuit.

The next part of the circuit is a protection circuit that can turn off all of the inputs if 

the current through the IGBT module is too high. This is accomplished by using an OR 

gate that compares the gate pulse signals to the over current signal. After the OR gate, 

the signals are sent to the gate driver. The gate driver uses the input signals to turn on 

and off the gate signals on the IGBT module.

Other items on the circuit include the current and voltage transducers, as well as AC 

and DC loads. The DC load is connected in parallel to the DC bus, and the AC load is 

connected in parallel with the IGBT module. The current is measured after the AC load, 

so the current measured is the current going to the AC machine.

4.2.4 Computer Parts

The Data Acquisition (DAQ) card that is used for this experiment is the Real Time 

Devices (RTD) PCI4520. This particular board has a maximum sampling rate of 

1.25MHz. There are a 16 single ended analog inputs (or 8 differential inputs), two analog 

outputs, and 16 digital input / outputs. There are seven inputs that are sampled by the 

board, Vab, Vbc, Vca, Ia, lb, Vdc, and Te. The computer controls the DAQ board and 
samples the inputs differentially every 100 pseconds. After the controller equations are 

calculated, the new Vqs* and Vds* are output on the analog outputs of the DAQ card. The 

program also can save data to the disk, and change parameters of the controller while it is 

running.
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4.3 Mechanical Design

The mechanical design of this project is very simple. There are two machines 

connected on a single shaft through a torque sensor. The DC machine is controlled by a 

standard inverter constructed by WEG motors for the machine. The DC machine is setup 

in speed control and power can flow to or from the machine to the grid. The AC machine 

is connected through the inverter to the DC bus. The two machines are connected 

together on the same shaft using mechanical couplers.

4.3.1 AC Machine Specifications

To successfully control the AC machine, full specifications are needed. The sources 

of these specifications include the nameplate and circuit parameter tests. Nameplate data 

can be used to calculate many rated values. The rest of the parameters can be obtained 

from several different tests. The AC machine used in this project is portrayed in Figure 

4.1.

Figure 4.1. AC Machine.
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4.3.1.1 AC Machine Nameplate Data

Many parameters can be obtained from the nameplate data. The nameplate for the 

AC machine is shown in Figure 4.2 and shows the rated voltage, current, power factor, 

speed, frequency, and efficiency. From the values on the nameplate, several other rated 

values can be calculated.

CATALOG # U 3E20 

ItioaAG 6206-2ZJC3 
FR 182T TYPE F

PH 3 ^  40 *C ID# G03-AD81-IVI 
DUTY CQMT WT

M O D E L #  A 0 8 1

FWBRG 6205-2ZJC3 
ENCL TE

cuss F BAl

HZ 60 H P  3 00 R PM  1765 
S F  01 25 D E S IG N  B  C O D E  K 

? ^ v £C85 5 %  150 
6 ^ ^ 8 7  5 ppv 79 0 
VOLTS 208-230,-460 
F I  A M PS 8 50-8 00/4.00 
SF AM PS 9  8 0 ,'4  9 0

HZ 50 H P  3 00 RPM  1455 
S F 01 00 D ESIG N  C O D E H 

£ $ c n Ê s e P  82 5 km  1 20 
fF n c iiS c r 85 5 1$** 83.7 
VOLTS 190/380 
P L A M PS 9 60/4 80 
S F A M P S

l W .P  VAX 10  60 AT 206V  6GHZ < 0 ^  J
M E X I C O

433ÏOÎ 002

Figure 4.2. AC Machine Nameplate
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The rated Iqs and Ids can be calculated from the following equations:

r a t e d  ~  P * * V

(4-2) j  _  /j2 q2
(k RATED V  FL qs

The rated flux can be estimated from the following equation:

V
x¥. (p,peak

® e , RATED
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(4.3)

Using these equations along with the nameplate specifications, the parameters for the 

machine are shown in Table 4.1. Although these parameters are different than the ones 

used in the simulation, they are similar enough to compare the simulation to the 

experimental setup.

Table 4.1. Rated Values for the AC Machine.

Param eter V alue
Vin 208V rm s
w e 60H z
1 6.5Arm s
Iqs 6.7Arm s
Ids 5.2Arm s
Wr 0.45W b
wm 1800rpm

W m AT RATED SLIP 1765rpm
w sl 0.58H z
Sm 2.833kVA
p f 0 .79
Pm 2.238KW

To get the rest of the parameters needed to control the machine (Rr, Rs, Lis, Lir, and 

Lm), further tests are needed to measure the parameters. These parameters cannot be 

calculated from the nameplate data.

The machine has two types of connections, one for a low voltage (208Vrms) and one 

for a high voltage (460Vrms) based on how the input wires are connected. In this 

experiment the low voltage connections are used. Also, the machine is connected in an 

ungrounded Y configuration.
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4.3.1.2 AC Machine Parameter Testing

The parameters that are needed to control the induction machine using the Direct 

Vector Control Stator Flux Orientation (DVCSFO) operation are Rs, Lis, Lm, L\r, and Rr. 

The values are shown in the equivalent circuit in Figure 4.3. These values can be 

obtained from several different types of tests.

Rs Lis Llr

Vn Rr/sLm

Figure 4.3. Per Phase Equivalent Circuit for an Induction Machine.

The first test in obtaining these values is to apply DC to two of the terminals of the 

machine. Since an inductor acts like a short circuit when DC is applied, the equivalent 

circuit above becomes the circuit shown in Figure 4.4 with a DC input.

Rs
+ o— V A —
Vn

— O- --------------

Figure 4.4. Per Phase Equivalent Circuit with a DC Input.

This means that if a DC source is applied to terminals A and B, the resistance Rs can 

be calculated from the voltage applied and the current measured as per the following 

equation:



This test was performed several times while the machine was cold and warm and the 

results are shown in Table 4.2. Since the machine will be used when it is warm, the 

average of the warm data is used to calculate Rs with a value of 0.605Q.

Table 4.2. DC Test Results.

V dc (V) Idc (A) Rs (Û) T em perature
4 .7 3 3 4.21 0 .562 cold
6 .8 8 3 6 .0 5 0 .5 6 9 cold
3 .814 3 .37 0 .566 cold
2 .9 8 3 2 .4 9 4 0 .598 warm
3.925 3 .25 0 .6 0 4 warm
4 .8 7 3 4 .0 7 0 .5 9 9 warm
7.1 9 8 5 .8 8 6 0.611 warm
8.255 6 .74 0 .612 warm

AVG Cold 0 .566 Q
AVG Warm 0 .665 O

The next test to be performed is the no-load test. Since the slip (s) is approximately 

zero for no load, the equivalent circuit changes to the one shown in Figure 4.5.

Rs Lis+ °— w v
Vn Lm

—  o

Figure 4.5. Per Phase Equivalent Circuit Under No Load Conditions.
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If the voltages and currents are measured while the machine is running under no load, 

the real and reactive power can be used to calculate the value of Lis + Lm. Since the 

applied voltage is at 60Hz, Xs = 2*71*60*1% and Xm = 2*7t*60*Lm. Knowing this, the 

value of Xg + Xm can be calculated from the following equation:

(4.5) Xs+XmW

This test was run three separate times and the results obtained are displayed in Table

4.3. Using this data, the average value of Xs + Xm is 30.11 £1

Table 4.3. No Load Test Results.

V (V ) I (A) 0 (deg) S  (VA) P (W ) Q (VAR) Xs+Xm (Cl)
121.1 3 .8 5 82 .9 1398 174 1387 31.21
137.3 5 .1 3 86 .3 2 1 1 3 136 2 1 0 8 26 .7 2
104.5 3 .16 78 .2 989 203 968 3 2 .3 9

A verage 30.11

The last test that was performed is the locked rotor test. This test locks the rotor so 

that the shaft cannot spin. This makes the slip (s) equal to one. Assuming that the rotor 

resistance is much less than the magnetizing resistance, the equivalent circuit becomes 

the circuit shown in Figure 4.6
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Rs Lis Llr

Vn Rr

Figure 4.6. Per Phase Equivalent Circuit Under Locked Rotor Conditions.

Using the same equation (4.5) above, the value of Xs + Xr can be calculated from the 

reactive power Q. Using the real power P, Rr + Rs can also be calculated from the 

following equation:

(4.6)
R+R„=-

3P

The data from the locked rotor test is shown in Table 4.4.

Table 4.4. Locked Rotor Test Results.

V ( V ) I (A) 0 (deg) S  (VA) P ( W ) Q  (V A R ) R s + R r  ( 0 ) X s + X r  ( 0 )

2 2 . 4 8 .1 1 6 5 .1 5 4 6 2 3 0 4 9 5 3 . 4 9 7 . 5 3
2 2 . 0 8 . 4 6 6 3 . 6 5 5 7 2 4 8 4 9 9 3 . 4 7 6 . 9 7
2 1 . 4 7 . 8 8 6 2 . 5 5 0 6 2 3 3 4 4 9 3 . 7 5 7 . 2 2

A v e r a g e s 3 . 5 7 7 . 2 4

Combining the data shown in Table 4.4 with the previous calculated values and 

assuming that Xr is equal to Xs, all of the parameters in the equivalent circuit can be 

calculated and the values are shown in Table 4.5. All of the values are close to common 

specifications except the value of Rr. Rr should be close to Rs or at least less than 1. The
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value of Rr is hard to get accurately, and at 60Hz the value is skewed and not measured 

correctly [12].

Table 4.5. Induction Machine Parameters Calculated From Tests.
Param eter v a lu e
R s 0 .6 0 5  a
Rr 2 .9 6 6  Q
Lm 71.15'm H
Lis 9 .6 0  mPF
Llr 9 .6 0  mH

To get a better approximation of the value of Rr, the rated values for the machine are 

used with the other parameters in Table 4.5 with the equivalent circuit shown in Figure

4.3. Since the rated current, power, and voltage are known with the corresponding angle, 

the value of Rr can be estimated by balancing out the rest of the equivalent circuit. From 

these calculations, the value of Rr is calculated to be approximately 0.260.

This constitutes all of the parameters necessary to run the DVCSFO controller, and all 

of the parameters obtained are shown in Table 4.6.

Table 4.6. Induction Machine Parameters Used in DVCSFO Controller.
Param eter v a lu e
R s 0 .6 0 5  O
Rr 0 . 2 6 0
Lm 7 1 .1 5  mH
Lis 9 .6 0  mH
Llr 9 .6 0  mH
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4.3.2 DC Machine Specifications

The other machine that is used in this project is the DC machine. This drives the 

shaft and supplies power when the AC motor is generating power. Although no 

specifications are really needed for this machine, several items should be known about 

the motor in general and the controller of the DC machine. The DC machine that is used 

in this project is shown in Figure 4.7.

Figure 4.7. DC Machine.

The DC machine nameplate is shown in Figure 4.8, and several items can be noted 

from the nameplate. First, the motor is rated for 7.5kW, can run up to lOOOrpm the way 

it is set up, and needs 240Vdc input. This means two items in terms of this project. First, 

the DC machine has enough capacity to drive the AC machine since the AC machine is 

only rated for 2.2kW. Second, the speed of the AC machine is limited to lOOOrpm. 

Although this is lower than the rated speed of the AC machine, the DC machine can still 

be used to run the experiment in the lower speed range.



Figure 4.8. DC Machine Nameplate.

The speed of the DC machine could be increased to 1800rpm with a different setup, 

but as the manuals for the motor and the controller are written in Portuguese, it was 

decided to leave the machine in its current setup and accept the maximum speed of 

lOOOrpm.

The DC machine is controlled by a prefabricated controller that was designed 

specifically for controlling this DC machine. The controller is shown in Figure 4.9. This 

controller commands all aspects of the machine and is connected to 208V / three-phase to 

obtain the necessary DC voltage through a rectifier.
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Figure 4.9. AC to DC Converter and Controller for the DC Machine.

A useful item to be noted about the controller is the fact that the power can flow from

the three-phase to the DC machine, or vice versa. This means that if the AC machine 

supplies power to the shaft, the DC machine can absorb this power and send it back to the 

grid. Another thing to note is that the controller is setup to be in speed control with the 

reference speed control being a knob on the bench. The DC machine will use as much 

power as necessary to keep this speed constant. This means that while the AC machine is 

connected to the shaft, the AC machine cannot control the speed of the shaft, and can 

only control the torque being generated.

The DC machine also has significant protections on it that allow the machine to be 

protected while running. All of the external protections that are used in conjunction with 

the DC machine are shown in Figure 4.10. One item to note is the green / red button on 

the right. The green button first starts the fan that cools the motor, and then after a few 

seconds power is applied to the DC machine. The red button makes the entire system 

turn off after zero speed is reached. This mode, is good to run the project with, because if 

the AC machine applies so much negative torque that the shaft stops, the DC machine 

will turn off.
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Figure 4.10. DC Machine Protection Circuit.

4.3.3 Mechanical Sensors

There are two mechanical sensors used in this project. The first sensor is a torque 

sensor and is shown in Figure 4.11. The sensor is placed on the shaft between the AC 

and DC machines. If ± 12V is applied to the sensor, it will output a signal that is 

proportional to the torque that the shaft is experiencing. The torque transducer has a 

range of ±50Nm, with an output range of ±2V, making the sensitivity 25Nm/V. This 

signal is filtered before sampling as the output is rather noisy.

Figure 4.11. Torque Sensor Placed Between the AC and DC Machines.
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The second mechanical sensor that is used in the project is a digital tachometer that is 

shown in Figure 4.12. The sensor is used by pointing the sensor at the shaft that is 

spinning, and a pulse is measured every time the shaft rotates. This sensor requires one 

spot of the shaft to be reflective, and on Figure 4.11, it can be noted a small white piece 

of tape on the shaft. Using the speed sensor on this point of the shaft will allow the speed 

to be determined.

Figure 4.12. Digital Tachometer Used to Measure Shaft Speed.

The only problem with using this type of sensor is that there is no method of sending 

the data to the computer and recording the data. However, since the controller is 

estimates the speed, there is no need for the system to be able measure the speed of the 

shaft. Therefore, this measurement device is only used in steady-state operation to 

determine the speed of the shaft.

4.3.4 Coupling Between Motors

When connecting the shafts of two motors, couplers are used to transfer power from 

one shaft to another shaft. Since the shafts in this experiment are different sizes, specific
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couplers are used to connect the shafts together. These couplers can be seen in Figure 

4.11 and are between the AC machine and the torque transducer, and between the DC 

machine and the torque transducer. These couplers have a rubber insert that isolates one 

side of the coupler from the other. The couplers also provide protection against 

misalignment of the shafts as well as vibrations on the shaft. The rubber inserts are 

designed to fail first, although the couplers are designed to continue to work even if the 

inserts give out.

4.3.5 Complete Mechanical Design

A complete picture of all the mechanical parts is shown in Figure 4.13. The AC 

machine is in the lower left of the picture, the DC machine on the lower right. The torque 

sensor is between them on the same shaft. The controller for the DC machine is on the 

upper right, and the protection system is in the upper center of the figure. This diagram 

also shows the electrical systems for the project which will be described in the next 
section.
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Figure 4.13. Complete Mechanical System.

4.4 Electrical Design

This section goes through the electrical design that is used in controlling the AC 

machine. The inputs are first traced from the computer to the inverter, and then the 

necessary separation between the signal side and power side is explained. The circuit 

also has many protections that are outlined.

4.4.1 Circuit Design

The circuit can be broken down into several sections to describe the entire circuit 

operation. First, the output of the computer needs to be converted from two phases to
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three phases. Second, the reference voltages must be compared to a triangular wave to 

produce SPWM pulses. Third, an error signal is generated from the current from the 

IGBT and used to turn off the pulses if the current gets too high. Fourth, the operation of 

the gate driver and the IGBT module is described. Fifth, all of the components on the DC 

bus are described. Sixth, all of the components on the AC bus are described. Seventh, 

the voltage and current transducers are described. Finally, the complete circuit is shown.

4.4.1.1 Power for circuits

The entire circuit needs power at several voltages based on what integrated circuits 

are used. The voltages that are needed in the system include +15V, +12V, -12V, +5V, 

and GND. Since there is no direct connection between the signal side of the circuit and 

the power side of the circuit, this means that a power supply is needed on both sides of 

the circuit. It was chosen that the power supplies be linear power supplies, reducing 

switching noise from the power supplies. A linear power supply is very simple, including 

a transformer on the input, diodes to rectify the voltage to DC, and a voltage regulator 

that lowers the voltage to the desired voltage. +12V and -12V are generated from the 

same transformer, and +5V is generated from a separate transformer. The basic circuit 

for a linear power supply is shown in Figure 4.14.

120Vac'

Voltage
Regulator ■ +V

GND

Figure 4.14. Circuit for a Linear Power Supply.
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Four of these linear power supplies are needed for each side of the circuit to make all 

of the voltages needed. One thing to note is that there is no connection between the 

ground of the AC source and the GND of the output. A linear power supply will isolate 

the input and output ground so that one side of the circuit is floating with respect to the 

other. A picture of both power supplies is shown in Figure 4.15.

Figure 4.15. Picture of the Power Supplies Used in the Project.

4.4.1.2 Two-Phase to Three-phase Conversion

As explained earlier, since the DAQ board only has two outputs to use for 

communication with the circuit, the computer is unable to output V a*, V b*, and V c*. 

Instead, VqSs* and VdSs* are used to control the machine. This means that the first thing 

on the circuit converts the voltages V qss* and VdSs* to the reference voltages V a*, Vb* and 

V c*.

The relationship between the reference voltages can be explained by the following 

equation:

(4.7) X .= (y )(v V + V 3 (v 4

Vta={y](v ,ss-V3(v.-))
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This equation can be implemented by using Operation Amplifiers (OPAMP) in a 

specific configuration. Each OP AMP can implement one gain in the equation. With two 

inputs, the OP AMP can add two signals and scale them at the same time. The circuit that 

implements the equations in (4.7) is shown in Figure 4.16.

G ain  = 18k

G ain  = 
- 1/2

18k

680k
100k

9.1k
"—w v

+12V +12V
+12V

100kA/W f12V2.7M

Vb*
-12V -12V

Vc*-12V
18kA/W

6.8k

-12V680k
— W V 120k

— W V 9.1k
"—WV

+12V
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2.7M
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18k

W V
-12V

-12V I lk
- 12'

-12VG ain  = 
-1/4 G ain = 

- 1/2
G ain  = G ain =

G ain  = 
-1/4
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Figure 4.16. Circuit to Change Two Phases to Three Phases.

The reason that the input signals are gained by % is because the signals VqSs* and 

VdSs* have a range of about ±1.2V . To get better resolution on the output of the analog 

outputs on the DAQ card, the signals in the computer are multiplied by 4 so that the 

output range from the computer is about ±4.8V. Since the output range of the DAQ card 

is ±5V, this makes the outputs utilize the full range of the DAQ card analog outputs. 

Therefore, after the voltage is output from the computer, it needs to be multiplied by % to 

get the signal in the correct range.
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4.4.1.3 SPWM

To implement a Sinusoidal Pulse Width Modulator (SWPM) circuit, several items are 

needed. First, a triangular waveform must be generated at a specific frequency. Second, 

the triangular waveform must be compared to the reference waveforms to generate pulse 

signals. The circuit shown in Figure 4.17 implements all of the components of the 

SWPM.

AnH

C hanges  
Frequency of 

Triangular 
W ave

O.Olu

+12V

t—w v
100k

— WV
12k +12V

►ww—?
IkC hanges DC 

offset of 
Triangular W ave

+12V

fr-WV—t
Ik

BnH

CnH

Figure 4.17. SWPM Circuit.

The three OPAMPs on the left side of Figure 4.17 generate a triangular waveform. 

There are two adjustable potentiometers on the left that are labeled on the diagram. The 

magnitude of the triangular wave was set to approximately ±1,2V. Since the reference
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voltages should not exceed ±1.0V, this provides enough range so that the SPWM does 

not go into overmodulation. The potentiometer on the bottom changes the offset of the 

triangular wave. Ideally the offset of the wave should always be zero, but this 

potentiometer occasionally needs to be adjusted to set the offset to zero. The top 

potentiometer changes the frequency of the triangular wave, and has a range from about 

1kHz to 25kHz. This effects the overall circuit. The amount of power that the IGBT 

module can provide is inversely proportional to the frequency. This means that with 

higher frequencies, the module can provide less power to the machine. However, at 

lower frequencies, the voltage waveforms are more difficult to filter and there is more 

overall noise in the system. Also, there is an audible signal that can be heard from the 

machine at lower frequencies. The frequency of the triangular wave was set to about 

15kHz, allowing the module to provide a significant amount of power while eliminating 

the audible noise from the machine. Also, the voltage waveforms are filtered at 1kHz, so 

the PWM switching is filtered out.

The three OPAMPs on the right side of Figure 4.17 are comparators that will output 

+12V if the reference voltage is higher than the triangular waveform, and -12V if the 

reference voltage is less than the triangular waveform. This implements the SWPM that 

was described in the simulation chapter.

4.4.1.4 Signal Propagation From Signal to Power Side

After the signals are created by the SWPM circuit, they must be transferred from the 

signal side of the board to the power side. The signals generated by the SPWM circuit 

are sent through optocouplers to provide a isolation of signal and power. An optocoupler 

transmits voltages via light to a phototransistor on the other side. This means that there is 

no electrical connection between the voltages on one side of the optocoupler and the 

other side. One thing to note is that the voltage delivered from the optocouplers are
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inverted from the input. This means that when the input voltage is high, the output 

voltage will be low.

The output signals that are generated by the optocouplers are very slow to respond 

and are not tight square waves. To alleviate this problem, after the pulses are transmitted 

to the power side, a digital buffer makes distinct square waves from the signals from the 

optocoupler outputs.

The module and gate driver need a signal to turn on the high and low sides of the 

circuit, while only the high signals are transmitted across the optocouplers. To generate 

the signals for the lower part of the power circuit, the high signals are inverted. This 

means that when the high side of phase A is on, the low side of phase A is off, and vice 

versa.

The circuit that implements all of the requirements for transferring the signals from 

the signal side of the circuit to the power side of the circuit is shown in Figure 4.18. The 

dashed line represents the optical isolation of signal and power, with the optocouplers 

transferring light across this boundary.
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Figure 4.18. Circuit for Transferring Signals From the Signal Side to the Power Side.

As can be noted on Figure 4.18, there is a different ground symbol on the signal side 

than the power side. The two grounds are not physically connected and therefore are 

floating with respect to each other. The different signals show whether the signal is 

grounded on the signal side or the power side. Also, the voltages on the power side are 

subtitled with p to denote that they are on the power side of the circuit. This terminology 

is used in all of the circuits displayed in this paper. The outputs of this circuit are shown 

with inverted signs because the optocouplers invert the signals.
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4.4.1.5 Overcurrent Detection

One of the protections implemented on the circuit is to detect the current flowing 

through the IGBT module and turn off all of the inputs if the current gets too high. This 

is accomplished using a current transducer. A current transducer produces a voltage that 

is proportional to the current passing through its primary circuit. Comparing this to a set 

value can determine if the inputs should be turned off. It was also desired that the inputs 

stay off until the user resets the signal. The hold signal is done by using a D-type flip- 

flop. In the configuration used, once the clear command is triggered, the output will stay 

triggered until preset is triggered to high. The entire circuit for accomplishing this 

functionality is shown in Figure 4.19.
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Figure 4.19. Overcurrent Detection Circuit.

Going through the circuit shown in Figure 4.19, the current transducer is the LAH-25- 

NP module. This is in series with the IGBT module and the DC bus voltage. Therefore, 

the current through the current transducer is the same as the current flowing through the
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module. The output that is generated by the current transducer is first sent through a 

buffer to get an isolated voltage, and then low-pass filtered at 8000Hz. This filtering is 

necessary because the current is pulsed and is very noisy. However, any filtering will 

delay how long the current trip takes to operate, so it is still set for a relatively high 

frequency.

After the voltage is filtered, the voltage is compared to a constant DC voltage. This 

voltage can be changed by a potentiometer on the circuit. If the voltage from the current 

transducer is higher than this voltage, it will trigger the output high and turn off all of the 

inputs. After this signal is generated, it is sent to the D-type flip-flip. The configuration 

shown on Figure 4.19 will hold the output at high until the switch on the figure is 

pressed.

To turn off all of the inputs if there is too much current through the module, simple 

OR gates are used to compare the input pulses to the error signal. If the error signal is 

high, all of the outputs are high, and if the error signal is low, the output is the same as 

the input. This works because the IGBT module will turn off with a command of high 

(reverse logic).

4.4.1.6 International Rectifier Gate Driver / IGBT Module

The next step in the circuit is to apply the pulses to the phases using the DC bus 

voltage. A gate driver is needed to turn the gates on and off in accordance with the input 

signals. Figure 4.20 shows one leg of the circuit that is needed to turn on the gates as 

well as some other items that are needed for the gate driver and IGBT module to work.
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Figure 4.20. International Rectifier Gate Driver / IGBT Module Connections.

Going through the connections shown in Figure 4.20 shows that first the input signals 

are sent to the gate driver from the previous circuit. To be able to turn on the gates, the 

gate driver needs to be able to apply 12V from gate to drain on the IGBT modules. For 

the lower IGBT this is no problem as the drain is connected to ground. On the upper 

IGBT, however, drain is connected to the output phase. This is why the upper IGBT has 

feedback from the phase, a capacitor, and a diode. This configuration allows the upper 

IGBT to turn on.

The zener diodes that are placed on both the upper and lower IGBT gates are there for 

protection purposes. The voltage being applied between gate and drain of the IGBT
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modules should never be more than 12V, and so the zener diodes will clamp the voltage 

at a maximum voltage of 15V and prevent the voltage from increasing.

The resistors in the lower right of Figure 4.20 are a protection system that is 

integrated into the gate driver. The voltage developed on the shunt resistor is 

proportional to the amount of current that is flowing through the IGBT module. 

Therefore, if the current through the IGBT module gets too high, the gate driver will turn 

off all of the outputs for a short while. The potentiometer in the figure will adjust the 

amount of current that the module will take before turning itself off.

The IGBT module that was chosen for this project is the International Rectifier 

CPV363M4K and is shown in Figure 4.21. Some maximum ratings for this module are 

shown in Table 4.7

I Ô R  '  l ' V J 6 J M 4 K
—  • 0 040  I >3904

f t t l f M M M  H i l l

Figure 4.21. International Rectifier IGBT Module CPV363M4K.
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Table 4.7. International Rectifier IGBT Module Maximum Ratings.

Param eter Max Unit

VcES Collector-to-Emitter V oltage 600 V

lc @ T~c = 25 C C ontinous Collector Current, Each IGBT 11.0

A

l c @T c = 100°C C ontinous Collector Current, Each IGBT 6.0
•CM Pulsed  Collector Current 22.0
l p @  T q = 1 0 0  c D iode C ontinous Forward Current 6.1
Ifm D iode Max Forward Current 22.0
Pd @ Tq = 25 C Max Pow er Dissipation, ea ch  IGBT 36

W
Pd @ T c = 100°C Max Pow er Dissipation, each  IGBT 14

There are several items to note about the module that can be obtained from the 

maximum ratings. First, the maximum DC bus voltage is 600V, so it should be 

maintained at a voltage significantly lower than that. Three 200V zener diodes are placed 

on the DC bus to prevent this voltage from exceeding 600V. Second, the maximum 

current that the module can handle at any time is 22A, even during transient operations. 

Third, the continuous current rating for the IGBTs is 6A, which corresponds to a DC 

response. In terms of supplying AC power, this means that the Arms current that can be 

supplied is limited to about 8A, but this is dependent on the switching frequency. The 

last item to note is that the IGBT module can absorb up to 108W while operating, so 

sufficient measures need to be taken to supply sufficient heat dissipation while the IGBT 

module is operating.

Other than the maximum ratings, there are several things that are worth noting about 

the module. The first is the frequency response of the module and the corresponding 

derating factor. Shown in Figure 4.22 is the module’s frequency response to current and 

output power. From the graph it can be seen that as the switching frequency is increased, 

the module can supply less power. This means that although the module can provide 

about 3.2kW at 200Hz, this is reduced to 2.3kW at 10kHz. Since the system is set to run
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at a base frequency of 15kHz, this means that the module can only provide about 2kW. 

Although this means that the motor rating (2.2kW) is larger than the module’s (2.0kW), 

the system will never run at the full motor rating. Since the DC machine is limited to 

1 OOOrpm, the output of the AC machine will be limited in how much power it can 

generate.
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Figure 4.22. International Rectifier IGBT Module Frequency Response.

The gate driver chosen was the International Rectifier IR2132 pictured in Figure 4.23. 

This driver was chosen because it was specifically made to run with the IGBT module 

already described.

Figure 4.23. International Rectifier Gate Driver IR2132.
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There are some interesting items to note about this gate driver. First, the gate driver 

has a dead time between applying the lower gate and the upper gate of 0.8us. This means 

that both the upper and lower gates will never be on at the same time, which would cause 

a fault. However, this limits the maximum frequency that the device can operate at, 

because the dead time must remain small compared to the signals being applied. 

Realistically, this would limit the maximum frequency of operation to about 25kHz. The 

second item to note about the gate driver is that it has a protection circuit that detects the 

current through the IGBT module and will turn off the IGBT module if there is too much 

current for the module to handle.

4.4.1.7 Powerex Gate Driver / IGBT Module

Due to several problems experienced with the International Rectifier gate driver and 

IGBT module, it was decided to attempt to use a different brand for the gate driver and 

IGBT module. The new module that was chosen was the Powerex PS21865. This 

module is combination of a gate driver and IGBT module in a single package. This 

makes the circuitry simpler to implement as connections between the gate driver and 

IGBT module are internal to the module.

However, there are three modifications to the circuit that need to be implemented 

before this module can be used. The first modification is that the module requires +15V 

instead o f+12V. The second modification that needs to be implemented is that the 

command signals to the module are not invertered like in the International Rectifier 

circuit. Therefore, before the signals are used they must be inverted. The third 

modification that needs to be implemented is that the new module requires a dead time 

between turning off the upper gate and turning on the lower gate, and vice versa. The 

International Rectifier gate driver automatically adds this dead time to the input signals, 

but the powerex module requires additional circuitry to implement that function. A
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simple circuit can be used to implement the dead time required for the circuit. The circuit 

for creating dead time on one signal is shown in Figure 4.24.

Figure 4.24. Dead Time Creator Circuit.

The first part of the dead time circuit is a buffer that assures that the input signals are 

clean. On the output of the circuit there is an inverter that changes the signal to positive 

logic, which is needed for the module to work correctly. Between the buffer and the 

inverter is a circuit that delays the signal. The way that the delay circuit works is simple. 

When the input is high, the diode conducts and there is no delay on the output. With an 

input of high, the output will be low. However, when the signal is low, the capacitor 

takes a finite amount of time to discharge before the inverter switches the output from 

low to high. This operation is shown in a timing diagram in Figure 4.25.

Input- 

Before lnverter_ 

After Inverter
Dead Time

Figure 4.25. Timing Diagram for Dead Time Circuit.
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Now that the input signals are conditioned, the Powerex module can replace the 

International Rectifier gate driver and IGBT module. The Powerex gate driver / IGBT 

module is shown in Figure 4.26, and the maximum ratings for the module are shown in 

Table 4.8.

Figure 4.26. Powerex Gate Driver / IGBT Module PS21865.

Table 4.8. Powerex IGBT Module Maximum Ratings.

P a r a m e t e r M a x Unit

VcES C o l le c to r - to -E m it t e r  V o l t a g e 6 0 0
V

V c c S u p p l y  V o l t a g e 4 5 0

lc @  T q =  2 5  C C o l l e c t o r  C u rren t 2 0 . 0
A

Ic p P e a k  C o l le c t o r  C u r r e n t 4 0 . 0

P c C o l l e c t o r  D is s ip a t io n 5 2 . 6 W

Although the ratings for the Powerex module are slightly different than the ratings for 

the International Rectifier module, the operation of both modules are very similar. In 

actual implementation, however, the Powerex module was much more stable than the 

International Rectifier module, and all of the experimental results obtained are with the 

Powerex module.
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4.4.1.8 DC Bus

There are several components on the DC bus that allow the system to work correctly. 

First, when the machine is not in generation mode, the DC voltage has to be supplied 

from an external source. The source used in the system is a three-phase rectifier supplied 

through a three-phase variac. The variac allows for any DC voltage to be created on the 

DC bus. However, once the AC machine starts to generate, this source is turned off, so a 

diode is used to turn off the rectifier if the bus voltage is higher than the voltage supplied 

by the rectifier. As stated previously, the IGBT module cannot withstand more than 

600V, so three 200V zener diodes are placed on the DC bus to clamp the voltage to 

600V. There are also two DC loads in parallel with the bus that can be turned on and off 

with a switch. The entire circuit for the DC bus is shown in Figure 4.27.

3-Phase
Variac

880uF /
350V  _ L  _ L  500V  

Electrolytic
x5 x4

Ŵoov 
Ceramic

150 •400

Figure 4.27. DC Bus Circuit.

As Shown in Figure 4.27 there are several capacitors in parallel with the DC bus. 

There are several reasons for these to be there. First, the large electrolytic capacitors 

facilitate the operation of the rectifier by leveling the voltage to a more constant DC 

voltage. Second, the large capacitors will make the DC bus voltage respond slower to 

changes and will allow the controller more time to control the amount of power generated 

by the machine. Third, the small ceramic capacitors are there for noise control. Since the
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DC bus is experiencing pulsed currents, the small ceramic capacitors respond faster and 

allow the bus voltage to be more constant under pulsed currents.

Also from Figure 4.27 the DC loads are 150f2 and 400Q, corresponding to a power 

dissipation of 150W and 56W respectively at 150Vdc. Since the output of the machine is 

limited to about 1.2kW due to the speed of the DC machine, this represents a significant 

load on the machine. Also, the AC machine will be supplying power to a three-phase AC 

load at the same time. Shown in Figure 4.28 is a picture of most of the components on 

the DC bus (the rectifier and the variac are not shown on the figure).

Figure 4.28. Picture of the DC Bus.

4.4.1.9 AC Bus

The AC bus is much simpler than the DC bus. There are not that many components 

on the AC bus that are needed for the operation of the machine. Besides the inverter and 

the AC machine, the only thing on the bus is a three-phase resistive-inductive load, as 

shown in Figure 4.29. There are two separate AC loads that can be applied, 1600 and 

4500. These correspond to a load of 278W and 96W respectively @ 120Vrms. This 

places a significant load on the machine, considering that the maximum power that the 

AC machine can supply is about 1.2kW. With both the AC and DC loads active, there is 

a load of 655W on the machine. Also, the loads increase with the increase of voltage on 

either the AC or the DC bus.
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Figure 4.29. Circuit Diagram for the AC Bus.

Figure 4.29 shows that there are inductors that in series with the resistive loads. 

There are two reasons for the inductors. First, the inductors will help filter the pulsed 

voltage and provide filtered currents that are easier to measure. Second, most typical 

loads that the induction generator will be supplying will be inductive loads, so this 

provides a more realistic response to what a real system would be experiencing.

Although only six resistors are shown in the circuit for the AC bus, 24 resistors are 

actually used to be able to handle the amount of power that the load is required to 

dissipate. The AC load is shown in Figure 4.30.

Figure 4.30. Picture of the AC Bus.



150

4.4.1.10 Voltage / Current Transducers

There are several voltages and currents that need to measured for the controller to 

work. The voltage on the AC and DC buses need to be measured, as well as the current 

through two of the phases. The current must be measured so that it is only the current 

through the AC machine. Therefore, the AC load must be connected before the current 

sensors so that the current measured is the current to the AC machine.

To measure the voltages and currents required, there must be a method of transferring 

the measurements from the power side of the circuit to the signal side of the circuit and 

scaling the voltages to measurable quantities on the DAQ board. The method of doing 

this is by using voltage and current hall effect transducers manufactured by LEM. A 

transducer acts like a transformer, creating a current on the output that is proportional to 

the current on the input. To produce a current from a voltage source, a resistor is 

connected in series with the transducer and the voltage source. The current through the 

leg is inversely proportional to the resistance.

After this current is produced on the output, it must be turned into a voltage to be 

measured. The method of doing this is to allow the current to flow through a resistor to 

ground. The voltage on the resistor is proportional to the current, and therefore 

proportional to the input voltage or current.

Since the voltages are pulsed waveforms, they must be filtered to get the fundamental 

waveform. The waveforms are filtered at 1000Hz to get rid of the switching frequency.

A circuit diagram for both the current transducer and the voltage transducer is shown in 

Figure 4.31.
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Figure 4.31. Current and Voltage Measurement Circuits.

Both the current and voltage waveforms are filtered using a simple first order low- 

pass filter, and then gained to obtain a range of approximately ±5V. The current sensor 

output are gained more because the current devices can measure up to 50A, but not the 

entire range is needed. The highest current in the system will probably be around 15A. 

These measurements are then sent through the DAQ card to the computer.

4.4.1.11 Complete Circuit

Combining all of the items already described together, the complete circuit is shown 

on the next three pages in Figure 4.32 through Figure 4.34. All of the pin numbers are 

labeled as well as the chip numbers. The circuit diagram is shown for the Powerex 

module because that is the module that was used for the experiment. Each block 

represents one chip.



152

LM324N

LM324N

—Wv-

>9.1k

TL074CN
SN7407N

+5Vp

+12V BAV10 i l

BAV10

+12V

BAV10

BAV10

— wl-------

BAV10

BAV10

Figure 4.32. Complete Circuit (Part 1)
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Figure 4.33. Complete Circuit (Part 2).
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Figure 4.34. Complete Circuit (Part 3)
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4.4.2 Isolation of Signal and Power Circuits

Through most of the circuit design, it was described that there is an isolation between 

the power side of the circuit and the signal side of the circuit. There are two reasons for 

this separation. First and foremost, the power side has the ability to cause significant 

damage to the circuit due to the high currents and voltages that are present on it. 

However, due to the investment of the DAQ card, it is extremely desirable to not cause 

any damage to the computer or the DAQ card. If the computer is isolated from the power 

side of the circuit, there is little chance that the power side of the circuit will be able to 

damage anything on the signal side.

The second reason that it is desirable to separate the signal and power sides of the 

board is that there is significant noise on the power side of the circuit due to the gates 

turning on and off. A separation between the sides will reduce how much noise is 

transferred to the signal side of the circuit.

There are three methods of isolating the two sides of the circuit. The first is to float 

the source of power (AC) for everything in the circuit. This decouples the instruments 

from each other. The second method for separation is to use optocouplers, which 

transmit their signal by using light. The last method of separation is the transducer 

sensors, which provide galvanic isolation.

4.4.2.1 Floating Sources

The first method of separating the signal side of the circuit and the power side of the 

circuit is to use isolation transformers to float the AC source of the item on the circuit. 

Since all of the AC obtained from a wall socket is on the same ground, this couples 

everything connected through the wall together. To decouple the AC from the ground, a 

transformer is used. Since transformers transmit power through an iron core, there is no
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correlation between the ground on the wall and the output of the transformer. This is 

called floating the source.

In this experiment, there are several isolation transformers that are used to float parts 

of the circuit separately. The computer and the measuring scope are both floated. This 

means that the scope can be connected anywhere on the circuit with worrying about 

connecting the ground pin on the probe. The computer is floated to separate the ground 

on the signal side and the power side.

Both of the linear power supplies are automatically floated, because the input first 

goes through a transformer before any modification is done. The DC source for the DC 

bus is decoupled by going through the rectifier. After floating the sources, the grounds 

must be connected so that the voltages are on the same level. This means that the linear 

power supply for the signal side is connected to the computer’s ground through the DAQ, 

and the linear power supply on the power side is connected to the ground on the DC bus.

4.4.2.2 Optocouplers

The second method of separating the signal side and the power side of the circuit is to 

use optocouplers to transmit the pulses from the signal side to the power side. An 

optocouplers consists of a light emitting diode and a phototransistor. The components are 

contained in a small chip to prevent outside noise from light. The light emitting diode is 

turned on and off based on the voltage that is applied on the signal side, and the 

phototransistor responds to this light by turning on or off. When the transistor is on, the 

output is pulled to ground, while if the transistor is off the output is pulled high.

Since the signal is transmitted by light, there is no direct connection between the 

signal side and the power side. This is why the optocouplers need power from both sides 

of the circuit.
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4.4.2.3 Voltage / Current Transducers

The current and voltage transducers are the last method of separation between the 

power and signal sides of the circuit. These use galvanic isolation and basically consist 

of a current transformer. Current on the input is fed through an iron core and then 

magnetically transferred to the output by the transducer. The current is scaled on the 

turns ratio of the transducer, and usually produce a few milliamps of output. This output 

is created by the DC connected to the transducer, not the input.

4.5 Computer Design

It was decided to run the controller on a PC instead of on a Digital Signal Processor 

(DSP). This is because a PC is easier to work with, provides more data, flexible in 

handling and can be fully customized. The program environment was chosen to be DOS 

based because inside Microsoft Windows other programs can conflict with the controller 

and cause gaps in the routines. Since the output of the controller needs to be output every 

clock cycle, these gaps could cause problems.

To run a successful program, the time step needs to be less than SOOpsec. The faster 

the data can be output, the smoother the output waveforms will be. However, there are 

several conditions that effect how small the time step can be. The first item that limits 

the time step is the sampling rate of the DAQ card. The faster that the data can be 

sampled, the lower the time step can be. The second item that limits the time step is the 

complexity of the program running. The program was kept simple enough that the time 

to run each loop is small. However, a Graphic User Interface (GUI) is still used to 

display information to the user while the program is running.

All of the Code used in this project is included in APPENDIX B -  DVC.c file, 

APPENDIX C -  conDVC.c file, and APPENDIX D -  conDVC.h file.
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4,5.1 DAO Board

The DAQ board handles all communication between the circuit and the computer 

program. The board chosen to be used was the Real Time Devices (RTD) PCI 4520 

which is pictured in Figure 4.35. This board has a maximum sampling rate of 1.25MHz. 

Since there are seven channels to be sampled, this corresponds to a sampling rate of 

180kHz on each channel.

Figure 4.35. Picture of the DAQ Board.

The board has the capability of using hardware triggers to make certain parts of the 

code execute. If this signal is triggered, the program will be interrupted while the 

triggered code executes. This function is triggered by a clock at a specific rate, so the 

interrupt routine will run at every clock pulse. The board has many options for the 

analog input channels. The first is the range that is to be measured. The available 

options are 0-5 V, 0-10V, ±5V, and ±10V. Since most of the analog channels need to 

measure negative voltages and do not exceed 5V, the bipolar range ±5V was chosen on 

all channels. The second option is whether to reference the input signals to ground or
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whether to sample the inputs differentially. Due to noise on the ground, it was chosen to 

sample the inputs differentially.

The analog outputs also have the same range options, 0-5V, 0-10V, ±5V, and ±10V, 

and since the range of the outputs are approximately ±1V, the range was chosen to be 

±5V. As stated previously, the outputs are multiplied by four before sending to the 

circuit to increase the resolution of the output. This multiplication is taken care of in the 

circuit.

The board also has the capability of inputting and outputting 16 digital signals, but 

only one channel is used. The signal is set high while the program is running, and low 

while the program is waiting for the next clock signal. This signal is used to determine 

the length of time for the loop, a very important indication of the real time capability of 

the implemented control structure.

4.5.1.1 Interrupts

In order for the controller to work, the input / output loop must be triggered at a 

constant rate. To do this, hardware interrupts are used to trigger the beginning of the loop 

based on a clock signal that triggers at a specific rate. To obtain the maximum rate 

possible, a signal is triggered at the beginning and end of the loop. Viewing this signal 

on an oscilloscope can be used to calculate the maximum rate that the loop is able to run.

The clock signal is created by the board by the following lines of C code:

SetUtc 1 Clock4520 (BOARD, CUTC1_8MHZ);

SetupTimerCounter4520(BOARD,TC_UTC 1 ,M8254_RATE_GENERATOR, 

CLOCKDIVISOR);
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The clock is setup to run at a rate of 8MHz / CLOCK DIVISOR. Therefore, a 

CLOCK DIVISOR of 800 means that the loop runs at a rate of 10kHz, or executes every 

100 psec. The following lines of code setup the interrupt function, and to make the 

interrupt to trigger on the previously initiated clock:

InstallCallbackIRQHandler4520(BOARD, NewISR );

SetITMask4520 (BOARD, 1 «IR Q SJJT C 1);

Every time the clock is triggered, the function NewISR is run. The function NewISR 

inputs the data values, runs the DVC calculations, and then outputs the new voltage 

waveforms. This interrupt will run no matter what is happening in the program, 

including saving data to the hard drive.

As stated before, a signal was used to determine how long the loop takes to run. 

During simulations, inputting the data, running the DVC calculations, and then outputting 

the data on the output channels takes on average about 45 psec. Therefore, the loop is 

setup to run every 100 psec. This extra time is used to run the rest of the program, saving 

data to the hard drive, and to display the GUI.

Although several interrupts can be used from different sources, this was the only 

interrupt routine that was used in this program. Setting up the program using interrupts 

ensures that every 100 psec the loop is run, no exceptions.

4.5.1.2 Inputs to Computer

Before the input can be sampled, the input channels must be configured in terms of 

number of channels to be sampled, sample range, and whether the inputs are sampled in 

differential or single-ended mode. The following lines of C code setup seven input 

channels for differential mode with a range of ±5V:



161

for (CHAN= 0; CHAN < NUM OF CHAN; CHAN++)

{
SetupCgtRow4520(&cscRow, CHAN, GAIN1, AIN_BIP5, NRSE AGND,

GND DIFF, CGT PAUSE_DISABLE, AOUT_BIP5, AOUT_BIP5,0);

WriteCGTAnalog4520 (BOARD, *((uintl6 *) &cscRow));

}

After the analog channels are setup for sampling, the converter must be triggered to 

start the conversion. To obtain the maximum rate, the internal burst clock running at 

1.25MHz is used to trigger the conversion to start. This means it takes 5.6 psec to sample 

all of the analog inputs. The burst clock is setup to start and stop on the pacer clock, 

which can be controlled. Before the data is sampled, the pacer clock is started, and when 

the data sampling is done, the pacer clock is stopped.

The following lines of code setup the conversion to start on the burst clock, setups the 

pacer clock to start and stop based on software commands, and sets up the burst clock at 

the maximum rate of 1.25MHz:

SetConversionSelect4520(BOARD, ADC START BCLK);

SetPacerClock4520 (BOARD, PCLK START SOFTWARE,

PCLK STOP SOFTWARE, PCLK REPEAT, PCLK INTERNAL, 100);

SetupBurst4520 (BOARD, BCLK START PCLK, 1250000);

After these lines are run, the conversion can be started by a call to StartPacer4520() 

and stopped by a call to StopPacer4520().
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4.5.1.3 Outputs to Circuit

Before signals can be output on the analog channels, the output channels must first be 

configured. The configuration for the analog output channels include the output range, 

when to start outputting, and whether to repeat a cycle or output a single value. The 

following lines of code sets up both analog output channels to output a range of ±5 V, 

start on a software command, and output a single data value:

SetupDAC4520(BOARD, 0, AOUT_BIP5, D A C C  Y CLESINGLE, 

DACSTARTSOFTWARE);

SetupDAC4520(BOARD, 1, AOUT_BIP5, DACC Y CLESINGLE, 

DACSTARTSOFTWARE);

After the ports are setup, it is fairly simple to output data values on the analog 

channels. The following lines for code show how to load a sample to both analog 

channels and then trigger the values for output:

LoadDAC 14520(BOARD, DADatal);

LoadDAC24520(BOARD, DAData2);

UpdateAllDAC4520(BOARD);

One thing to note is that the analog output channel will hold the data value until a 

new value is loaded.

4.5.2 DOS Program

The DOS program has many functions. First, the DOS program must setup the DAQ 

board for input and output. Second, the DOS program must setup the internal clock for a
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loop of 100 psec, and create an interrupt routine. Third, the interrupt routine must 

contain input of the analog channels, DVC calculations, and the output on the analog 

channels. Fourth, the DOS program must setup a method of saving data to the disk so 

that the data can be collected in a way that the normal loop is not effected. Lastly, the 

board setups up a Graphic User Interface (GUI) so that the program is easier to use and 

displays useful data while running. The entire program was written in C, and the 

program is included in APPENDIX B -  DVC.c file, APPENDIX C -  conDVC.c file, and 

APPENDIX D -  conDVC.h file.

4.5.2.1 DAO Board Setup

There are many setup function that are required for the DAQ board to work correctly 

for this project. Included with the DAQ board was a header file, pci4520.h, which 

contained all of the functions needed to work with the board. The first step in using the 

board is to open the board and check to see if there is an error in opening the board. The 

following lines of code opens the board and check for an error:

if (!OpenBoard4520(BOARD))

{
cprintf(" 111 * * *ERROR: PCI4520 (index ");

cprintf("%d) was not found!\r\n", BOARD);

}

If there is no problem with opening the board, the input/output channels must be 

initialized, the user clock must be setup at a rate of 10kHz, and an interrupt routine must 

be setup. All of these items were discussed in section 4.5.1 and the code was included.
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After all the initializations are performed, the board is ready to use for analog input and 

output, and the interrupt will run every lOOpsec.

4.S.2.2 DVC Class

A class was created for this project called direct vector control and is defined in the 

files CONDVC.H and CONDVC.C. These files are included in 

APPENDIX D -  conDVC.h file and

APPENDIX C -  conDVC.c file, respectively. This class has two main functions, to store 

all of the values of the variables for the project, and to perform the DVC calculations 

needed to calculate the new output voltages. The following line of code sets up the class 

in a variable called DVC VARIABLES:

direct vector control D VC VARIABLES ;

The variable DVC VARIABLES now has all of the variables that are needed to 

calculate the output values. The class also contains all of the current operating conditions 

and reference values. These operating conditions and reference values are shown in 

Table 4.9.

Table 4.9. Operating Conditions and Reference Values Used in DVC Class.

Variable Description Default V alue Unit
variable flux Enable or d isab le variable flux m ode no variable flux

operating m ode
O perate in motor m od e or 
generator m ode motoring

V dc star se t DC bus reference voltage 50 V
T e star R eferen ce torque 0 .5 Nm
phi s  b a se R eferen ce flux 0.81 W b
delta t Tim e b etw een  loops 0.0001 s
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Therefore, if it is desired to switch from constant flux to variable flux, you would set 

the variable variable flux to yes variable flux as such:

D V C VARIABLES .variable flux = yes variable flux-

To make the program easier interact with, options are included in the GUI that allows 

for each of the reference values to be changed, as well as the operating modes. Besides 

changing values within the class, the class also contains a function called 

next time calculationQ that calculates the new V q s s  and V d $ s  for output. However, before 

this function is called, the class must be supplied with the new input values. After a call 

to next time_calculation(), the output values can be sent to the analog output channels. 

The following lines of code show how to store values within the class, perform the 

necessary calculations, and how to obtain the output values:

// Set the input values

DVC VARIABLES.Va measured = Van;

DVC VARIABLES.Vb measured = Vbn;

DVC VARIABLES .Vc measured = Yen;

DVC VARIABLES Ta measured = la;

D VC V ARIABLES .lb measured = lb;

D V C_V ARI AB LES. Ic_measured = Ic;

DV C V  ARIABLES.Temeasured = Tor;

DVC VARIABLES.Vdc measured = Vdc;

// Perform the DVC calculations
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DVC VARIABLES.next_time_calculation();

// Obtain the output values from the controller

DADatal = (int) (DVC_V ARI ABLES. Vqss_output * D ASLOPE * 4);

DADatal = (int) (DVC_V ARI ABLES. Vdss_output * DASLOPE * 4);

This segment of code is placed within the interrupt so that every time the interrupt is 

triggered, the output values are updated based on the input values. The last item that the 

class contains is all of the PI gains that the controller uses to calculate output values. 

There are four proportional gains, and four integral gains. Due to the number of gains, a 

specific program was created to access and change these values.

4.5 2.3 GUI Interface

A Graphic User Interface (GUI) was created that has options for changing values, and 

displaying relevant data to the screen. The main program screen is shown in Figure 4.36 

and is what is normally displayed when the program is running.
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Created by Robert Wood DIRECT VECTOR CONTROL Version 1.0 05/07/04

INPUT VALUES CALCULATED VALUES VALUES FOR OUTPUT

Vqs : 0.00 we : 0.000 Vqs : 0.0000
Vds : 0.00 wr : 0.000 Vds : 0.0000
Iqs : 0.00 Iqs* : 0.000 sin(Oe): 0.0000
Ids : 0.00 Ids* : 0. 000 cos(Oe): 0.0000
Vdc : 0. 00 1 phis I * : 0.3000
Torque : 0. 00 1 phis I : 0.0100

PI GAINS RUNNING VALUES

Iqs Mode : motoring
P : 0.500 Te* : 0.50
I : 7.000 Flux mode : Constant

IP hi s|* 0.4500
Phis Ids delta t : 100.00 usee
P : 0.100 P : 0.100 count : 0
I : 1.000 I : 2.000

OPTIONS
S : Start/Stop the program X: Set output file

R: Reset Values O: Change operating mode F: Change flux mode
C: Change refe rence P: Set PI gains ESC: Quit the program

Figure 4.36. Sample of DOS Graphic User Interface (GUI).

The values that are displayed on the screen were chosen to provide the most 

information about the system while it is running. Since it is not feasible to display a 

graph of the data while running, it was chosen to display values on the rotating axis. If 

all of the calculations are running correctly, this makes all of the values on the reference 

axis DC values. Data is updated on the screen 10 times a second while the program is 

running.

To better understand how the program operates, a flow chart of the entire program is 

shown in Figure 4.37. The main program screen is the one shown on Figure 4.36.
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Figure 4.37. DOS Program Flow Chart.

The interrupt block contains the interrupt that runs at a rate of 10,000Hz no matter 

what the rest of the program is doing. If the program is running, the data is sent from the 

DAQ card to the class and back again. Whether the program is running is controlled by 

the start/stop block. The Output options block changes whether the data is saved and 

what file the data is saved to. The save data block saves data at a rate of 1,000Hz, as long 

as the program is running and the data saving is enabled.

Changing the flux mode block allows for the class to change from using variable flux 

or using constant flux. If the flux is changed, the controller is reset. The reset block is
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next, and resets the integral values inside the class. The next block is the change 

operating mode block. This can be used to change the operating mode from generating to 

motoring, or vice versa. If the operating mode is changed, the controller is reset before 

returning to the main program screen.

The next block the change ref block, which is used for changing reference values 

within the class. This includes changing the reference torque, flux, and DC bus voltage. 

The new values are put into the class immediately without returning to the main program 

screen. The next block is the change PI values block, which is used to change PI gains 

within the class. This operates the same way as the change reference values. New PI 

values are used immediately, without a return to the main program screen. The last block 

is the DVC class, which holds all the values and performs the DVC calculations. This 

block has significant communication with the rest of the blocks, including inputting new 

values and outputting current values.
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CHAPTER 5 

RESULTS

5.1 Introduction

Now that the experimental setup has been outlined, the system can be run and data 

can be obtained. The simulations that were run give a good idea of what to expect from 

the experiment. The first step in obtaining data is to run the experiment and make sure 

that the entire system is operating correctly in motoring mode, then test the variable flux 

loop in the motoring mode, test the voltage control in generating mode, and then finally 

have both the voltage controller and the flux controller operating in a variety of 

conditions. After all of this data is obtained, the operation of the experimental setup is 

compared to the simulation data already obtained.

5.2 Experimental Setup

When running any experimental setup, the first step is to first test the operation of the 

system and to determine if the entire system is operating correctly. This is verified by 

looking at the voltage and current waveforms that are being impressed on the machine. 

The voltage should be a SWPM voltage, switching on and off at a very high rate. Due to 

the high inductance of the induction machine, the currents flowing to the machine should 

sinusoidal.
The next step in testing the setup is to observe the operation of the torque controller in 

motoring mode. The speed of the shaft is set by the DC machine, and the controller
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controls how much positive torque is generated by the induction machine. If sufficient 

torque is created, the DC machine will start generating power.

After the simple torque controller is working, the machine is switched into operating 

in a variable flux mode. This assures that the variable flux controller works, the speed 

estimation is working and if the flux is changed inversely to the speed, the voltage on the 

machine terminals should be more constant under variable flux operation.

The next step in testing the controller is to apply a negative torque command that 

forces the induction motor to start generating. The more negative torque that is 

generated, the more power is being generated by the induction machine. This rise in 

power is followed by an increase in the DC bus voltage if there is not sufficient resistance 

to dissipate the power being generated.

Once it is verified that changing the torque command can change the voltage on the 

bus, the controller can be changed over to controlling the DC bus voltage. Instead of 

generating a constant torque command, the torque is varied until a specific DC voltage is 

reached. Once the voltage control is stable, all of the components of the controller are 

tested together and the system controls both the AC voltage through the flux and the DC 

voltage through torque. Once stable operation is obtained, the system’s stability is tested 

by applying step loads on the AC bus, DC bus, and the speed of the shaft.

5.2.1 Normal Operation

The main overall function of the circuit that was built was to be able to create any 

voltage on the output. Therefore, if a constant sinusoidal input is applied at the input of 

the circuit, a sinusoidal voltage should appear on the output. Therefore, while the 

controller was running and producing a small amount of torque, the voltage that was 

being impressed on the machine was sampled. The current through the machine was also 

sampled to show a the response to the voltage.
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The results from this simple test are shown in Figure 5.1. The data was sampled 

using a Tektronics digital oscilloscope. Several items about the normal operation of the 

inverter circuit can be obtained from this sample.

T bk Run: 2kS/s Sample QBE)
________ I---------- { --------T ---------- }■

EHMT 200mV CÏÏ2 20 V M 25m s C hi I  -592m V
3 Ju n  2004 
17:48:34

Figure 5.1. Voltage (Top) and Current (Bottom) of Normal Inverter Operation.

First, the voltage that is being impressed on the machine is being generated by a 

SPWM inverter, and has output values of 2*VdC / 3, Vdc / 3, 0, -Vdc / 3, and -2*VdC / 3. 
Therefore, from the figure the DC bus voltage is approximately 50V. Second, the current 

is sinusoidal, and has a frequency about 11Hz. Considering that the machine has four 

poles, this means that the shaft of the motor is spinning at approximately 330rpm.

The last item that should be noted from Figure 5.1 is the phase difference between the 

current and the voltage. The current in the machine is lagging the voltage on the machine 

by approximately 15ms. Since the electrical frequency is 11Hz, this means that machine 

is operating with a power factor of 0.5. This means that the machine is currently 

motoring and supplying power to the shaft.
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5.2.2 Torque Control

The simplest method for testing the Direct Vector Control Stator Flux Orientation 

(DVCSFO) controller is to use a specific torque command and a constant flux command. 

This is the first item that is tested with the controller. After it is established that the 

torque can be correctly commanded, the controller switches to using a variable flux to 

drive the machine. This means that the speed of the machine can be used to determine 

what level of flux is needed. To keep the voltage on the AC bus relatively constant, the 

flux within the machine must be inversely proportional to the speed of the machine. 

Therefore, a high speed correlates to a low flux, while a low speed corresponds to a high 

flux.

5.2.2.1 Constant Flux Mode

The next step in testing the controller is to run in constant flux at a constant speed, 

and vary the amount of torque that is being supplied to the shaft. Since the DC motor is 

in speed control, the shaft speed remains constant no matter what torque the AC machine 

applies to the shaft. If the AC machine supplies more power than the DC machine 

requires to keep the shaft at the set speed, it will force the DC machine to generate power 

to keep the shaft speed the same.

These experiments were run with the following provisions:

• The speed of the shaft was set to a certain value.

o Values tested included 300rpm, 500rpm, and lOOOrpm.

• The flux of the AC machine was run at a certain value.

o Values tested included 0.15Wb, 0.20Wb, and 0.25Wb.

• The voltage of the DC bus was set to a specific value.

o Values tested included 150V and 200V.
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• The reference torque the machine created was increased during the operation of 

the tests.

o The initial value is 0.75Nm, and the torque command is increased 0.25Nm 

every 10 seconds.

• The torque was increased until the controller stopped operating due to exceeding 

the current limit of the module or the output reference voltage was saturated.

• All loads on the system were off during operation.

Using all combinations of variables, the experiment was run 18 times. During the 

operation, it was noted how much torque could be generated for those operating 

conditions as well as the voltages, currents, and torque on the shaft.

To demonstrate that the controller is working, Iqs was graphed with the torque. If the 

sin(0e) and cos(0e) waveforms are being generated correctly the current IqS is proportional 

to the torque being generated by the machine. Shown in Figure 5.2 is a typical output 

during the increasing torque command. The output was taken at 500rpm, at a DC bus 

voltage of 150V, and a reference stator flux of 0.25Wb.
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Figure 5.2. Measured Torque, Reference Torque, and Iqs During Motoring Mode.

As seen on Figure 5.2, the reference torque starts at a value of 0.75Nm, and increases 

every 10 seconds by 0.25Nm. The measured torque from the torque transducer also 

increases every 10s by about 0.25Nm. Although the torque sensor output is extremely 

noisy, it can still be used to get a general trend in the data. Also from Figure 5.2, it can 

be seen that the current Iqs increases with every increase in the reference torque. This 

shows the relationship between the current Iqs and the torque being generated by the 

machine.

The last item to note is that for these operating conditions, the maximum torque that 

can be generated is 2.5Nm. When the reference torque increased to 2.75Nm, the 

module’s current trip turned on to protect the module from too much current. This causes 

problems in the controller and the flux collapses within the machine and no torque is 

being generated. This is what usually happened to the simulation, although some 

experiments saturated the voltage Vqs. For those operating conditions, the controller is 

unable to increase Iqs any further through Vqs. This is more likely to occur at high speeds
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and high reference fluxes because the voltage produced by the machine is greater than the 

voltage that can be impressed by the inverter.

Since the torque is being correctly generated, the next step is to look if the flux is 

being generated correctly and if the reference flux is being maintained. The reference 

stator flux and calculated stator flux for this experiment is shown in Figure 5.3.

l l  0.25

ç 0 15

-0.05

S ta to r  Flux

-R e f e r e n c e  S ta to r  Flux

T im e  (s)

Figure 5.3. Stator Flux and Reference Stator Flux During Motoring Mode.

As can be seen from Figure 5.3, although the calculated stator flux is rather noisy, it 

does oscillate around the reference value. From this data it can be safely assumed that 

the flux controller is working correctly and can maintain a constant flux level within the 

machine. The next step in testing the machine will be to use a constant torque, and 

switch the controller to use a variable flux command.

In terms of the rest of the experimental runs, all of the maximum stable torques 

obtained are shown in Table 5.1 along with the conditions of the run.
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Table 5.1. Results of Running in Positive Torque Mode.

Mechanical 
Speed (rpm)

Stator 
Flux (Wb)

DC Bus 
Voltage (V)

Maximum Stable 
Torque (Nm)

Saturated
Iqse?

300 0.15 150 1.5
300 0.15 200 1
300 0.2 150 1.5
300 0.2 200 1.5
300 0.25 150 2
300 0.25 200 1.75
500 0.15 150 1.25
500 0.15 200 1.25
500 0.2 150 1.75
500 0.2 200 1.75
500 0.25 150 2.5
500 0.25 200 2.75

1000 0.15 150 1.5
1000 0.15 200 1.5
1000 0.2 150 1.25 Yes
1000 0.2 200 2
1000 0.25 150 0.5 Yes
1000 0.25 200 2.75

Looking at the data in the table, several items can be noted about the operation of the 

torque controller. First, higher torques can be obtained at higher speeds. This is because 

the voltage is increased and there are lower currents flowing through the inverter. 

Second, increasing flux allows for more torque to be generated. This is due to the fact 

that higher fluxes allows for greater amount of power to be generated. The last item to 

note is that the voltage on the DC bus has little effect on the maximum torque, unless the 

speed is very high. Since the voltage developed on the machine is proportional to the 

flux times the speed, if a high constant flux is used, a lower DC bus voltage is unable to 

supply enough voltage to the machine. This is one benefit of changing the flux in
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relation to the speed of the machine. The variable flux controller would lower the flux at 

the high speed, and prevent the voltage VqS from saturating.

S.2.2.2 Variable Flux Mode

The next step in testing the torque controller is to change the reference flux from a 

constant value to a variable flux. The flux is changed inversely to the speed, so a higher 

speed means a lower flux. Considering that the speed of the shaft is limited from 0- 

lOOOrpm, the flux range is changed from about 0.4Wb to 0.15Wb at the minimum and 

maximum speed, respectively. While the experiment is running, the speed is increased 

from 300rpm to lOOOrpm over a period of about SOseconds.

These experiments were run with the following provisions:

• The voltage of the DC bus was set to a specific value.

o Values tested included 100V, 150V, and 200V.

• The flux of the AC machine was changed inversely to the speed.

• The speed of the shaft was increased during the running of the experiment.

o The shaft speed was set at about 300rpm, and then gradually increased to 

lOOOrpm over about 50s.

• The reference torque of the machine was set to a specific value.

o Values tested included INm and 2Nm.

• All loads on the system were off during operation.

To determine if the flux controller is working correctly, the flux was graphed with 

calculated mechanical speed for a typical run as shown in Figure 5.4. This particular run 

was run with a reference torque of INm, and the DC bus voltage was 150V.
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Figure 5.4. Stator Flux and Reference Stator Flux and Calculated Mechanical Speed

During Variable Flux Motoring Mode.

Several items can be noted from the graph. First, the speed estimator does a fairly 

good job of calculating the speed of the shaft from the fluxes. Although there is an offset 

in the signal, as the speed of the shaft increases so does the calculated mechanical speed. 

Second, the reference flux is changed inversely to the speed. Lastly, the flux controller 

does a very good job of keeping the calculated flux close to the reference flux.

To determine if changing the flux inversely to the speed provides a more constant AC 

bus voltage compared to the constant flux controller, the experiment was run again with 

the same conditions (DC bus voltage = 150V, constant reference torque of INm) except 

with a constant flux of 0.2 Wb and the RMS voltage of the voltage Va is compared. The 

results of the constant flux controller and the variable flux controller are shown together 

in Figure 5.5.
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Figure 5.5. Comparison of RMS Voltage of Phase A in Variable Flux and Constant Flux

Modes.

As can be seen from the graph, although the variable flux controller does not keep the 

voltage constant, it has a much better performance than the constant flux controller. The 

variable flux controller’s voltage varies from 15.0Vrms to 21.8Vrms (6.8Vrms range), 

but the constant flux controller’s voltage varies from 11.2Vrms to 30.9Vrms (19.7Vrms 

range). Even though the voltage is not constant, this data shows that the controller can 

help regulate the voltage on the AC bus by using a variable flux controller.

5.2.2.3 Negative Torque Control

Now that the controller has been fully tested for positive torque, it must be tested for 

negative torque control. Since the speed of the shaft is always positive relative to the 

machine, if a negative torque is applied to the shaft, power is transferred from the shaft 

into the electrical system. If there is not a sufficient load on the DC bus to dissipate this 

energy, the voltage on the bus increases. This increase in voltage can cause problems 

because if enough voltage is created it can damage the IGBT module. One safety
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precaution that was implemented before generation was to attach a dynamic brake to the 

DC bus. A dynamic brake has a resistor and a transistor. When the voltage on the bus 

gets to a specific value, the transistor turns on and power is transferred from the bus to 

the resistor. The dynamic brake was set at a limit of 230V.

This experiment was run similar to the positive torque, varying the speed and the flux 

at consistent values. The DC bus voltage was set at a constant of 100V, and allowed to 

increase if sufficient power was generated by the machine.

These experiments were run with the following provisions:

• The speed of the shaft was set to a certain value.

o Values tested included 300rpm, 500rpm, and lOOOrpm.

• The flux of the AC machine was run at a certain value.

o Values tested included 0.15Wb, 0.20WT>, and 0.25Wb.

• The voltage of the DC bus was set to 100 V.

o If the amount of power the machine is generating is sufficient, this voltage 

will increase above 100V.

• The reference torque of the machine was to create was increased during the 

operation of the tests.

o The initial value is -0.75Nm, and the torque command is decreased 

0.25Nm every 10 seconds.

• The small DC load (400ohm) was turned on to dissipate some of the energy being 

generated by the machine. »

To determine if the controller was successfully controlling a negative torque and 

generating power, the voltage on the DC bus was graphed along with the reference and 

measured torque as shown in Figure 5.6. The specifications of the experiment were the 

stator flux was 0.2Wb, and the speed of the shaft was 500prm.



182

200 -,------------------------------------ r 5

D C  B us 
V o ltag e

■ R eference
T o rq u e

T o rq u e

-150

-200 -1------------------------------------ 1 -5
T im e  (s)

Figure 5.6. DC Bus Voltage, Reference Torque and Measured Torque in Negative

Torque Control Mode.

As can be seen from Figure 5.6, the measured torque on the shaft follows the 

reference torque and shows that the controller can successfully control a negative torque. 

As the torque increases, the amount of power that is transferred to the DC bus increases. 

When the amount of power being transferred to the DC bus increases the DC bus voltage 

above the voltage supplied by the rectifier, the voltage on the bus increases until the 

amount of power being generated is equal to the amount of power being dissipated. From 

Figure 5.6, it can be seen that the AC machine does not generate enough power to supply 

the DC bus load until the torque command reaches -1.25Nm. Increasing the torque 

beyond that limit increases the voltage on the DC bus.

This experiment was run under different reference fluxes and speeds, and during each 

run the final voltage on the DC bus was recorded. The results from all of the runs are 

shown Table 5.2.
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Table 5.2. Results of Running in Negative Torque Mode.

Mechanical 
Speed (rpm)

Stator 
Flux (Wb)

Final DC Bus 
Voltage (V)

300 0.15 103
300 0.2 104
300 0.25 103
500 0.15 120
500 0.2 130
500 0.25 130

1000 0.15 200
1000 0.2 203
1000 0.25 210

These results can be easily explained if power in rotational systems is understood. 

Since the final torque command in all situations was -2Nm, the amount of power 

generated by the machine is simply the torque times the speed of the shaft. Therefore, the 

higher the speed, the more power that is being generated. The torque generated does not 

vary with the amount of flux, so the flux has little effect on the amount of power being 

generated.

5.2.3 Voltage Control

Now that it is verified that the controller can increase and decrease the voltage on the 

DC bus by increasing and decreasing the magnitude of the torque, the controller can be 

switched to using a voltage control loop. The reference torque is replaced by a reference 

voltage on the DC bus, and the controller modifies how much power is being generated to 

keep the voltage on the DC bus constant.

The complete system will regulate both the AC and the DC bus voltages, but it is 

advantageous to control the DC bus voltage first using constant flux. This allows for the 

independent operation of the DC voltage regulator so its performance can be enhanced.
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After the DC voltage regulator is working correctly under load conditions, the variable 

flux is added and the entire system is tested under a variety of load conditions.

5.2.3.1 Constant Flux Mode

After it is established that the voltage on the DC bus can be changed using torque 

control, the next step is to control the current Iqs in accordance with the DC bus voltage. 

If the voltage on the DC bus is too low, the value of IqS must be increased to restore the 

voltage to the level, and if the DC bus increases, the value of Iqs must be decreased. The 

voltage on the DC bus is first controlled using a constant flux so that the voltage control 

can be maximized without interference from the flux controller. After the stability of the 

DC voltage controller is established, the system is moved to a variable flux controller.

These experiments were run with the following provisions:

• The speed of the shaft was set to a certain value.

o Values tested included 300rpm, 500rpm, and lOOOrpm.

• The flux of the AC machine was run at a certain value.

o Values tested included O.ISWb, 0.20Wb, and 0.25Wb.

• The voltage of the DC bus was set to be regulated at a specific value.

o Values tested included 100V, and 150V.

• The loads operating on both buses were activated at certain times during the 

experiment:

o Initially no loads active, 

o At 10 seconds, small AC load (450ohm) 

o At 20 seconds, small DC load (400ohm) 

o At 30 seconds, large AC load (160ohm) 

o At 40 seconds, large DC load (150ohm)
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• The experiment continued through each load activation until the IGBT module’s 

current trip was reached.

To show the successful operation of the DC voltage controller, the voltage on the DC 

bus is shown with the amount of power being consumed by the loads that are on the 

system in Figure 5.7. This particular experiment was run at a stator flux of 0.25Wb, at a 

speed of 500rpm, and a reference DC bus voltage of 100V.
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Figure 5.7. DC Bus Voltage, AC Power Consumption, and DC Power Consumption.

Several considerations about the operation of the controller can be determined from 

the graph. First, the AC loads are very small and have minimal effect on the system. 

Second, the DC loads do significantly effect the operation of the voltage controller. 

When the small DC load is turned on, the voltage on the DC bus drops about 5V, while 

the large DC load causes a drop of about 12 V. However, this corresponds to a voltage 

drop of only 5% and 12% respectively. The controller takes about 1.1 sec to restore the 

voltage after the small DC load, and about 1.5 sec to restore the voltage after the large 

DC load.
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This experiment shows that the DC bus voltage controller is working correctly and 

can sufficiently respond to the changes in load that it experiences. However, due to the 

constant flux that is being created by the flux controller, most combinations of speed and 

flux are not able to keep a voltage under sudden changes. For example, a high speed and 

high flux keeps the voltage on the DC high, and the controller cannot keep a voltage of 

100V. On the other side, a low speed and low flux cannot support all of the loads. This 

will be fixed with the addition of the variable flux controller which will be used next.

5.2.3.2 Variable Flux Mode

Now that the DC voltage controller is fully functional, the variable flux controller is 

added to attempt to keep the voltage on the AC bus constant during changes in speed. As 

explained in previous section, controlling the AC bus will also make the DC bus voltage 

easier to control. In this experiment, the system is exposed to changes in load and also 

speed. The DC bus voltage is controlled to a constant, and the stator flux within the 

machine is changed inversely in proportion to the speed of the machine.

These experiments were run with the following provisions:

• The voltage of the DC bus was set to be regulated at a specific value.

o Values tested included 100V, and 150V.

• The loads operating on both buses were activated and the speed of the machine

was changed at certain times during the experiment:

o Initially at 300rpm with no loads enabled, 

o At 10 seconds, small AC load (450ohm). 

o Between 20 seconds and 30 seconds, speed increased to 700rpm. 

o At 40 seconds, small DC load (400ohm).

o Between 50 seconds and 60 seconds, speed increased to lOOOrpm.
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o At 70 seconds, large AC load (160ohm).

o Between 80 seconds and 90 seconds, speed decreased to 700rpm. 

o At 100 seconds, large DC load (150ohm).

The variable flux / constant voltage controller was able to work at both 100V and 

150V. To show the full operation of the complete controller, three items must be shown. 

First, the voltage on the DC bus must be constant despite variations in the power output 

of the system. Shown in Figure 5.8 and Figure 5.9 are the DC bus voltages, and load 

power consumption for a reference DC bus voltage of 100V and 150V, respectively.
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Figure 5.8. DC Bus Voltage, AC Power Consumption, and DC Power Consumption with

Reference DC Bus Voltage = 100V.
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Figure 5.9. DC Bus Voltage, AC Power Consumption, and DC Power Consumption with

Reference DC Bus Voltage = 150V.

As can be seen on both figures, the voltage on the DC bus is controlled to the 

reference value. With a reference DC bus voltage of 100V, the voltage has a maximum 

deviation from the reference value of 8V (8%) when the large DC load is applied. With a 

reference DC voltage of 150V, the voltage has a maximum deviation of 15V(10%) when 

the large DC load is applied. However, during normal operation both controllers regulate 

the voltage on the DC bus within 8% of the reference. One thing to note as well is that 

some of the variation of the voltage is due to noise in the signal.

The second item that shows the correct operation of the complete system is that the 

flux within the machine is changed inversely to the speed of the shaft. Shown in Figure 

5.10 and Figure 5.11 is the mechanical speed and stator flux within the machine for a 

reference DC bus voltage of 100V and 150V respectively.
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Figure 5.10. Mechanical Speed and Stator Flux with Reference DC Bus Voltage = 100V.
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Figure 5.11. Mechanical Speed and Stator Flux with Reference DC Bus Voltage = 150V.

As can be seen on both graphs, the stator flux is changed inversely proportional to the 

speed. The higher the speed, the less flux is created within the machine. And the lower 

the speed, the more flux is created within the machine.

The last item that needs to be shown for the controller to be fully working is that the 

voltage on the AC bus should be constant despite the changes in the speed of the shaft.
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Shown in Figure 5.12 and Figure 5.13 are the voltages on phase A as well as the RMS 

voltage of Phase A for a DC bus voltage of 100V and 150V respectively.
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Figure 5.12. Voltage Va and RMS Voltage Varms with Reference DC Bus Voltage =

100 V.
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Figure 5.13. Voltage Va and RMS Voltage Varms with Reference DC Bus Voltage

150V.
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Although it can be seen from the graphs that the controller does not keep the voltage 

on the AC bus constant, it has significantly better regulation than the constant flux 

controller. If a constant flux is used, the voltage would range from 7Vrms to 22Vrms 

(ISVrms range) and from 12Vrms to 36Vrms (24Vrms range) for a DC bus voltage of 

100V and 150V respectively. With the variable flux controller this variance is reduced to 

19Vrms to 26Vrms (7Vrms range) and 33Vrms to 44Vrms (1 IVrms range) for a DC bus 

Voltage of 100V and 150V respectively. This is a significant improvement in the 

regulation of the AC bus voltage.

5.2.4 Transient Conditions

The last item that needs to be explored about the controller is the transient conditions 

during flux creation. Since an induction generator requires an external power supply 

when starting, it would also be informative to know what the minimum voltage that the 

machine could be started with. If the machine could be started with 12V, for instance, a 

car battery would be sufficient to develop the flux within the machine and start 

generating power.

To show the startup sequence, the speed of the shaft is set to a constant value, and the 

voltage on the DC bus is set to be a small value of 50V. The controller starts working 

properly when the sin(6e) and cos(6e) waveforms are developed. Since these values are 

calculated from the stator flux values in the machine, when the fluxes are sinusoidal and 

centered around zero, the sin(6e) and cos(6e) waves will be formed correctly. The 

beginning flux sequence for a startup at 50V and 500rpm is shown Figure 5.14.
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Figure 5.14. and XF^S During Startup Sequence.

As can be seen from the graph, the signals initially have an offset and are unable to 

create proper sin(0e) and cos(0e) signals, but after a second, the offset is removed and the 

controller takes an additional 0.75 seconds to establish correct sin(0e) and cos(0e) 

operation. Another way to determine if the machine is started is to look at the voltage on 

the DC bus. If the machine starts to generate power, the voltage on the DC bus will 

increase above the initial supply voltage. Shown in Figure 5.15 is the voltage on the DC 

bus during the startup sequence.
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Figure 5.15. Voltage on the DC Bus During Startup Sequence.

Comparing the DC bus voltage with the previous graph, it can be shown that once the 

sin and cos functions are established at approximately 2 seconds, the machine starts 

generating power and the voltage on the bus rises above the initial supply of 50V.

The next item that is worth exploring is the minimum voltage that can be used to start 

the induction generator. It is desirable to have a voltage below 12V because this means 

that a standard car battery could start the machine in generation mode. Shown in Figure 

5.16 is an attempt to start the machine at a voltage of 10V.
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Figure 5.16. Voltage on the DC Bus During Minimum Voltage Startup Sequence.

As can be seen from the graph, a starting voltage of 10V does supply enough power 

for the induction generator to start generating its own power. However, this startup takes 

significantly more time than the previous example. At 50V, the machine only takes 2 

seconds to start generating power, but at 10V, the process takes 15 seconds. However, 

this experiment shows that the system can be started from a car battery, which is very 

convenient in terms of usability.

5.3 Comparison of Simulation & Experimental Results

Although a direct correlation between the simulation and experimental results is not 

possible due to the differences in the parameters of the machine, several items can be 

noted about the comparison between the simulation results and the experimental results. 

First, the simulation results show that it is theoretically possible to control the AC and 

DC buses to a constant value. Although controlling the flux within the machine cannot 

completely make the AC bus constant, it does a significantly better job than setting the 

flux within the machine to a constant. This observation was confirmed by the 

experimental results. The voltage on the DC bus was regulated to the reference value,
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and the regulation of the AC bus was considerably improved from the constant flux 

controller.

The second observation about simulation results and the experimental results is that 

the simulation system was significantly easier to control. One of the main reasons for, 

this is that in a simulation, there are no offsets on any signals. Since one of the main 

drawbacks of a stator flux orientated machine is that the stator flux is calculated from an 

integral. Since an offset produces a ramp response in an integral, the offset must be 

filtered out using a low-pass filter. Overall, however, the simulation and experiment had 

the same general trends and demonstrated that the DC and AC bus voltages can be 

regulated using this controller.
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CHAPTER 6 

CONCLUSION

6.1 Objective

The objective behind this thesis is to control the voltage on an AC bus and a DC bus 

under load and speed variation. There is a controllable inverter that connects the AC bus 

to the DC bus. The controller is based on vector control and regulates the AC and DC 

buses separately. The DC bus voltage is regulated directly by controlling the torque 

developed by the machine. The AC bus voltage is controlled indirectly by controlling the 

flux within the machine. Since the voltage generated by the machine is proportional to 

the product of speed and flux, if the flux is changed inversely to the speed the voltage 

output of the generator will be constant.

6.2 Simulation Environment

Before building an experimental setup, the first step is to simulate the induction 

machine with the controller and determine if the voltage control is possible. After the 

induction machine model is created, several vector control types are tested in torque 

control to determine the effectiveness of each modeled controller. Using the results 

obtained from the simulations and some general knowledge about the controllers, the 

DVCSFO controller was chosen to implement the project. After the DVCSFO controller 

is chosen, the control focus is changed from torque control to regulating the voltage on 

the AC and DC buses. The new voltage regulator is tested fully in the simulation 

environment under a variety of load and speed variations.
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The simulation used attempted to simulate a real system as closely as possible. The 

controller that was used was duplicated in a DOS program. The only difference in the 

controllers is that the DOS program uses simple first order estimations for the integral 

functions. All other calculations are exactly the same. Since the real system uses a 

Sinusoidal Pulse Width Modulator (SPWM) inverter, the simulation also emulates the 

inverter with several blocks instead of simply gaining the reference signals.

6.2.1 Choosing a controller

One of the reasons for simulating the system is to determine the best controller to use 

for regulating the voltage on the AC and DC buses. There are three controllers that are 

tested in terms of performance. The first controller is Indirect Vector Control (IVC), 

which uses the speed of the machine and an estimation of the slip frequency to calculate 

the electrical frequency. In IVC, the rotor flux of the machine is aligned with the rotating 

axis.

The second controller that is used is Direct Vector Control Rotor Flux Orientation 

(DVCRFO) controller, which calculates the electrical speed directly from the voltages 

and currents that the machine is experiencing. This controller aligns the rotor flux with 

the rotating reference frame.

The last controller that was tested was the Direct Vector Control Stator Flux 

Orientation (DVCSFO) controller, which also calculates the electrical speed directly from 

the voltages and currents within the machine. The controller aligns the stator flux with 

the rotating reference frame.

To test the controllers, several conditions were used to test how fast the controller 

was, as well as the effectiveness of the flux regulation. In torque mode, the flux within 

the machine is specified to a specific value and the flux controller attempts to keep the 

flux constant no matter what the machine is experiencing. To test the speed of the
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controllers, the reference torque was set to a square wave, first starting at 0.5Nm, 

increasing to 5Nm, and then the torque command is decreased to -5Nm. The controllers 

were tested with feedback from the developed torque, and then without feedback from the 
torque.

The results from all of the simulation runs are shown in Table 6.1. For each of the 

controllers the time to 10% of the final value (T 10%), steady state oscillation (SS 

oscillation), and steady state error (SS error) are shown. Also, the flux regulation shows 

how well the flux controller keeps the flux to the rated value during transients.

Table 6.1. Comparison of the Torque Controllers.

High Torque (5.0Nm) Negative High Tore[ue (-5.0Nm)
Flux
RegulationT 10%

SS
Oscillation SS error T 10%

SS
Oscillation SS error

IVC with 
Feedback 0.134 0.150 0.0 0.235 0.150 0.0 98.5%
IVC without 
Feedback 0.006 0.150 0.0 0.006 0.150 1.5 98.6%
DVCRFO with 
Feedback 0.105 0.001 0.0 0.168 0.001 0.0 99.8%
DVCRFO without 
Feedback 0.016 0.002 0.0 0.021 0.002 0.0 99.7%
DVCSFO with 
Feedback 0.195 0.030 0.0 0.270 0.030 0.0 99.2%
DVCSFO without 
Feedback 0.001 0.030 0.0 0.013 0.040 0.0 99.2%

From Table 6.1 it can be seen that the IVC controller has a significant offset in the 

negative high torque command. In the real system a torque signal will not be used for 

control, the IVC controller does not seem like a good candidate for the experimental 

setup. Both of the DVCRFO controller and the DVCSFO controller do a very good job 

of controlling the torque whether or not the generated torque is used for feedback control. 

Although the DVCSFO controller is slightly slower than the DVCRFO controller when
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torque feedback is used, without the torque feedback the DVCSFO controller is faster 

than the DVCRFO controller. Considering that torque feedback will not be used in the 

real system, the DVCSFO controller seems like a better choice for the controller.

Although significant information can be obtained from the results of the simulation, 

extra information about the choice of controllers can be obtained from a general 

knowledge of these controllers.

The DVCRFO controller also has the problem of being sensitive to the rotor 

parameters in the machine, which are the hardest parameters to measure. The DVCSFO 

controller has less sensitivity to the parameters of the machine, and the parameters that 

the controller is sensitive to are the stator parameters, which are easier to measure. 

However, the one problem with the DVCSFO controller is that the fluxes are calculated 

using an integral equation. Any offset in the input signals will cause the fluxes to 

increase. However, the integral can be replaced by a low-pass filter to reduce the offset 

problem. Despite this problem with the DVCSFO controller, it was still chosen to use 

this controller for the experiment setup.

6.2.2 AC and DC Regulation

Now that the DVCSFO controller is chosen, the control focus of the controller is 

changed from torque control with constant flux to voltage control with variable flux. 

There is little difference between the torque controller and the new voltage controller. 

The torque command is replaced with a difference of the reference DC bus voltage and 

the current DC bus voltage. If the DC bus voltage decreases, more power is generated to 

keep the voltage constant, and vice versa. This allows the DC bus voltage to be 

controlled to a specific reference value. The constant flux command is replaced with a 

variable flux that is changed inversely to the speed of the shaft. This allows for a 

constant AC bus voltage to be created.
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The DVCSFO controller was run in the simulation environment to determine if the 

controller can keep a constant voltage on the AC and the DC buses. Both AC and DC 

loads were applied to the system to see if the controller can compensate for the changes. 

Also, the speed of the shaft was changed to see if the controller could compensate for this 

change. The AC and DC loads have a greater effect on the DC bus voltage, and a change 

in the speed of the shaft has more affect on the AC bus voltage.

Shown in Figure 6.1 is the phase voltage on phase A with a constant reference flux 

and the variable flux controller. The speed of the shaft is decreased in the simulation 

from 4 sec to 5.5sec.
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Figure 6.1. Phase Voltage for a Constant Reference Torque, and a Variable Flux

Reference Torque.

As can be seen from Figure 6.1, if a constant flux is used the phase voltage drops 

from 120Vrms to 40Vrms as the speed is changed. However, if the reference stator flux 

is changed to be controlled by the variable flux controller, the voltage only slightly dips 

during the transient speed, but returns to the original value. This shows that the variable 

flux controller can significantly improve the AC bus voltage regulation.
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The DC bus voltage is shown in Figure 6.2. The changes in the DC bus voltage can 

easily be explained by looking at the loads that are on the system as shown in Figure 6.3.
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Figure 6.2. DC Bus Voltage.
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As can be seen from Figure 6.2 and Figure 6.3, the DC bus is supplied by an external 

source until 3 sec, and after that the machine has to supply enough power to supply both 

the AC and the DC loads. At a time of 4 sec, the DC load is changed from 900W to 

1800W. At a time of 5 sec, the AC load is decreased from 330W to 100W. These 

changes produce a change in the DC bus voltage of 3.2V, 5.0V and 1,5V respectively. 

However, since the voltage on the DC bus is set to 300V, these are not significant 

changes to the DC bus voltage. These results show that the DC bus voltage regulator 

does a very good job of regulating the voltage on the bus despite changes in the systems.

6.3 Hardware Environment

Since the simulation results show that the theory behind the controller is sound and 

produced promising simulation results, the next step is to implement the entire system in 

hardware and see if the simulations provided a realistic representation of a real system. 

Although the specific results between the simulation and the experimental cannot be 

directly compared due to differing machine parameters, general trends can be compared.

6.3.1 Hardware Description

As stated before, the simulation was run to attempt to replicate the experimental 

setup. The SPWM inverter was duplicated as closely as possible on the experimental 

setup. However, there are some differences between the simulation and the hardware. 

First, there are two protections on the circuit that prevent the current through the module 

from getting too high. Second, the input signals need to be sent through optocouplers and 

several components before reaching the inverter. This causes a delay between the input 

signals and the output on the inverter. Besides that, the experimental setup behaves the 

same as the simulation.
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The DVCSFO controller was run on a computer that was connected to the 

experimental circuit through a Data Acquisition (DAQ) card. The data was sampled 

every 100 psec, then the controller calculations are calculated, and finally the new output 

values are sent through the DAQ card to the circuit. To test the stability of the controller, 

there are four loads on the system that can be switched on and off. There are two 

resistive loads on the DC bus, and two resistive-inductive loads on the AC bus. While 

the controller is operating, the speed of the shaft is also changed to see if the controller 

can compensate for the change. The power from the shaft is supplied from a DC motor. 

The motor is controlled in speed control and the speed of the shaft remains at the set 

value of the DC motor.

6.3.2 Experimental Results

The operation of the experimental controller is the same as the operation of the 

simulation controller. If the DC bus voltage decreases, more power is generated to keep 

the voltage constant, and vice versa. This allows the DC bus voltage to be controlled to a 

specific reference value. The constant flux command is replaced with a variable flux that 

is changed inversely to the speed of the shaft. This allows for a constant AC bus voltagq 

to be created.

The DVCSFO controller was run on the computer to determine if the controller can 

keep a constant voltage on the AC and the DC buses. Both AC and DC loads were 

applied to the system to see if the controller can compensate for the changes. Also, the 

speed of the shaft is changed to see if the controller can compensate for the change. As 

in the simulation, AC and DC loads have more affect on the DC bus voltage, and a 

change in speed has more affect on the AC bus voltage. Shown in Figure 6.4 is the rms 

phase voltage on phase A with a constant reference flux and the variable flux controller. 

The speed of the shaft is increased in the experiment from 10 sec to 50 sec.
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Figure 6.4. Comparison of RMS Voltage of Phase A in Variable Flux and Constant Flux

Modes.

As can be seen from the figure, if a constant flux is used, the phase voltage increases 

from 11 Vrms to 30Vrms (19Vrms range) as the speed is changed. However, if the 

reference stator flux is changed to be controlled by the variable flux controller, the rms 

voltage is more regulated, varying from 15Vrms to 22Vrms (7Vrms range). This shows 

that although the variable flux controller does not keep a constant voltage, it does 

significantly improve the AC bus voltage regulation.

The DC bus voltage is shown in Figure 6.5 along with the power being dissipated on 

the DC bus and the AC bus.
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Figure 6.5. DC Bus Voltage, AC Power Consumption, and DC Power Consumption with

Reference DC Bus Voltage = 150V.

The AC loads have less affect on the DC bus voltage, and do not cause a significant 

variation on the DC bus voltage. However, the DC loads do cause a drop on the DC bus, 

dropping a maximum of 15 V( 10%) when the DC load in increased. This shows good 

regulation of the DC bus voltage.

In the same experiment, the voltage on phase A was monitored and shown in Figure 

6.6. To explain the changes in the AC bus voltage, consider the speed profile shown in 

Figure 6.7.
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Figure 6.6. Voltage Va and RMS Voltage Varms with Reference DC Bus Voltage =

150 V.
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Figure 6.7. Mechanical Speed and Stator Flux with Reference DC Bus Voltage = 150V.

As the speed of the shaft is increased, the voltage on the AC bus also increases. A 

decrease in speed decreases the AC bus voltage. As can be seen on Figure 6.7, the stator 

flux in the machine is changed inversely to the speed of the machine.

Even though the flux controller does not keep a constant AC voltage, the AC voltage 

is more regulated and shows that the theory behind the flux controller attempts to regulate
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the AC bus voltage. Additional tests might be able to provide a more consistent AC 

voltage. The observations that were simulated show that voltage control on the DC and 

AC buses is possible, and the experimental results show that the controller can indeed 

regulate the AC and DC bus voltages.

6.4 Further Work

Although it was attempted to make this thesis project as complete as possible, there is 

always room for improvement. There are several items about the real experimental 

system that could be improved and expanded.

First and foremost, the IGBT module’s protection circuit has the problem of 

triggering too soon and limiting how much current can be transferred to the system. In 

these experiments, the IGBT module could probably only allow about 400W to be 

transferred through the module, even though it is rated at 2.2kW. There are several 

changes to the circuit that could decrease this problem. First, the circuit was built by 

hand, and therefore has significant noise in all parts of the circuit. A printed circuit board 

could reduce the amount of noise in the circuit and allow for a higher limit to be obtained. 

Second, decoupling capacitors placed in the correct location in the circuit can provide 

significant noise reduction and allow for a higher limit to be reached. Several locations 

for the capacitors were attempted to reduce the noise, but there are other locations that 

were not attempted.

The second item that this thesis project could be improved upon is the AC bus 

regulation. Although it was shown in this thesis that the AC bus regulation is improved 

using a variable flux controller, the AC bus did change with speed. Another method of 

controlling the AC bus voltage is to directly control the magnitude of the reference 

waveforms produced. This could provide better regulation of the AC voltage than 

controlling it indirectly through the flux within the machine.
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The third item that this thesis project could be improved upon is to make the DC 

machine closer emulate a real wind turbine, or to change the setup to include a wind 

turbine. Wind turbines are not speed controllers, and a real wind turbine would act 
differently.

Another item that could be attempted is to use a different method of controlling the 

gates of the inverter. In this experiment a SWPM was used to generate the pulses for the 

gates. However, space vector technology could also be used to generate the pulses for 

the inverter. This changes the reaction of the circuit and allows for more utilization of 

the DC voltage.
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APPENDIX A -  consts.m file

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% Consts.m File %%
%% C r e a t e d  7 / 2 5 / 0 3  %%
%% Current_Revision = '7.31' %%
%% Last Revised 2/6/04 %%
%% This file is supposed to be used with the induction machine models and %%
%% initializes all of the constants that are used in all the model %%
%% %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% Speed Parameters %%
%% %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
PIE = 3.1415926535;
freqb = 60;
wb = 2 * PIE * freqb;

wrbrpm = 3600;
wrb = wrbrpm * PIE/30;

%% Const PIE
%% Base frequency for machine in hz
%% Base frequency for machine
%% = 2 * PIE * FREQB 
%% Base wr in rpm
%% Base wr in rad / s

%%
%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%

% %%% Resistance Parameters

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% 
%% 
%%

Rs = 0.5814; 
Rr = 0.4165;

%% Stator Resistance in ohm 
%% Rotor Resistance in ohm

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% Inductance Parameters %%
%% Including flux linkage values %%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%

Lis = 3.48e-3 
Llr = 4.15e-3 
Lm = 82.23e-3 
Lr = Lm + Llr

«-s%% Stator Inductance in Henry
%% Rotor Inductance in Henry -e-e
%% Magnetizing inductance in Henry %%
%% Rotor Inductance including leakage in %%
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%% Henry %%
Ls = Lm + Lis; %% Stator Inductance including leakage in %%

%% Henry %%
Xls = Lis * wb; %% Stator flux linkage in H-rad/s %%
Xlr = Llr * wb; %% Rotor Flux linkage in H-rad/s %%
Xm = Lm * wb; %% Magnetizing flux linkage in H-rad/s %%
Xml = 1 / ((1 / Xm) + (1 / Xls) + (1 / Xlr)); %%

%% Xml used in induction machine equations %%
alpha = Llr * Ls + Lis * Lm; %% Alpha is used in the stator DVC model %%

%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% Machine Specifications and ratings %%
%% %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%
P = 4; %% 4 Poles %%
Vamp = 220 * s q r t (2); %% Reference Voltage 200Vrms %%
Phirb = 0 . 8 ;  %% Rated rotor flux = 0.8 Wb %%
Phisb = 0 . 8 1 ;  %% Rated stator flux = 0.81 Wb %%

%% Rated Current = 18 A  %%
%% Ids rated = 9 A  %%
%% Iqs rated = 15 A %%
%% rated frequency slip = 2.62 Hz %%

%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% Load specifications %%
%% %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% %

J = 0.05; %% Moment of intertia for spinning machine %%
Kw = 0.00047502; %% Load torque when proportional to w A2 %%

%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% PWM specifications %%
%% %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%
freqt = 2e3; %% Triangle Frequency for PWM comparison %%
Vdc = 300; %% This is the voltage on the DC bus %%

%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% Simulation Parameters %%
%% %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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Tstop = 6 ;  %% Amount of time to simulate to %%
t_J_large = 1.99; %% After this time in torque simulations the%%

%% intertia on the rotor will be increased, %%
%% so that the machine can be run in %%
%% generating mode. After this time, the %%
%% speed won't change that much. %%

step = 1 / (24 * freqt); %% Step Size for simulation %%
%% A  good value for this is 24 * tri freq %% 

sim_steps = 32; %% Output simulation steps %%
%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% Filtering Parameters %%
%% %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%

fci_dvc = 1000; %% Frequency for current filter (DVC) in Hz %
fci_ivc = 5000; %% Frequency for current filter (IVC) in Hz %
fci = 1000; %% Frequency for current filtering in output%%
fcv_dvc = 1000; %% Frequency for filter voltage (DVC) in Hz %%
fcv = 1000; %% Frequency for filtering voltage in output%%
fct = 150; %% Frequency for filtering Torque in Hz %%
fwrest = 1000; %% Frequency for filtering estimated rotor %%

%% speed %%
w_filter_i_dvc = 2 * PIE * fci_dvc; %%

%%Current filtering in rad/s (DVC) %%
w_filter_i_ivc = 2 * PIE * fci_ivc; %%

%% Current filtering in rad/s (IVC) %%
w_filter_i = 2 * PIE * fci; %% Current filtering in rad/s (output) %%
w_filter_v_dvc = 2 * PIE * fcv_dvc; %%

%% Voltage filtering in rad/s (DVC) %%
w_filter_v = 2 * PIE * fcv; %% Voltage filtering in rad/s (Output) %%
w_filter_t = 2 * PIE * fct; %% Torque filtering in rad/s %%
w_filter_wrest = 2 * PIE * fwrest; %%

%% Estimated rotor speed filtering in rad/s %%
%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%*%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% DVC Rotor parameters for speed controller

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% %

lue used for DVC equations %%
oportional part for Iqs controller %%
tergral part for Iqs controller %%

%%

oportional part for Ids controller %%

Tr = Lr / Rr; %%
dvcprolqs = 0.03; %%
dvcintlqs = 10; %%

dvcprolds = 0.01; %%
dvcintlds = 0.10; %%

dvcproP = oo %%
dvcintP = 300; %%
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%%
dvcproW = 0.8; %% Proportional part for speed controller %%
dvcintW = 5.0; %% integral part for speed controller %%

%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% %  %%

%% DVC Rotor parameters for torque controller with no feedback %%
%% %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%

dvcprolqstorfeed = 0.05; %% proportional part for Iqs controller %%
dvcintlqstorfeed = 3 0 . 0 ;  %% intergral part for Iqs controller %%

%%
dvcproldstorfeed = 0.01; %% proportional part ofr Ids controller %%
dvcintldstorfeed = 10; %% integral part for Ids controller %%

%%
dvcproTtorfeed = 0.4375; %% proportional part for flux controller %%
dvcintTtorfeed = 0 ;  %% integral part for flux controller %%

%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% DVC Rotor parameters for torque controller with torque feedback %%
%% %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%
dvcprolqstor = 0 . 0 5 ;  %% proportional part for Iqs controller %%
dvcintlqstor = 10; %% intergral part for Iqs controller %%

%%

dvcproldstor = 0.01; %% proportional part ofr Ids controller %%
dvcintldstor = 10; %% integral part for Ids controller

dvcproTtor = 0 . 2 5 ;  %% proportional part for flux controller %%
dvcintTtor = 10.; %% integral part for flux controller %%

%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% DVC Stator parameters for torque controller with feedback %%
%% %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%
Ts = Lis / Rs; %% Value used for DVC equations %%
fc = 0.0001 ; %% Corner Frequency for LPF (integrator) %%

%% Machine will only run at lOx this speed
%%
Kcorr = 1 / (2 * PIE * fc) ; %% Value used to implement LPF = RC %%

%%
dvcprolqss = 0 . 1 ;  %% proportional part for Iqs controller %%
dvcintlqss = 10.; %% intergral part for Iqs controller %%

%%
dvcproldss = 0.08; %% proportional part for Ids controller %%
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dvcintldss = 1 0 . 0 ;  %% integral part for Ids controller %%
%%

dvcproPs = 20; %% proportional part for flux controller %%
dvcintPs = 100.0; %% integral part for flux controller %%

%%
dvcproTs = 0.1; %% Proportional part for torque controller %%
dvcintTs = 5 . 0 ;  %% Integral Part for torque controller %%

%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% DVC Stator parameters for torque controller with no feedback %%
%% %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%
dvcprolqssfeed = 0 . 1 ;  %% proportional part for Iqs controller %%
dvcintlqssfeed = 10.; %% intergral part for Iqs controller

dvcproldssfeed = 0 . 0 8 ;  %% proportional part for Ids controller %%
dvcintldssfeed = 1 0 . 0 ;  %% integral part for Ids controller %%

%%
dvcproPsfeed = 20; %% proportional part for flux controller %%
dvcintPsfeed = 100.0; %% integral part for flux controller %%

%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% IVC parameters for speed controller %%
%% %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%
ivcprolqs = 0 . 3 ;  %% proportional part for Iqs controller %%
ivcintlqs = 2.00; %% intergral part for Iqs controller %%

ivcprolds = 0.01; %% proportinal part for Ids controller
ivcintlds = 5.00; %% integral part for Ids controller

%%
9-9;

-5-6 
9. aivcproW = 0.4; %% proportional part for speed controller

ivcintW = 2.5; %% integral part for speed controller %%
%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% IVC parameters for torque controller with feedback %%
%% %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%
ivcprolqstor = 0 . 1 ;  %% proportional part for Iqs controller %%
ivcintlqstor = 10; %% intergral part for Iqs controller %%

%%
ivcproldstor = 0 . 1 ;  %% proportinal part for Ids controller %%
ivcintldstor = 0.6; %% integral part for Ids controller %%

%%
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ivcproTtor = 0.5; 
ivcintTtor = 10.0;

%% proportinal part for Ids controller %%
%% integral part for Ids controller %%

%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% IVC parameters for torque controller w/out feedback %%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

ivcprolqstorfeed = 0.01; 
ivcintlqstorfeed = 20;

%% proportional part for Iqs controller 
%% intergral part for Iqs controller

-6-5

ivcproldstorfeed = 0.1; 
ivcintldstorfeed = 0.6;

%% proportinal part for Ids controller 
%% integral part for Ids controller %%

ivcproTtorfeed = 0.5; 
ivcintTtorfeed = 10.0;

%% proportinal part for Ids controller %%
%% integral part for Ids controller %%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% DVC stator controller parameters with variable DC bus Control %%
%% This uses constant flux %%
%% %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%
%% time when the DC bus is no longer infin %%

%%
t_var_DC = 3 ;
R_var_DC = loo;
C_var_DC = 0.01; 
R_load = 10;
L load = 0.1;

%% Resistance value on DC bus 
%% Capacitance value on DC bus 
%% Resistance Value on the R-L_Load 
%% Inductance Value on the R-L load

prolqsvartor = 0.05; 
intlqsvartor = 10.;

proidsvartor = 0.05; 
intldsvartor = 15.0;

%% proportional part for Iqs controller 
%% intergral part for Iqs controller

%% proportional part for Ids controller 
%% integral part for Ids controller

" 6 -s  

%%

proPvartor = 20; 
intPvartor = 100.0;

%% proportional part for flux controller 
%% integral part for flux controller

prolqsvarvdc = 0.1; 
intlqsvarvdc = 10.;

%% proportional part for Iqs controller 
%% intergral part for Iqs controller

proVdcvardc = 1.0; 
intVdcvardc = 20.0;

%% proportional part for bus voltage control%% 
%% integral part for bus voltage control %%

%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% %%
%% DVC stator controller parameters with variable DC bus Control %%
%% This uses variable flux based on the speed of the machine %%



w_min_flux = 50; %%
phimax = 2.0; %%

prolqsvarfux = 0.10; %%
intlqsvarfux = 7.0; %%

proldsvarfux = 0.05; %%
intldsvarfux = 15.0; %%

proPvarfux = 40; %%
intPvarfux = 100.0; %%

prolqsvdcfux = 0.1; %%
intlqsvdcfux = 10.; %%

proVdcvafux = 1.0; %%
intVdcvafux = 20.0; %%

Minimum speed to create rated flux 
Maximum flux that can be created

proportional part for Iqs controller

proportional part for Ids controller 
integral part for Ids controller

proportional part for flux controller 
integral part for flux controller

%%

%%

%%

proportional part for bus voltage control%% 
integral part for bus voltage control %%
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APPENDIX B -  DVC.c file

File Name: DVC.C
Created by: Robert Wood
Date created: 2/20/04 
Last Modified: 6/5/04
Version: 2.0
Description:

This is the main file for the control of induction machines. This program 
sets up the GUI for using the class direct_vector_control as outlined in 
CONDVC.H. This program is setup to use the DAQ board PCI 4520 from Real 
Time Devices and uses extensive functions on the board. Significant 
modification would be needed to implement this program on another DAQ board. 
The base simulation parameters are set in CONDVC.C, but almost all of them 
can be modified by this program in the GUI. The main screen displays all of 
the options that can be changed, as well as displaying some of the more 
useful data while the program is running. Look in the function newISR() to 
see a table of where the inputs should be connected to the board as you can't 
change these in the program. The outputs Vqs and Vds should be on AOUT1 and 
AOUT2 respectively. I make no disclaimer on the functioness of this program 
and am not responsible for any damage it causes.
*****■*****************■*'*******************■***************************** y

#include <conio.h>
#include <stdio.h>

#include "..\driver\drvr4520 . h"
#include "conDVC.h"
#include "dos.h"
#include "iostream.h"
#include "fstream.h"

/ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Defines

Change these constants to alter the program parameters. 
*********************************************************************** y

#define BOARD 
idefine ADSLOPE 
#define DASLOPE 
#define V_VDC_GAIN 
multiply

#define T_GAIN 
multiply

0 // Select first board
(4095.0/10.0) // Number of Bits divided by AD Range.
(4095.0/10.0) // Number of Bits Divided by DA Range.
65.387154 // To find the value of the voltage.

25.0
// the voltage on the DAQ by this gain. 
// To find the value of the torque.
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// the voltage on the DAQ by this gain. 
#define NUM_OF_CHAN 7 // Vab, Vbc, Vca, la, lb, Vdc, Torque
#define CLOCK_DIVISOR 800 // Interrupts runs at

// lMHz/CLOCK_DIVISOR. Therefore,
// 100 corresponds to 10kHz or

lOOmicro.

double deltat = ( CLOCK_DIVISOR / 8000000.0 );

//Set up a DVC class object to hold variables and do calculations 
direct_vector_control DVC_VARIABLES ;

int CHAN, i, BurstCounter, err, finished, ExitProgram = 0;
int sub_program_done = 0, program_running = 0, save_to_file = 0;
uint32 count = 0;
double ADVab=0, ADVbc=0, ADVca=0, ADIa=0, ADIb=0, ADTor=0, ADVdc=0, DAData=0; 
double Van=0, Vbn=0, Vcn=0, la=0, lb=0, lc=0, Tor=0, Vdc=0; 
char input_key;
char file[15] = "default.txt"; 
ofstream log;

// If you want to see if the input channels are based around zero, set 
// zero_set to be one. This changes the output file to output the analog 
// input channel data. Average the data and add or subtract it to the 
// correct channel in N e w I S R () 
int zero_set = 0;

// This function is called every time an interrupt happens. This occurs 
// every time the clock setup by CLOCK_DIVIDER is triggered. The default 
// sampling rate is 10kHz, so usually this function runs every lOOusec.
// This function will be called every time no matter what else is running 
// (including a write to the disk). 
void interrupt NewISR(...);

// This function sets up the default screen with place settings for all of 
// the data. This function does not display any values, just set up the GUI 
// so that a call to put_values_on_screen() will display correctly. This 
// function needs to be called every time the mode of operation changes or 
// the flux mode changes, or an incorrect label will be displayed, 
void set_program_screen();

// This function displays all of the numbers and operating conditions that 
// are present in the main screen. A call to set_program_screen() should 
/ / b e  called so that all the labels for the data is on the screen, 
void put_values_on_screen();

// This function displays the default header that is present in all screens 
// in the program. It includes the version and maker, 
void print_header();

// This function changes the operating mode (motoring / generating).
// Whenever this function is called, the controller is reset, 
void change_operating_mode();

// This function can change any PI gains in the system. Once the new data 
// value is entered, it is immediately used. This can be changed real time
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// and does not reset the controller, 
void change__PI_gains ( ) ;

// This function can change the current flux mode (variable / constant).
/ / I f  the mode is changed, the controller is reset, 
void change_f lux__mode ( ) ;

// This function resets the integrators in the DVC class and also resets 
// count to be zero, 
void reset_controller();

// This function can stop or start the vector controller. The values on the 
// screen are still updated even if the controller is stopped, 
void start_stop();

// This function sets up the recording conditions. These include the name
// of the file that data is being recorded to, and also whether or not to
// record data. If this function is called, and you exit back to the main
// screen with data being recorded, it will give an error if the file cannot
// be opened. Also, it will write the date and time to the file, 
void recording_conditions();

// Every time this function is called the data that is currently in the class 
// is saved to the output file specified in recording_conditions(). The data 
// saved has the following columns :
/ / I  2 3 4 5 6 7
// count Vqs(in) Vds(in) Iqs(in) Ids(in) Vdc Te
/ /
/ /  8 9 10 11 12
// Vqs (out) Vds (out) Phis we wr
void output_to_file();

// This function is used to modify the various reference values in the 
// controller: Vdc*, Te*, and Phis*. 
void change_reference();

// This function displays the current volt reading on all of the channels 
// that are sampled along with the amplified value. It is used to detect 
// offsets in the input. 
void display_voltages();

// This function is called every time an interrupt happens. This occurs 
// every time the clock setup by CLOCK_DIVIDER is triggered. The default 
// sampling rate is 10kHz, so usually this function runs every lOOusec.
// This function will be called every time no matter what else is running 
// (including a write to the disk), 
void interrupt New I S R (...)
{

//Clear Board IRQ before continuing 
ClearITMask4520 (BOARD, OxFFFF);
ClearITOverrun45 2 0 (BOARD);

// If the program is currently stopped, output zero for both Vqs
// and Vds.
if (!program_running)
{
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LoadDAC14 520(BOARD, 0); 
LoadDAC24520(BOARD, 0); 
UpdateAllDAC4 520 (BOARD);

// if the program is currently stopped, the interrupt doesn't do 
// anything except clear the IRQ. 
if (program_running)
{

// The count is incremented every single time the loop is 
// executed. Since the loop runs every lOOusec, count can 
// be used as a time index if it is divided by 10,000. 
count++;

// Make the signal high to signal the beginning of the loop 
// When I ran this loop, it took about 30usec to run. This 
// Must be less than the sampling rate. This signal appears 
// on the HS INPUT 0 (pin 45).
WriteDI004520(BOARD, OxFFFF);

// Clear the ADFIFO before use. This makes sure that the 
// data obtained is up to time 
ClearADFifo4520(BOARD);

// Start the pacer clock to start the burst clock to start 
// sampling.
StartPacer4 5 2 0 (BOARD);

// Read in each value for the controller to work
// A/D Channel Connected to Input Range Ouput Range
// 1 Vab +/-260Vrms + /-5V
// 2 Vbc +/-260Vrms + /-5V
// 3 Vca +/-260Vrms + /-5V
// 4 la +/-11.3Arms + /-5V
// 5 lb +/-11.3Arms + /-5V
// 6 Vdc + / - 3 6 8 V + /-5V
// 7 Torque +/-50Nm + /-2V
// The range dependent on the maximum voltage the DAQ can
// read (+/- 5V), and the circuit ratings. The range 
// displayed is the lower of the two.
while (IsADFifoEmpty4 52 0 (BOARD));
ADVab = ReadADData4 520 (BOARD) - 3.4;

while (IsADFifoEmpty4520(BOARD));
ADVbc = ReadADData4 520 (BOARD) + 4.3;

while (IsADFi foEmpty4 52 0 (BOARD));
ADVca = ReadADData4 520 (BOARD) - 34.2;

while (IsADFi foEmpt y4 5 2 0 (BOARD));
ADIa = ReadADData4520 (BOARD) - 20.6;

while (IsADFifoEmpty4520(BOARD));
ADIb = ReadADData4 520 (BOARD) - 0.5;

while (IsADFifoEmpty45 2 0 (BOARD));
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ADVdc = ReadADData4520 (BOARD) - 32.6;

while (IsADFifoEmpty 4 5 2 0 (BOARD));
ADTor = ReadADData4520 (BOARD) + 5.5;

// Stop the conversion to keep time in check. This doesn't
// actually need to be here as the ADFIFO is clear before 
// data is read, but better safe than sorry.
StopPacer4520(BOARD);

// Calculate phase voltages from the line to line voltages 
Van = (54.945 * ADVab - 54.0541 * ADVca) / (ADSLOPE * 3);
Vbn = (56.4972 * ADVbc - 54.945 * ADVab) / (ADSLOPE * 3);
Vcn = (54.0541 * ADVca - 56.4972 * ADVbc) / (ADSLOPE * 3);

// Calculate the three phase currents based on a balanced load 
la = ADIa * 3.257 / ADSLOPE; 
lb = ADIb * 3.24675 / ADSLOPE;
Ic = -la - Ib;

// Calculate the voltage on the DC bus and the applied torque 
Vdc = ADVdc * V_VDC_GAIN / ADSLOPE;
Tor = ADTor * T_GAIN / ADSLOPE;

// Put all of the measured values into the class so the output 
// can be calculated 
DVC_VARIABLES.Va_measured = Van;
DVC_VARIABLES.Vbjmeasured = Vbn;
DVC_VARIABLES.Vc_measured - Vcn;

DVC_VARIABLES.Ia_measured = la;
DVC_VARIABLES.Ib_measured = Ib;
DVC_VARIABLES.Ic_measured = Ic;

DVC_VARIABLES.Te_measured = Tor;
DVC_VARIABLES.Vdc_measured = Vdc;

// Run through all of the calculations in the controller and 
// calculate the new vqs and vds 
DVC_VARIABLES.next_time_calculator();

// Scales the output so that it can be output to the inverter 
// the 4x is due to the circuit design. Since the approximate 
// maximum value is about 1.2, multiplying by 4 gives you more 
// resolution on the output. Also, the data values are loaded 
// into the DAFIFO
DAData = (int) (DVC_VARTABLES.Vqss_output * DASLOPE * 4); 
LoadDAC14520(BOARD, DAData);
DAData = (int) (DVC_VARTABLES.Vdss_output * DASLOPE * 4); 
LoadDAC24520(BOARD, DAData);

// Outputs the data on the DAFIFO (Vqss and Vdss) on AOUT1 and 
// AOUT2
UpdateAllDAC4520(BOARD);

// Make the signal low to signal the end of the loop. This
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// appears on the HS input 0 (pin 45)
WriteDI004520(BOARD, 0x0000);

}
// This function must be called at the end of every interrupt.
// and tells the CPU to continue.
EndOfIT(BOARD);

} //NewISR

// This function sets up the default screen with place settings for all of 
// the data. This function does not display any values, just set up the GUI 
/ / s o  that a call to put_values_on_screen() will display correctly. This 
// function needs to be called every time the mode of operation changes or
// the flux mode changes, or an incorrect label will be displayed,
void set_program_screen()
{

// First clear the screen so that the default screen is not displayed 
// on top of another screen, 
clrscr();

// Print default header. 
print_header();

// Goes across the screen in a horizontal manner to display all of 
// the labels need for the display screen, 
gotoxy(1,3);
cprintf("INPUT VALUES"); 
gotoxy(27,3);
cprintf("CALCULATED VALUES"); 
gotoxy(54,3);
cprintf("VALUES FOR OUTPUT"); 
gotoxy(1,4);
cprintf (" " ) ;
gotoxy(27,4);
cprintf (" ") ;
gotoxy(54,4);
cprintf (" ") ;
gotoxy(1,5); 
cprintf("Vqs :"); 
gotoxy(27,5); 
cprintf("we :"); 
gotoxy(54,5); 
cprintf("Vqs :"); 
gotoxy(1,6); 
cprintf("Vds :"); 
gotoxy(27,6); 
cprintf("wr :"); 
gotoxy(54,6); 
cprintf("Vds :"); 
gotoxy(1,7); 
cprintf("Iqs :"); 
gotoxy(27,7); 
cprintf("Iqs* :"); 
gotoxy(54,7); 
cprintf("sin(Oe): "); 
gotoxy(1,8);
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cprintf("Ids 
gotoxy(27,8); 
cprintf("Ids* :"); 
gotoxy(54,8); 
cprintf("cos(Oe): "); 
gotoxy(1,9); 
cprintf("Vdc :"); 
gotoxy(27,9); 
cprintf("|phis|* :"); 
gotoxy(54,9); 
cprintf("Pqss_avg :"); 
gotoxy(1,10); 
cprintf("Torque :"); 
gotoxy(27,10); 
cprintf("|phis| :");
gotoxy(54,10); 
cprintf("Pdss_avg :"); 
gotoxy(1,11);
cprintf (" " ) ;
cprintf ("_______________________________ ") ;
gotoxy(1,12); 
cprintf("PI GAINS"); 
gotoxy(54,12); 
cprintf("RUNNING VALUES"); 
gotoxy(1,13);
cprintf ("_________ ") ;
gotoxy(54,13);
cprintf ("_________________") ;
gotoxy(1,14);
// If generating, the PI gain is for Vdc, if motoring there is no PI 
if (DVC_VARIABLES.operating_mode == generating) 

cprintf("Vdc"); 
gotoxy(27,14); 
cprintf("Iqs"); 
gotoxy(54,14); 
cprintf("Mode :");
if (DVC_VARIABLES.operating_mode == generating)
{

gotoxy(1,15); 
cprintf("P :");

}
gotoxy(27,15) ; 
cprintf("P :"); 
gotoxy(54,15);
// Displays the correct reference label (Te* for motoring), (Vdc* for 
// generating.
if (DVC_VARIABLES.operating_mode == motoring) 

cprintf("Te* :");
else

cprintf("Vdc* :"); 
if (DVC_VARIABLES.operating_mode == generating)
{

gotoxy(1,16); 
cprintf("I :");

}
gotoxy(27,16) ;
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cprintf("I 
gotoxy(54,16); 
cprintf("Flux mode 
gotoxy(54,17); 
cprintf("|Phis|*"); 
gotoxy(1,18); 
cprintf("Phis"); 
gotoxy(27,18); 
cprintf("Ids"); 
gotoxy(54,18); 
cprintf("delta t :"); 
gotoxy(1,19); 
cprintf("P :"); 
gotoxy(27,19); 
cprintf("P :"); 
gotoxy(54,19); 
cprintf("count :"); 
gotoxy(1,20); 
cprintf("I :"); 
gotoxy(27,20); 
cprintf("I :"); 
gotoxy(1,21);
cprintf (" ") ;
cprintf (" ") ;
gotoxy(1,22); 
cprintf("OPTIONS"); 
gotoxy(1,23);
cprintf (" ") ;
gotoxy(27,23);
cprintf("5 : Start/Stop the program"); 
g o t o x y ( 5 4 , 2 3 ) ;
cprintf("X: Set output file"); 
gotoxy(1,24);
cprintf("R: Reset Values"); 
gotoxy(27,24);
cprintf("0: Change operating mode"); 
gotoxy(54,24);
cprintf("F: Change flux mode"); 
gotoxy(1,25);
cprintf ("C: Change reference"); 
gotoxy(27,25);
cprintf ("P: Set PI gains"); 
gotoxy(54,25);
cprintf ("ESC: Quit the program");

} //set_program_screen

// This function displays all of the numbers and operating conditions that 
// are present in the main screen. A call to set_program_screen() should 
// be called so that all the labels for the data is on the screen, 
void put_values_on_screen()
{

// All of the locations set up in this function correspond to the 
// labels used in set_program_screen. If that function is called 
// first, the data values will be correct with the labels. 
gotoxy(11,5);
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cprintf("%6.2f". DVC VARIABLES.Vqse ■P1 //vqs input
gotoxy(11,6);
cprintf("% 6.2f", DVC VARIABLES.Vdse_ input); //vds input
gotoxy(11,7);
cprintf("% 6.2f", DVC_ VARIABLES.Iqse_ input); //Iqs input
gotoxy(11,8);
cprintf("%6.2f", DVC VARIABLES.Idse_ input); //Ids input
gotoxy(11,9);
cprintf("%6.2f", DVC_VARIABLES.Vdc_measured); //Vdc 
gotoxy(11,10);
cprintf("%6.2f", DVC_VARIABLES.Te_measured); //Torque 
gotoxy(11,15);
/ / I f  the current mode is generating, display the PI values, there 
// is no values to display for motoring, 
if (DVC_VARIABLES.operating_mode == generating)

cprintf("%3.3f", DVC_VARIABLES.proVdc); // Vdc P 
gotoxy(11,16);
if (DVC_VARIABLES.operating_mode == generating)

cprintf("%3.3f", DVCJVARIABLES.intVdc); // Vdc I 
gotoxy(11,19);
cprintf("%3.3f", DVCJVARIABLES.proP); //Phis P 
gotoxy(11,20);
cprintf("%3.3f", DVC_VARIABLES.intP); //Phis I 
gotoxy(37,5);
cprintf("%4.3f", (DVC_VARIABLES.w_electrical / 6.28319)); //we 
gotoxy(37,6);
cprintf("%4.2f", (DVC_VARIABLES.wr_estimate * 30.0 /

6.28319 + 8.8207)); //wr
gotoxy(37,7);
cprintf("%4.3f", DVC_VARIABLES.Iqse_star); //Iqse* 
gotoxy(37,8);
cprintf ("%4 . 3f ", DVC__VARIABLES. Idse_star) ; //Idse* 
gotoxy(37,9);
cprintf("%2.4f", DVC_VARIABLES.phi_s_star); //|phis|* 
gotoxy(37,10);
cprintf("%2.4f", DVC_VARIABLES.abs_phis); / / Iphis| 
gotoxy(37,15);
cprintf(”% 3 .3f", DVCJVARIABLES.proiqs); // Iqs P 
gotoxy(37,16);
cprintf("%3.3f", DVC_VARIABLES.intlqs); // Iqs I 
gotoxy(37,19);
cprintf("%3.3f", DVC_VARIABLES.prolds); // Ids P 
gotoxy(37,20);
cprintf("%3.3f", DVC_VARIABLES.intlds); // Ids I 
gotoxy(64,5);
cprintf("%2.4f", DVC_VARIABLES.Vqse_star); // Vqs output 
gotoxy(64,6);
cprintf("%2.4f", DVC_VARIABLES.Vdse_star); // Vds output 
gotoxy(64,7);
cprintf("%2.4f", DVC_VARIABLES.sin_theta_e); // sin(Oe) 
gotoxy(64,8);
cprintf("%2.4f", DVC_VARIABLES.cos_theta_e); // cos(Oe) 
g otoxy(64,9);
cprintf("%2.6f", DVC_VARIABLES.Phi_qss_avg); 
gotoxy(64,10);
cprintf("%2.6f", DVCJVARIABLES.Phi_dss_avg);
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gotoxy(70,14);
/ / T o  display the correct mode, the mode is first checked. Also,
// the correct reference value is also displayed, 
if (DVC_VARIABLES.operating_mode —  motoring)
{

cprintf("motoring"); // Generating / motoring 
gotoxy(70,15);
cprintf("%6.2f", DVCJVARIABLES.Te_star); / / T e *

}
else
{

cprintf("generating"); //Generating / motoring 
gotoxy(70,15);
cprintf("%6.2f", DVC_VARIABLES.Vdc_star_set); //Vdc*

}
gotoxy(70,16);
// The mode is displayed, as well as the reference (*) value. For 
// constant flux, this doesn't change, but with variable flux it will 
if (DVC_VARIABLES.variable_flux —  no_variable_flux)
{

cprintf("Constant"); 
gotoxy(70,17);
cprintf("%2.4f", DVC_VARIABLES.phi_s_base);

}
else
{

cprintf("Variable"); 
gotoxy(70,17);
cprintf("%2.4f", DVC_VARIABLES.phi_s_star);

}
gotoxy(70,18);
cprintf("%6.2f usee", DVCJVARIABLES.delta_t*1000000); //delta t
gotoxy(70,19);
cprintf("%d",count/10000);

}//put_values_on_screen

// This function displays the default header that is present in all screens 
// in the program. It includes the version and m aker. 
void print_header()
{

gotoxy(1,1);
cprintf("Created by Robert Wood"); 
gotoxy(30, 1);
cprintf("DIRECT VECTOR CONTROL"); 
gotoxy(60,1);
cprintf("Version 1.5 05/07/04"); 
gotoxy(1,2);
cprintf ( "_________________________________________________________________ " ) ;
cprintf ( "________________________________" ) ;

} //Print_header

// This function changes the operating mode (motoring / generating).
// Whenever this function is called, the controller is reset, 
void change_operating_mode()
{

// This function will continue to run until sub_program_done is



// changed to high. 
sub_program_done = 0;

// Clear the screen to make sure all the new screen is displayed 
// correctly, 
clrscr();

// Print the default header. 
print_header();

// Print the screen for the change of operating mode, including 
// displaying the current mode and the options that you can change 
// in this function, 
gotoxy(1,3);
cprintf("CHANGE OF OPERATING MODE"); 
gotoxy(1,4);
cprintf (" ") ;
gotoxy(1,5);
cprintf("Current operating mode :"); 
gotoxy(30,5);
if (DVCJVARIABLES.operating_mode == motoring) 

cprintf("motoring") ;
else

cprintf("generating"); 
gotoxy(1,6); 
cprintf (' 
cprintf( 
gotoxy(1 
cprintf( 
gotoxy(1 
cprintf( 
gotoxy(1 
cprintf( 
gotoxy(1 
cprintf( 
gotoxy(1 
cprintf( 
cprintf( 
gotoxy(1 
cprintf( 
gotoxy(1 
cprintf(

") ;
') ;

7) ;
OPTIONS");
8 ) ;

") ;
9);
C: Change the mode");
1 0 ) ;
ESC: Don't Change mode and return to following screen"); 
11) ;

") ;
’) ;

1 2) ;
If you change the mode of operation, the controller");
13) ;
will be reset and all integral values will be set to zero"

// While the user doesn't press ESC or c 
while (!sub_program_done)
{

// Only save data to the file if the program is running and 
// the save_to_file is enabled 
if (prograirjrunning && s a ve_t o_f i 1 e )
{

// waiting for every 1000 points make the main loop 
// run at a rate of 10Hz 
while (count % 1000 != 0)
{

// waiting for every 10 points makes the save 
// loop run at a rate of 1000Hz
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if (count % 10 == 0)
{

// Output the data values 
output_to_file();

}
};

}
if (kbhit())
{

input_key = g e t c h ();
// Exit program if key = esc 
if (input_key == 27)

sub_program_done - 1;
// If key = c, change the mode, either from motoring 
// to generating, or vice-versa, exits the program 
if (input_key == 'C ' || input_key == 'c ')
{

if (DVC_VARIABLES.operating_mode == motoring) 
DVC_VARIABLES.operating_mode = 

generating;
else

DV C_VARIABLE S .operating_mode = 
motoring;

// reset the controller if the mode is changed 
//reset_controller(); 
sub_program_done = 1;

}
}

}
// Put the default screen back up. 
set_program_screen();

} //change_ope rat ing_mode

// This function can change any PI gains in the system. Once the new data 
// value is entered, it is immediately used. This can be changed real time 
// and does not reset the controller, 
void change_PI_gains()
{

// This program will run until the user presses ESC. 
sub_program_done = 0; 
double new_value = 0; 
while (!sub_program_done)
{

// Clear the screen so that the new screen appears correctly 
clrscr();

// Prints the default header. 
print_header();

// Prints all of the current PI values as well as displaying 
// the options for changing them, 
gotoxy(1,3);
cprintf("CHANGE PI GAINS"); 
gotoxy(1,4);
cprintf (" " ) ;
gotoxy(1,5);
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/ /
/ /
if
{

you can only change the Pis for Vdc if you are in 
generating m o d e .
(DVC_VARIABLES.operating_mode == generating)

cprintf ("Vdc"); 
gotoxy(1,6); 
cprintf("P(1) :");
gotoxy(1,7); 
cprintf("I(2) :");

}
gotoxy(1,9); 
cprintf("Phis"); 
gotoxy(1,10); 
cprintf(" P (3) :");
gotoxy(1,11); 
cprintf("1(4) :");
if (DVC_VARIABLES.operating_mode == generating)
{

gotoxy(11,6); 
cprintf("% 3.3f1 
gotoxy(11,7); 
cprintf("%3.3f '

DVC_VARIABLES.p r o V d c ) ;  

DVC VARIABLES.intVdc);
}
gotoxy(11,10); 
cprintf("% 3.3f", 
gotoxy(11,11); 
cprintf ( "%3 . 3f 
gotoxy(27,5); 
cprintf("Iqs"); 
gotoxy(27,6); 
cprintf(" P (5) :" 
gotoxy(27,7); 
cprintf("I(6) :
gotoxy(27,9); 
cprintf("Ids"); 
gotoxy(27,10); 
cprintf("P(7) : 
gotoxy(27,11); 
cprintf("I(8) : 
gotoxy(37,6); 
cprintf("% 3.3f" 
gotoxy(37,7); 
cprintf("%3.3f" 
gotoxy(37,10); 
cprintf("% 3.3f " 
gotoxy(37,11); 
cprintf("%3.3f " 
gotoxy(1,12);
cprintf("_______
cprintf("_______

DVCJVARIABLES.proP) 

DVC VARIABLES.intP)

")

DVC_VARIABLES.prolqs); 

DVC_VARIABLES.intlqs); 

DVC_VARIABLES.prolds); 

DVC VARIABLES.intlds);

") ;

gotoxy(1,13); 
cprintf("OPTIONS"); 
gotoxy(1,14);
cprintf ( " " ) ;
gotoxy(1,15)
if (DVC_VARIABLES.operating_mode == generating)
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cprintf("1-8: Change the PI gain corresponding to"); 
cprintf(" the number entered");

}
else
{

cprintf("3-8 ; Change the PI gain corresponding to"); 
cprintf(" the number entered");

}
gotoxy(1,16);
cprintf("ESC: Press ESC when you are done entering the "); 
cprintf("new PI gains"); 
gotoxy(1,17);
cprintf (" ") ;
cprintf ( "___________________________________________") ;
gotoxy(1,18);
cprintf("The new values that you enter will be immediately"); 
cprintf(" used, "); 
gotoxy(1,19);
cprintf("and will not wait to a return to the previous screen"); 
gotoxy(1,20);
cprintf (" ") ;
cprintf ("___________________________________________") ;

//Wait for a key to be hit (this prevents the screen from
//flickering
while (IkbhitO)
{

// Only save data to the file if the program is running and 
// the save_to_file is enabled 
if (program_running && save_to_file)
{

// waiting for every 1000 points make the main loop 
// run at a rate of 10Hz 
while (count % 1000 != 0)
{

// waiting for every 10 points makes the save 
// loop run at a rate of 1000Hz 
if (count % 10 —  0)
{

// Output the data values 
output_to_file();

}
} ;

}
}
input_key = g e t c h ();
// if the input key is ESC, exit the s u b p r o g r a m  and return 
// to the normal screen, 
if (input_key == 27)

sub_program_done = 1;

// checks to see if the input is valid, and changes the
// value to the new one that is entered.
if (((input_key == '1' || input_key == '2') &&

(DVC VARIABLES.operating mode == generating)) ||



(input_key > '2' & input_key < '9')) 

gotoxy(1,21);
cprintf("Changing value for :"); 
gotoxy(1,22);
cprintf("Current value :"); 
gotoxy(30,21); 
if (input_key == '1') 
t

if (DVC_VARIABLES.operating_mode == 
motoring) 

cprintf("Te P ") ;
else

cprintf("Vdc P " ) ; 
gotoxy(30,22);
cprintf("%3.3f",DVC_VARIABLES.proVdc)

}
if (input_key == '2')
{

if (DVC_VARIABLES.operating_mode == 
motoring) 

cprintf("Te I ") ;
else

cprintf("Vdc I "); 
gotoxy(30,22);
cprintf("%3.3f",DVC_VARIABLES.intVdc)

}
if (input_key == 'S')
{

cprintf("Phis P "); 
gotoxy(30,22);
cprintf("%3.3 f",DVC_VARIABLE S .p roP);

}
if (input_key == '4')
{

cprintf("Phis I "); 
gotoxy(30,22);
cprintf("%3.3f",DVC_VARIABLES.intP);

}
if (input_key == ’S')
{

cprintf("Iqs P "); 
gotoxy(30,22);
cprintf("% 3.3 f",DVC_VARIABLES.prolqs)

}
if (input_key == '6')
{

cprintf("Iqs I "); 
gotoxy(30,22);
cprintf("%3.3f",DVC_VARIABLES.intlqs)

}
if (input_key == '7')
{

cprintf("Ids P "); 
gotoxy(30,22);
cprint f ("% 3.3 f",DVC_VARIABLES.proIds)
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}
if (input_key —  '8' )
{

cprintf("Ids I "); 
gotoxy(30,22);
cprintf("%3.3f",DVC_VARIABLES.intIds);

}
g otoxy(1,24);
cprintf("Enter the new value followed by enter:"); 
gotoxy(4 0,24); 
cin »  new value;
if (input_key == 'I')

DVC_VARIABLES.p ro V dc = new_value;
if (input key —  '2')

DVC_VARIABLES.intVdc = new_value;
if (input key == '3')

DVC_VARIABLES.proP = new_value;
if (input_key == '4')

DVC_VARIABLES.intP = new_value;
if (input key == '5')

DVC_VARIABLES.prolqs = new value;
if (input key == 16 ' )

DVC_VARIABLES.intlqs = new value;
if (input_key == '7 ')

DVC_VARIABLES.prolds = new_value;
if (input_key —  '8 ')

DVC VARIABLES.intIds = new value;
}

}
set_program_screen();

}//change_PI_gains

// This function can change the current flux mode (variable / constant). 
/ / I f  the mode is changed, the controller is reset, 
void change_flux_mode()
{

// The sub program will run until the s ub_p r o g r am_done is 1 
sub_program_done = 0 ;

// First clear the screen so that the new screen is displayed 
// correctly 
clrscr();

// Print the default header. 
print_header();

// Print the rest of the screen for the change of flux, including 
// displaying the current flux mode 
gotoxy(1,3);
cprintf("CHANGE OF FLUX MODE"); 
gotoxy(1,4);
cprintf ("_______________________ ") ;
gotoxy(1,5);
cprintf("Current flux mode :"); 
gotoxy(30,5);



7) ;
OPTIONS":
8 ) ;

if (DVC_VARIABLES.variable_flux == no_variable_flux)
cprintf("constant flux");

else
cprintf("variable flux"); 

gotoxy(1,6); 
cprintf( ' 
cprintf( 
gotoxy(1 
cprintf( 
gotoxy(1 
cprintf( 
gotoxy(1 
cprintf( 
gotoxy(1 
cprintf( 
gotoxy(1 
cprintf( 
cprintf( 
gotoxy(1 
cprintf( 
gotoxy(1 
cprintf(

") ;

9) ;
C: Change the mode");
1 0) ;
ESC: Don't Change mode and return to following screen"); 
11) ;

") ;
")  ;

12) ;
If you change the mode of operation, the controller");
13) ;
'will be reset and all integral values will be set to zero' 

while (!sub_program_done)
{

// Only save data to the file if the program is running and
// the save_to_file is enabled
if (program_running && save_to_file)
{

// waiting for every 1000 points make the main loop 
// run at a rate of 10Hz 
while (count % 1000 != 0)
{

// waiting for every 10 points makes the save 
// loop run at a rate of 1000Hz 
if (count % 10 == 0)
{

// Output the data values 
output_t o_f i l e () ;

}
}

}
if (kbhit())
{

input_key = g e tch();
//don't change mode if key = esc 
if (input_key == 27)

sub_program__done = 1; 
if (input_key == ' C  1 I input_key —  'c ')
{

if (DVC_VARIABLES.variable_flux —  
no_variable_flux) 

DVC_VARIABLES.variable_flux = 
yes_variable_flux;

else
DVC VARIABLES.variable flux =



235

no_variable_flux; 
sub_program_done = 1;

}
}

}
// Restore the original screen 
set_program_screen();

} //change_operating_mode()

// This function resets the integrators in the DVC class and also resets 
// count to be zero, 
void reset_controller()
{

// start with a fresh screen 
clrscr();

// Reset all of the integrators in the class 
DVC_VARIABLES.soft_reset();

// Reset the count and time 
count = 0;

// Redraw the screen 
set_program_screen();

// Put the reset values on the screen. If the program isn't running, 
// this will put the reset values on the screen 
put_values_on_screen();

} //Reset Controller

// This function can stop or start the vector controller. The values on the 
// screen are still updated even if the controller is stopped, 
void start_stop()
{

if (program_running)
program_running = 0;

else
program_running = 1;

}//Start Stop

// This function sets up the recording conditions. These include the name
// of the file that data is being recorded to, and also whether or not to
// record data. If this function is called, and you exit back to the main
// screen with data being recorded, it will give an error if the file cannot
/ / b e  opened. Also, it will write the date and time to the file, 
void recording_conditions()
{

// These lines gets the current date and time so that it can be put
// at the beginning of the file.
struct date current_date;
struct time current_time;
getdate(&current_date);
gettime(&current_time);

// This subprogram will run until sub_program_done goes to 1 
sub_program_done = 0 ;
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while (!sub_program_done)
{

// Clear the screen first so that the new screen is displayed 
// correctly 
clrscr();

// Print the defualt header. 
print_header();

// Print the rest of the menu as well as the current data file 
// being used and if data is being stored, 
gotoxy(1,3);
cprintf("DATA SAVING OPTIONS"); 
gotoxy(1,4);
cprintf ( " " ) ;
gotoxy(1,5) ;
cprintf("Currently saving data :"); 
gotoxy(30,5); 
if (save_to_file)

cprintf("Yes");
else

cprintf("No"); 
gotoxy(1,6);
cprintf("File currently saving to : "); 
gotoxy(30,6); 
cout «  file; 
gotoxy(1,7);
cprintf ( " " ) ;
cprintf ("___________________________________________ ") ;
gotoxy(1 
cprintf( 
gotoxy(1
cprintf (" ") ;
gotoxy(1 
cprintf( 
gotoxy(1 
cprintf( 
cprintf( 
gotoxy(1 
cprintf( 
cprintf( 
gotoxy(1
cprintf( ____________________________  _____
cprintf ( " " ) ;
gotoxy(1,14); 
cprintf( 
cprintf( 
gotoxy(1 
cprintf( 
cprintf( 
gotoxy(1 
cprintf( 
cprintf(

8 ) ;
OPTIONS"!
9);

') ;

1 0) ;
S: Start / Stop recording data to file");
1 1 ) ;
C: Change file name where data is currently 
recording to");
1 2) ;
ESC: Don't Change recording mode or file and "); 
return to following screen");
13) ;

") ;

Please note that data will only be saved to the "); 
the file if you are in the main");
15) ;
screen and if the program is running. For"); 
instance, if you are editing PI values");

16) ;
values no data will be saved until you return to"); 
the main screen"); 

gotoxy(1,17);

// Wait until a key is hit. This prevents the screen from
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// flickering, 
while (!kbhit())
{}
input_key = getch();
//don't change mode if key = esc 
if (input_key == 27)

sub_program_done = 1;
// If the key is s, change whether the file is saved or not. 
if (input_key == 'S' || input_key == 's')
{

if (save_to_file)
save_to_file = 0 ;

else
save_to_file = 1;

}

// If a new file name is input, save the new file name, 
if (input_key == 'C ' || input_key == 'c ')
{

gotoxy(1,18);
cprintf("Enter the new file name with the"); 
cprintf(" extension, i.e. data.txt"); 
gotoxy(1,19); 
cin »  file;

}

// If you are saving to a file, open the file and print the date and 
// time at the beginning, 
if (save_to_file)
{

log.close(); 
log.open(file);

// Display an error if the file can't be open 
if (log.fail())
{

gotoxy(1,22);
cprintf("DATA FILE ERROR, NOT RECORDING DATA"); 
s ave_t o_f ile = 0; 
d e l a y (2000);

}
//put the date and time at the beginning
log «  "started sampling on: \t" «  (int) current_date.da_mon;
log «  "/" «  (int) current_date.da_day;
log «  "/" «  (int) current_date.da_year;
log «  "\tat:\t" «  (int) current_time.ti_hour;
log «  «  (int) current_time.ti_min;
log «  «  (int) current_time.ti_sec;
log «  "\n\n";
if (zero_set == 1)
{

log «  "count\tVan\tVbn\tVcn\tIa\tIb\tVdc\ttor\n\n";
}
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else
{

log «  "Count\tVqss\tVdss\tlqss\tldss\tphiqss\t"; 
log «  "phidss\twe\twr\tphi_s*\tVqss_out\t"; 
log «  "Vdss_out\tPhiqss_avg\tPhidss_avg\t"; 
log «  "Vdc\tTorque\n";

}

// Restore the original program screen. 
set_program_screen();

} //recording_options

// Every time this function is called the data that is currently in the class 
// is saved to the output file specified in recording_conditions(). The data 
// saved has the following columns:
/ /  1 2 3 4 5 6 7 8
// count Vqs(in) Vds(in) Iqs(in) Ids(in) Vdc Te

Vqs(out)
/ /
// 9 10 11 12
// Vds (out) Phis we wr
void output_to_file()
{

if (save to file)
{

// Signal the beginning of the saving loop to determine 
// How long the data save takes. This is output on DIG TBL 0 
WriteDIO14520(BOARD, OxFF);

// Save the data 
if (zero_set == 1)
{

log «  count «  "\t" 
log «  ADVab «  "\t" 
log «  ADIa «  "\t" 
log «  ADTor «  "\n"

}
else
{

«  ADVbc «  "\t" «  ADVca «  "\t”; 
«  ADIb «  "\t" «  ADVdc «  "\t";

log « VVIu

log « DVC _VARIABLES.Vqss_input «  "\t " ;
log « DVC] VARIABLES.Vdss input «  "\t" ;
log « DVC" VARIABLES.Iqss input «  "\t" ;
log « DVC* VARIABLES.Idss input «  "\t" ;
log « DVC" VARIABLES.phi_qss «  "\t" ;
log « DVC" VARIABLES.phi_dss «  "\t" ;
log « DVC" VARIABLES.w_electrical « "\t";
log « DVC] VARIABLES.wr estimate « " \ t " ;
log « DVC' VARIABLES.phi_s_star «  "\t" ;
log « DVC" VARIABLES.Vqss output « "\t" ;
log « DVC’VARIABLES.Vdss output « "\t";
log « DVC' VARIABLES.Phi_qss_avg « "\t";
log « DVC"" VARIABLES.Phi_dss_avg « " \ t " ;
log « DVC" VARIABLES.Vdc measured « "\t" ;
log « DVC" VARIABLES.Te measured « "\n";
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}
// Signal the end of the loop on the DIG/TBL 0 
WriteDIO14520(BOARD, 0);

}
// This function is used to modify the various reference values in the 
// controller : Vdc*, Te*, Phis*, and wc. 
void change_reference()
{

// This sub program runs until sub_program_done goes to 1 
sub_program_done = 0;

double new_value; 
while (!sub_program_done)
{

// Clear the screen so that the new screen is displayed 
// correctly 
clrscr();

// Print the defualt header. 
print_header();

// Print the menu and options for a change in reference 
// values. It also displays the relavent reference values 
gotoxy(1,3);
cprintf("CHANGE OF REFERENCE VALUES"); 
gotoxy(1,4);
cprintf ("_______________________________ ") ;
gotoxy(1,5); 
cprintf("wc :"); 
gotoxy(1,6);
if (DVC_VARIABLES.operating_mode == motoring) 

cprintf("Te* :");
else

cprintf("Vdc* :"); 
gotoxy(1,7); 
cprintf("|Phis I*") ; 
gotoxy(30,5);
cprintf("%3. 3f", DVC_VARIABLES.omega_c) ; 
gotoxy(30,6);
if (DVC_VARIABLES.operating_mode == motoring)

cprintf ("%6.2f", DVC_VARIABLES.Te_star);
else

cprintf("%6.2f", DVC_VARIABLES.Vdc_star_set); 
gotoxy(30,7);
if (DVC_VARIABLES.variable_flux == no_va r iable_flux) 

cprintf("%3.4f", DVC_VARIABLES.phi_s_base);
else

cprintf("variable"); 
gotoxy(1,8);
cprintf (" ") ;
cprintf ("___________________________________________ ") ;
gotoxy(1,9); 
cprintf("OPTIONS") ;
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gotoxy(1,10);
cprintf ("________ ") ;
gotoxy(1,11);
cprintf ("W: Change corner frequency (wc)"); 
gotoxy(1,12);
if (DVC_VARIABLES.operating_mode == motoring)

cprintf ("T: Change reference torque (Te*)");
else

cprintf ("V: Change reference voltage (Vdc*)"); 
gotoxy(1,13);
if (DVC_VARIABLES.variable_flux == no_variable_flux) 

cprintf("F: Change reference flux (|Phis I *)"); 
gotoxy(1,14);
cprintf("ESC: D o n ’t Change any reference value and "); 
cprintf("return to following screen"); 
gotoxy(1,15);
cprintf (" ") ;
cprintf ("___________________________________________ ") ;

// This line waits until a key is h i t . This prevents the 
// screen from flickering, 
while (!k bhit())
{

// Only save data to the file if the program is 
// running and the save_to_file is enabled 
if (program_running && save_to_file)
{

// waiting for every 1000 points make the main loop 
// run at a rate of 10Hz 
while (count % 1000 != 0)
{

// waiting for every 10 points makes the save 
// loop run at a rate of 1000Hz 
if (count % 10 == 0)
{

// Output the data values 
output_to_file();

}
} ;

}
}
input_key = g e t c h ();

// don't change mode if key = esc 
if (input_key == 27)

sub_program_done = 1;

// If the input is w, change wc 
if (input_key == ' W  || input_key == ’w ’)
{

gotoxy(1,17);
cprintf("Changing value for :"); 
gotoxy(1,18);
cprintf("Current value is :"); 
gotoxy(30,17); 
cprintf("wc");
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gotoxy(30,18);
cprintf("%3.3f", DVC_VARIABLES.omega_c); 
gotoxy(1,20);
cprintf("Enter the new value followed by enter :"); 
cin »  new_value;
DVC_VARIABLES.omega_c = new_value;

}

// If the input is v, and you are generating, change the Vdc* 
// value.
if ((input_key == ' V  || input_key == 'v ' ) &&

DVC_VARIABLES.operating_mode == generating)
{

gotoxy(1,17);
cprintf("Changing value for :"); 
g otoxy(1,18);
cprintf("Current value is :"); 
g otoxy(30,17); 
cprintf("Vdc*"); 
gotoxy(30,18);
cprintf("%6.2f", DVC_VARIABLES.Vdc_star_set); 
gotoxy(1,20);
cprintf("Enter the new value followed by enter :"); 
cin »  new_value;
DVC_VARIABLES.Vdc_star_set = new_value;

}
// if the input key is t and you are motoring, enter a new 
// value
if ((input_key == 'T ' || input_key == 't ') &&

DVC_VARIABLES.operating_mode == motoring)
{

gotoxy(1,17);
cprintf("Changing value for :"); 
gotoxy(1,18);
cprintf("Current value is :"); 
gotoxy(30,17); 
cprintf("Te*"); 
gotoxy(30,18);
cprintf("%6.2f", DVC_VARIABLES.Te_star) ; 
g o t o x y ( 1 , 2 0 ) ;
cprintf("Enter the new value followed by enter :"); 
cin »  new_value;
DVC_VARIABLES.Te_star = new_value;

}
// If the input key is f and you are operating in constant 
// flux, change the phis*
if ((input_key == 'F' || input_key == 'f ') &&

DVC_VARIABLES.variable_flux - no_variable_flux)
{

gotoxy(1,17);
cprintf("Changing value for :"); 
gotoxy(1,18);
cprintf("Current value is :");
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gotoxy(30,17); 
cprintf("|Phis|*"); 
gotoxy(30,18);
cprintf("%3.4f", DVC_VARIABLES.phi_s_base); 
gotoxy(1,20);
cprintf("Enter the new value followed by enter :"); 
cin »  new_value;
DVC_VARIABLES.phi_s_base = new_value;

}
}
// Put the default menu back on the screen. 
set_program_screen();

} //change_reference

// This function displays the current volt reading on all of the channels 
// that are sampled along with the amplified value. It is used to detect 
// offsets in the input, 
void display_voltages()
{

// This function will continue to run until sub_program_done is 
// changed to 1 
sub_program_done = 0;

// Clear the screen to make sure that the new screen is displayed 
// correctly 
clrscr();

// Print the default header 
print_header();

// Print the labels and the corresponding values 
gotoxy(1,3);
cprintf("VOLTAGE DISPLAY AND AMPLITUDE"); 
gotoxy(1,4);
cprintf ("___________________________________ ") ;
gotoxy(1,5); 
cprintf("Channel");
for (int CHAN =0; CHAN < NUM_OF_CHAN; CHAN++)
{

gotoxy(1,6+CHAN); 
cprintf("%d", CHAN + 1);

}
gotoxy(10,5); 
cprintf ("Variable"); 
gotoxy(10,6); 
cprintf("Vab :"); 
gotoxy(10,7); 
cprintf("Vbc :"); 
gotoxy(10,8); 
cprintf("Vca :"); 
gotoxy(10,9); 
cprintf("la :"); 
gotoxy(10,10); 
cprintf("lb :"); 
gotoxy(10,11);
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cprintf("Vdc :"); 
gotoxy(10,12); 
cprintf("Tor "); 
gotoxy(30,5); 
cprintf("Voltage") 
gotoxy(50,5); 
cprintf("Value"); 
gotoxy(70,5); 
cprintf("Unit"); 
gotoxy(70,6) 
cprintf("V") 
gotoxy(70,7) 
cprintf("V") 
g otoxy(70,8) 
cprintf("V") 
gotoxy(70,9) 
cprintf("I") 
g otoxy(70,10); 
cprintf("I"); 
gotoxy(70,11); 
cprintf("V"); 
gotoxy(70,12); 
cprintf("Nm" ); 
gotoxy(1,13); 
cprintf("
cprintf ( " " ) ;
gotoxy(1,14);
cprintf("The program must be running for this to work.") 
gotoxy(1,15);
cprintf (” ") ;
cprintf ( " " ) ;
gotoxy(1,16);
cprintf("ESC: Press when you are done");

// Keep display voltages and values until user presses esc 
while (!sub_program_done)
{

if (kbhit())
{

input_key = g e t c h ();

// if user presses esc, exit 
if (input_key == 27)

sub_program_done = 1;
}
// Only save data to the file if the program is running and 
// the save_to_file is enabled 
if (program_running && save_to_file)
{

// waiting for every 1000 points make the main loop 
// run at a rate of 10Hz 
while (count % 1000 != 0)
{

// waiting for every 10 points makes the save 
// loop run at a rate of 1000Hz 
if (count % 10 == 0)
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{
// Output the data values 
output_to_file();

}
} ;

}
// If you are not saving data to a file, wait for a small 
// amount of time so the screen doesn't flicker. a delay 
/ / o f  100ms to make the main loop run at 10Hz 
else

d e l a y (100);

// else print all of the values onto the screen every 100msec
gotoxy(30, 6) ;
cprintf ( % 2 . 4 f ", ADVab / ADSLOPE );
gotoxy(30 7) ;
cprintf ( % 2 . 4 f ", ADVbc / ADSLOPE );
gotoxy(30 8) ;
cprintf ( % 2 .4f", ADVca /•ADSLOPE );
gotoxy(30 9) ;
cprintf ( % 2.4f", ADIa / ADSLOPE );
gotoxy(30 10) ;
cprintf ( % 2 . 4 f ", ADIb / ADSLOPE );
gotoxy(30 11) ;
cprintf ( % 2 .4f", ADVdc / ADSLOPE);
gotoxy(30 12) ;
cprintf ( % 2 . 4 f ", ADTor / ADSLOPE );
gotoxy(50 6) ;
cprintf ( % 6 . 2 f " . V_VAB_ GAIN * (ADVab / ADSLOPE ) ) ;
gotoxy(50 7) ;
cprintf ( % 6. 2 f ", V_VAB_GAIN * (ADVbc / ADSLOPE ) ) ;
gotoxy(50 8) ;
cprintf ( % 6.2f", V_VAB_GAIN * (ADVca / ADSLOPE ) ) ;
gotoxy(50 9) ;
cprintf ( %6.2f", I_GAIN * (ADIa / ADSLOPE ));
gotoxy(50 10) ;
cprintf ( % 6.2f", I_GAIN * (ADIb / ADSLOPE ));
gotoxy(50 11) ;
cprintf ( %6.2f". V_VDC_GAIN * (ADVdc / ADSLOPE ) ) ;
gotoxy(50 12) ;
cprintf ( % 6. 2 f ", T_GAIN * (ADTor / ADSLOPE ));

}
// restore the original screen back up 
set_program_screen();

}//display_voltages

int main (void)
{

// put the main menu screen on the screen. 
set_program_screen();

// Put the correct time step inside of the controller class. 
DVC VARIABLES.delta t = deltat;
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// Open the board and check for an error, 
err = !0penBoard45 2 0 (BOARD); 
if (err)
{

window (1,1,80,25); 
clrscr(); 
g otoxy(1,10);
cprintf("111***ERROR: PCI4520 (index "); 
cprintf("%d) was not found!\r\n",BOARD); 
return 1;

}
// Good idea to initialize the board before using it.
InitBoard452O(BOARD);

// Create an object to hold the table values for the AD conversion 
// parameters 
ioctrl_t cscRow;

// Clear the channel gain table before setting up the channels 
ClearCGT4520(BOARD);

// Setup channel gain table to sample 7 inputs, +/-5V each,
// Differential, no gain
for (CHAN= 0; CHAN < NUM_OF_CHAN; CHAN++)
{

SetupCgtRow4520(ScscRow, CHAN, GAIN1, AIN_BIP5,
NRSE_AGND,

_GND_DIFF, CGT_PAUSE_DISABLE, AOUT_BIP5, AOUT_BIP5,0); 
WriteCGTAnalog4520 (BOARD, * ( (uintl6 *) ScscRow));

}
// setup both outputs to be +/- 5V no cycle, start on software 
SetupDAC4520(BOARD, 0, AOUT_BIP5, DAC_CYCLE_SINGLE, 

DAC_START_SOFTWARE);
SetupDAC4520(BOARD, 1, AOUT_BIP5, DAC_CYCLE_SINGLE,

DAC_S TART_S 0 FTWARE);

// Setup DIO port 0 and 1 for output 
SetupPort04520(BOARD, 1,0,0,0,0,0);
SetupPort14520 (BOARD, 1 , 0 , 0 , 0,0,0) ;

// Setup timer counter at a Rate of 8MHz / CLOCK_DIVISOR 
SetUtclClock4520 (BOARD, CUTC1_8MHZ);
SetupTimerCounter4 52 0 (BOARD,TC_UTC1,M8254_RATE_GENERAT0R, 

CLOCK_DIVISOR);

// Enable Analog part of CGT only 
EnableCGT4 5 2 0 (BOARD, CSC_CGT);
EnableCGTDigital4520 (BOARD, CSC_LATCH);

// Clear AD FIFO just in case 
ClearADFifo4520(BOARD);

// Setup pacer clock at a rate of 100Hz to start and stop on 
// software
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SetPacerClock4 520 (BOARD, PCLK_START_SOFTWARE,
PCLK_STOP_SOFTWARE, PCLK_REPEAT, PCLK_INTERNAL, 100);

// Setup burst clock at a rate of 1.25Mhz to start on pacer clock 
SetupBurst4520 (BOARD, BCLK_START_PCLK, 1250000);

// Setup conversion select to start on the burst clock 
SetConversionSelect4520(BOARD, ADC_START_BCLK);

// Clear board IRQ before setting up interrupts 
ClearITMask4520(BOARD,OxFFFF);
ClearITOverrun4520(BOARD);

// Set the Interrupt Service Routine and enable the appropriate 
// IRQ channel.
InstallCallbackIRQHandler4520(BOARD, NewISR );

// Set Board IRQ1 Source User TC out 1 
SetITMask4520 (BOARD, 1 «  IRQS_UTC1);

// Run this program until the user presses ESC 
while (!ExitProgram)
{

if (kbhit())
{

// If there is input from the keyboard, first get 
// the key that is pressed. 
input_key = g e t c h ();

// If the key is ESC then exit the program 
if (input_key == 27)

ExitProgram = 1;

// if the key is o, go to the sub program 
// change_operating_mode
else if (input_key == 'O' || input_key == 'o')

change_operating_mode();

// if the key is p, go to the sub program 
// change_PI_gains
else if (input_key —  'P ' || input_key —  'p')

change_PI_gains();

/ / I f  the key is f, go to the sub program 
// change_flux_mode
else if (input_key == 'F' || input_key == 'f ') 

change_flux_mode() ;

// If the key is r, go to the sub program 
// reset_controller
else if (input_key —  'R' I I input_key == 'r ') 

reset_controller() ;

// If the key is s, go to the sub program 
// start_stop
else if (input_key —  'S' I I input__key == 's')
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start_stop();

// If the key is x, go to the sub program 
// recording_conditions
else if (input_key == 'X'  I I input_key == 'x ') 

recording_conditions();
// if the key is c, go to the sub program 
// change_reference
else if (input_key == 'C ' || input_key == 'c ')

change_reference();

// if the key is i, go to the sub program 
// display_voltages
else if (input_key == 'I ' |I input_key == 'i ')

display_voltages();
}
// Only save data to the file if the program is running and 
// the save_to_file is enabled 
if (program_running && save_to_file)
{

// waiting for every 1000 points make the main loop 
// run at a rate of 10Hz 
while (count % 1000 != 0)
{

// waiting for every 10 points makes the save 
// loop run at a rate of 1000Hz
if (count % 10 —  0)
{

// Output the data values 
output_to_file();

}
} ;

}
// If you are not saving data to a file, wait for a small
// amount of time so the screen doesn't flicker. a delay
// of 100ms to make the main loop run at 10Hz 
else

delay (100);

// Put the values from the class onto the screen 
put_values_on_screen();

}
// Output zero on both Vqs and Vds before exiting 
LoadDAC14520 (BOARD, 0);
LoadDAC24520 (BOARD, 0);
UpdateAllDAC4520(BOARD);

// Remove the interrupt mask and interrupt routine 
SetITMask45 2 0 (BOARD, 0);
RemoveIRQHandle r4 5 2 0 (BOARD);

// close the data file. 
log.close();

return 0;
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APPENDIX C -  conDVC.c file

y***********************************************************************
File Name: CONDVC.C
Created by: Robert Wood
Date created:1/20/04 
Last Modified: 6/5/04
Version: 2.0
Description:

This file is used in conjunction with DVC.C to control an induction machine. 
CONDVC.C is the implementation file for a class called direc_vector_control 
that stores all of the values needed to control an induction machine and 
calculates Vqs* and Vds* for outputing to an inverter. The inputs that are 
needed are : Vab, Vbc, Vca, la, lb, and Vdc (for generating). The class can 
also hold data for torque, although this is not needed to run the controller 
Vdc is not needed for motoring mode.
******************************************************************-**-*** j

finclude "conDVC.h" 
#include "math.h"
#include "dos.h"

// Default contructor. Sets most values in the controller to zero,
// except for PI gains, and s t a r (*) values. abs_phis and wr_abs cannot 
// be set to zero as this causes a divide by zero, so they are set to 
/ / a  very low value. The default mode is motoring with constant flux 
direct_vector_control: :direct_vector_control()
{

Phi_qss_avg = 0.00014 4;
Phi_dss_avg = -0.000128;
Phi_qs s_avg_ho1de r = 0;
Phi_dss_avg_holder = 0;

for (int TEMP = 0; TEMP < AVERAGE_NUMBER; TEMP++)
{

Iqse_input_temp[TEMP] = 0;
Idse_input_temp[TEMP] = 0; 
wr_estimate_temp[TEMP] = 0; 
abs_phis_temp[TEMP] = 0; 
w_electrical_temp[TEMP] = 0;
Vqse_star_temp[TEMP] = 0 ;
Vdse_star_temp[TEMP] = 0;

}

internal_count = 0 ;
internal count double = 0;



internal_count_seconds

omega_c = 25; 
Ia_measured = 0; 
Ib_measured = 0; 
Ic_measured = 0;

Va_measured = 0 ; 
Vb_measured = 0; 
Vc_measured = 0;

Te_measured = 0; 
Vdc_measured = 0; 
Vdc_star_set = 140; 
wr_measured = 0;

Iqss_input = 0; 
Idss_input = 0;

Vqss_input = 0; 
Vdss_input = 0;

proVdc = 4 ; 
intVdc = 2.5;

prolqs = 0.25; 
intlqs = 10;

prolds = 0.5; 
intIds = 5;

proP = 1.5; 
intP = 10;

dphi_qss_dt = 0; 
dphi_dss_dt = 0;

phi_qss = 0; 
phi_dss = 0; 
abs_phis = 0.01;

w_electrical = 0 ;  
w_slip = 0; 
wr_estimate = 0; 
wr_abs = 0.0001;

sin_theta_e = 0; 
cos_theta_e = 0;

Iqse_input = 0; 
Idse_input = 0;

Vqse_input = 0; 
Vdse_input = 0;

I_decouple = 0;
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delta_Vdc = 0; 
delta_phis = 0; 
delta_Iqse = 0; 
delta_Idse = 0;

Te_star = 0.5;
Iqse_star = 0 ; 
phi_s_star = 0.15; 
phi_s_base = 0.2; 
Idse_star_before_decouple = 0; 
Idse_star = 0;
Vqse_star = 0;
Vdse_star = 0;

variable__f lux = no_var iab 1 e_f lux ; 
operating_mode = motoring; 
delta_t = 0.0001;
Vqss_output = 0;
Vdss_output = 0;

delta_Vdc_t_l = 0; 
de11a_phi s_t_l = 0 ; 
delta_Iqse_t_l = 0; 
delta_Idse_t_l = 0 ;

phi_qss_t_l = 0; 
phi_dss_t_l = 0;

Iqs e_s tar_t_l = 0;
Idse_star_before_decouple_t_l = 0 ;
Vqse_star_t_l = 0;
Vds e_s t a r_t_l = 0;

}

// Default Contructor. Not used. . 
direct_vector_control: :~direct_vector_control()
{
}
// Call this function to calculate the new Vqs* and Vds* to be output 
// to the inverter. This is the only function that needs to be 
// called for all of the calculations. 
void direct_vector_control::next_time_calculator()
{

int TEMP; 

internal_count++;
if ((internal_count % 10000) == 0) 

internal_count_seconds++;

internal_count_double++;

if ((internal_count % 10000) == 0 )
// && ((internal_count / 10000) < 100))



251

{
Phi_qss_avg = Phi_qss_avg + Phi_qss_avg_holder / 5000000; 
Phi_dss_avg = Phi_dss_avg + Phi_dss_avg_holder / 5000000; 
Phi_qss_avg_holder = 0;
Phi_dss_avg_holder = 0;

}

//Sets some previous time values to be used in integral calculations 
previous_time_calculation();

//Three phase to two phase transistion of Currents 
Iqss_input = Ia_measured;
Idss_input = (Ic_measured - Ib_measured) / square_root_3;

//Three phase to two phase transistion of voltages 
Vqss_input = Va_measured;
Vdss_input = (Vc_measured - Vb_measured) / square_root_3;

//Flux Calculations
phi_qss = ((1 / (1 + omega_c * delta_t)) * (phi_qss_t_l +

delta_t * (Vqss_input - Rs * Iqss_input))) - Phi_qss_avg; 
phi_dss = ((1 / (1 + omega_c * delta_t)) * (phi_dss_t_l +

delta_t * (Vdss_input - Rs * Idss_input))) - Phi_dss_avg; 
Phi_qss_avg_holder += phi_qss;
Ph i_ds s_avg_ho1de r += phi_dss;

dphi_qss_dt = Vqss_input - Rs * Iqss_input - omega_c * phi_qss; 
dphi_dss_dt = Vdss_input - Rs * Idss_input - omega_c * phi_dss;

abs_phis = 0;
for (TEMP = 0; TEMP < AVERAGE_NUMBER; TEMP++)
{

if (((internal_count - TEMP) % AVERAGE_NUMBER) == 0)
{

abs_phis_temp[TEMP] = sqrt(phi_dss * phi_dss + 
phi_qss * phi_qss);

}
abs_phis += abs_phis_temp[TEMP];

}
abs_phis = abs_phis / AVERAGE_NUMBER;

if(abs_phis < 0.0001)
{

abs_phis = 0.0001; 
phi_qss = 0; 
phi_dss = 0.0001;

}

//Electrical Frequency Calculator 
w_electrical = 0;
for (TEMP = 0; TEMP < AVERAGE_NUMBER; TEMP++)
{

if (((internal_count - TEMP) % AVERAGE_NUMBER) == 0)
{

w_electrical_temp[TEMP] = FUDGE * (dphi_qss_dt *
phi_dss - dphi_dss_dt * phi_qss) / abs_phis;
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}
w_electrical += w_electrical_temp[TEMP];

}
w_electrical = w_electrical / AVERAGE_NUMBER;

//Sin & Cos Calculator 
sin_theta_e = phi_qss / abs_phis; 
cos_theta_e = phi_dss / abs_phis;

// Vector Rotation. Due to the noise of the signals Iqse and Idse, 
// the value used is actually an average of the last AVERAGE_NUMBER 
// of values.
Iqse_input = 0;
Idse_input = 0;

for (TEMP = 0; TEMP < AVERAGE_NUMBER; TEMP++)
{

if (((internal_count - TEMP) % AVERAGE_NUMBER) == 0)
{

Iqse__input_temp [TEMP] = Iqss_input * cos_theta_e - 
Idss_input * sin_theta_e;

Idse_input_temp[TEMP] = Iqss_input * sin_theta_e + 
Idss_input * cos_theta_e;

}
Iqse_input += Iqse_input_temp[TEMP];
Idse_input += Idse_input_temp[TEMP];

}
Iqse_input = Iqse__input / AVERAGE_NUMBER ;
Idse_input = Idse_input / AVERAGE_NUMBER;

//Vector Rotation
Vqse_input = Vqss_input * cos_theta_e - Vdss_input * sin_theta_e;
Vdse_input = Vqss_input * sin_theta_e + Vdss_input * cos_theta_e;

//Wslip Calculator
w_slip = L_S * L_R * Iqse_input / (T_R * (abs_phis * L_R -

alpha * Idse_input));

//Current Decoupler Calculator
I_decouple = w_slip * Iqse_input * T_R * alpha / (L_S * L_R);

/ / |Phis|* calculator
phi_s_star = phi_s_star_calculator();

//Iqse* Caculator motoring mode 
if (operating_mode == motoring)
{

Iqse_star = ( 4 * Te_star ) / ( 3 * Poles * phi_s_star);
}
//Iqse* Calculator generating mode 
else 
{

Iqse_star = 0;
for (TEMP = 0; TEMP < AVERAGE_NUMBER; TEMP++)
{
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if (((internal_count - TEMP) % AVERAGE_NUMBER) == 0) 
{

delta_Vdc = Vdc_measured - Vdc_star_set; 
Iqse_star_temp[TEMP] = pro_int_controller( 

proVdc, intVdc, delta_Vdc,
delta_Vdc_t_l, Iqse_star_t_l);

}
Iqse_star += Iqse_star_temp[TEMP];

}
Iqse_star = Iqse_star / AVERAGE_NUMBER;

}
Iqse_star = saturate_current (Iqse_star);

//Wr Calculator 
wr_estimate = 0;
for (TEMP = 0; TEMP < 200; TEMP++)
{

if (((internal_count - TEMP) % 200) == 0)
wr_estimate_temp[TEMP] = w_electrical - w_slip; 

wr_estimate += wr_estimate_temp[TEMP];
}
wr_estimate = wr_estimate / 200; 
if(wr_estimate > 0.01)

wr_abs = wr_estimate; 
else if(wr_estimate < -0.01) 

wr_abs = -wr_estimate;
else

wr_abs = 0.01;

//Idse* Calculator
delta_phis = phi_s_star - abs_phis;
Ids e_s t a r_be f o re_de coup1e = pro_int_controller(proP, intP,

delta_phis, delta_phis_t_l, Idse_star_before_decouple_t_l); 
Idse_star_before_decouple = saturate_current( 

Idse_star_before_decouple);
Idse_star = Idse_star_before_decouple + I_decouple;
Idse_star = saturate_current(Idse_star);

Vqse_star = 0;
Vdse_star = 0;

for (TEMP = 0; TEMP < AVERAGE_NUMBER_OUT; TEMP++)
{

if (((internal_count - TEMP) % AVERAGE_NUMBER_OUT) == 0)
{

//Vqse* Calculator
delta_Iqse = Iqse_star - Iqse_input;
Vqse_star_temp[TEMP] = pro_int_controller(prolqs, 

intlqs, delta_Iqse, delta_Iqse_t_l,
Vqse_star_t_l);

Vqse_star_temp[TEMP] = saturate_voltage( 
Vqse_star_temp[TEMP]);

//Vdse* Calculator
delta_Idse = Idse_star - Idse_input;
Vdse_star_temp[TEMP] = pro_int_controller(prolds.
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intIds, delta_Idse,delta_Idse_t_l,
Vds e_s t a r_t_1);

Vdse_star_temp[TEMP] = saturate_voltage( 
Vdse_star_temp[TEMP]);

}
Vqse_star += Vqse_star_temp[TEMP];
Vdse_star += Vdse_star_temp[TEMP];

}

Vqse_star = Vqse_star / AVERAGE_NUMBER_OUT;
Vdse_star = Vdse_star / AVERAGE_NUMBER_OUT;

//Inverse Vector Rotation
Vqss_output = Vqse_star * cos_theta_e + Vdse_star * sin_theta_e;
Vdss_output = Vdse_star * cos_theta_e - Vqse_star * sin_theta_e;

}
//This function deletes the previous time values and therefore starts 
//all of the calculations from the beginning. This is a good method 
//of clearing the integrators, 
void direct_vector_control: :soft_reset ()
{

Phi_qss_avg_holder = 0;
Phi_dss_avg_holder = 0;
Phi_qss_avg = 0.00014 4;
Phi_dss_avg = -0.000127;

for (int TEMP = 0; TEMP < AVERAGE_NUMBER; TEMP++)
{

Iqse_input_temp[TEMP] = 0;
Idse_input_temp[TEMP] = 0;
Vqse_star_temp[TEMP] = 0 ;
Vdse_star_temp[TEMP] = 0; 
w_electrical_temp[TEMP] = 0; 
wr_estimate_temp[TEMP] = 0;

}
internal_count = 0 ;  
internal_count_double = 0; 
internal_count_seconds = 0; 
delta_Vdc - 0; 
delta_phis = 0; 
delta_Iqse = 0; 
delta_Idse = 0;

phi_qss = 0; 
phi_dss = 0;

Iqse_star = 0;
Idse_star_before_decouple = 0;
Vqse_star = 0;
Vdse_star - 0;
previous_time_calculation();

}
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// This function implements a PI controller and has the following 
// inputs : P, I, input(t), input(t-1), output(t-1)
// There is not need to manually save (t-1) data values as 
// previous_time_calculation() does it automatically. 
variable_def direct_vector_control::pro_int_controller ( 

variable_def proportional, variable_def integral, 
variable_def input_t, variable_def input_t_l, 
variable_def output_t_l)

{
return (proportional * (input_t - input_t_l) + integral * 

input_t * delta_t + output_t_l);
}

// This function calculates what phi_s_star should be based on if 
// the controller is operating in constant flux or variable flux.
// If variable flux is being used, the function will also use 
// saturation limits.
variable_def direct_vector_control: :phi_s_star_calculator()
{

if (variable_flux == yes_variable_flux)
{

phi_s_star = w_min_flux * phi_max / wr_abs; 
if (phi_s_star > phi_s_star_max)
{

return phi_s_star_max;
}
else if (phi_s_star < phi_s_star_min)
{

return phi_s_star_min;
}
else if ( (phi_s_star < phi_s_star_max) && (phi_s__star > 

ph i_s_s t a r_mi n ))
{

return phi_s_star;
}

}
else //no variable flux 
{

return phi_s_base;
}

}
// This function saturates the output voltages Vqse and Vdse to 1 
// or -1 if the values get too high.
variable_def direct_vector_control: :saturate_voltage(variable_def voltage) 
{

if(voltage > 1) 
return 1; 

else if(voltage < -1) 
return -1;

else
return voltage;

}

// This function saturates the output currents Iqse* and Idse* if
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// they get too high.
variable_def direct_vector_control: :saturate_current(variable_def current) 
{

if (current > 6) 
return 6; 

else if (current < -6) 
return -6;

else
return current ;

}
// This function saves all of the values that are needed for the PI 
// controllers and also any integrals in the system. The new values 
// need to know what the previous time values were. 
void direct_vector_control::previous_time_calculation ()
{

delta_Vdc_t_l = delta_Vdc; 
delta_phis_t_l = delta_phis; 
delta_Iqse_t_l = delta_Iqse; 
delta_Idse_t_l = delta_Idse;

phi_qss_t_l = phi_qss; 
phi_dss_t_l = phi_dss;

Iqse_star_t_l = Iqse_star;
Idse_s tar_be fo re_decouple_t_l = Idse_star_before_decouple; 
Vqse_star_t_l = Vqse_star;
Vdse_star_t_l = Vdse_star;

}
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APPENDIX D -  conDVC.h file

File Name : CONDVC.H
Created by: Robert Wood
Date created:1/20/04 
Last Modified: 5/11/04
Version: 1.0
Description:

This file is used in conjunction with DVC.C to control an induction machine. 
CONDVC.H is the header file for a class called direc_vector_control that 
stores all of the values needed to control an induction machine and calculate 
Vqs* and Vds* for outputing to an inverter. The inputs that are needed are : 
Vab, Vbc, Vca, la, lb, and Vdc (for generating). The class can also hold 
data for torque, although this is not needed to run the controller. Vdc is 
not needed for motoring m o d e .
*****************************************************************-****'*-* y

#ifndef  CONDVC_H_
#define  CONDVC_H_

Defines

These constants are used by the program and are all parameters that must 
be obtained from the induction machine.

#define square_root 3 1.7320508
#define Rs 0.604874
fdefine L_S 0.080748
fdefine L R 0.080748
#define T R 0.50187
#define alpha 0.001458
#define Poles 4
#define w_min_flux 35
#define phi_max 1.0
#define phi_s_star_max 0.6
#define phi_s_star_min 0.1
#define no_variable flux 0
fdefine yes_variable_flux 1
fdefine motoring 0
fdefine generating 1
fdefine AVERAGE_NUMBER 50
fdefine AVERAGE_NUMBER_OUT 50
fdefine FUDGE 4.8
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// The class is set up to use double numbers, but to change all of them,
// change double to another data type. 
typedef double variable_def;

class direct_vector_control 
{
public :

// Default contructor. Sets most values in the controller to zero,
// except for PI gains, and s t a r (*) values. 
direct_vector_control ();
// Default constructor. Not used.
~direct_vector_control ();
// Call this function to calculate the new Vqs* and Vds* to be output 
// to the inverter. This is the only function that needs to be 
// called for all of the calculations. 
void next_time_calculator();
// This function resets the integrators to be zero so that the 
// controller thinks that it just started, 
void soft reset();

int internal_count;
int internal_count_seconds ;
double internal count double;

variable_def

variable_def
variable_def

variable_def
variable_def

variable_def
variable_def

variable_def
variable_def

variable_def
variable_def
variable_def

variable_def
variable_def
variable_def

variable_def
variable_def
variable_def
variable_def

int
int

variable_def 
variable def

omega_c;

proVdc; 
intVdc;

prolqs;
intlqs;

prolds; 
intIds ;

proP;
intP;

Ia_measured;
lb_measured;
Ic_measured;

Va_measured;
Vb_measured;
Vc_m.easured;

Te_measured; 
Vdc_measured; 
Vdc_star_set; 
wr_measured;

variable_flux; 
operating_mode;

Te_star; 
delta t ;



variable_def Vqss_output; 
variable def Vdss output;

variable_def 
variable_def 
variable_def 
variable def

Phi_qss_avg; 
Phi_dss_avg; 
Phi_qss_avg_holder; 
Phi dss avg holder;

variable_def Iqss_input; 
variable_def Idss_input ;

variable_def Vqss_input; 
variable_def Vdss_input;

variable_def dphi_qss_dt; 
variable_def dphi_dss_dt;

variable_def phi_qss; 
variable_def phi_dss;
variable_def abs_phis_temp[AVERAGE_NUMBER]; 
variable_def abs_phis;

variable_def w_electrical_temp[AVERAGE_NUMBER]
variable_def w_electrical;
variable_def w_slip;
variable_def wr_estimate_temp[200];
variable_def wr_estimate;
variable_def wr_abs;

variable_def sin_theta_e; 
variable_def cos_theta_e;

variable_def Iqse_input_temp[AVERAGE_NUMBER]; 
variable_def Idse_input_temp[AVERAGE_NUMBER];

variable_def Iqse_input; 
variable_def Idse_input;

variable_def Vqse_input; 
variable_def Vdse_input;

variable_def I_decouplei;

variable_def delta_Vdc; 
variable_def delta_phis; 
variable_def delta_Iqse; 
variable def delta Idse;

variable_def Iqse_star;
variable_def Iqse_star_temp[AVERAGE_NUMBER]

variable_def phi_s_star; 
variable_def phi_s_base; 
variable_def Idse_star_before_decouple; 
variable def Idse star;
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variable_def Vqse_star_temp[AVERAGE_NUMBER_OUT]; 
variable_def Vdse_star_temp[AVERAGE_NUMBER_OUT]; 
variable_def Vqse_star; 
variable def Vdse star;

variable_def delta_Vdc_t_l; 
variable_def delta_phis_t_l 
variable_def delta_Iqse_t_l 
variable def delta Idse t 1

variable_def phi_qss_t_l; 
variable_def phi dss t 1;

variable_def Iqse_star_t_l;
variable_def Ids e_s t a r_be f o re_de coup1e_t_l ; 
variable_def Vqse_star_t_l; 
variable def Vdse star t 1;

private:
// This function implements a PI controller and has the following 
// inputs : P, I, input(t), input(t-1), output(t-1)
// There is not need to manually save (t-1) data values as 
// previous_time_calculation() does it automatically. 
variable_def pro_int_controller (variable_def,variable_def, 

variable_defz variable_def,variable_def);
// This function calculates what phi_s_star should be based on if 
// the controller is operating in constant flux or variable flux.
// If variable flux is being used, the function will also use 
// saturation limits.
variable_def phi_s_star_calculator ();
// This function saturates the output voltages Vqse* and Vdse* to 1 
// or -1 if the values get too high. 
variable_def saturate_voltage(variable_def);
// This function saturates the output currents Iqse* and Idse* if 
// they get too high.
variable_def saturate__current (variable_def ) ;
// This function saves all of the values that are needed for the PI 
// controllers and also any integrals in the system. The new values 
// need to know what the previous time values were, 
void previous_time_calculation ();

} ;
#endif // CONDVC H


