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ABSTRACT

FIELD ORIENTED CONTROL OF INDUCTION MOTORS BASED ON DSP
CONTROLLER

by
VAMSI KRISHNA PAVULURI

Chairperson: Professor Xin Wang

Induction Motor is the most widely used industrial workhorse due to its reliability
and high robustness, low cost and good efficiency. Field oriented control technique (FOC)
of AC machines facilitates the dynamic control of induction motor. Field oriented control
improves the dynamic performance of an induction motor and is commonly used method
for speed and torque control applications.

In this thesis, the basic concepts and equivalent circuit model of squirrel cage induction
motor are explained. A mathematical model is developed for squirrel cage induction
motor. The Clarke’s and Park’s transformations are used to convert abc reference frame
into dq rotating coordinate frame. The three-phase inverter, which supplies desired
voltage/current to the stator winding is designed based on Pulse Width Modulation
(PWM). The space vector PWM technique is implemented for controlling the three-phase
inverter switches, which is simulated using Matlab/Simulink.

Field oriented control method is developed to get the decoupled control of flux and
torque, which is comparable to the DC motor. The direct and indirect field oriented
control methods are presented to obtain rotor flux angle. In this thesis, a novel field
oriented control scheme for induction motor is developed. PID based controllers are
designed for speed and current control loop based on symmetrical optimum method, which

il



guarantee the maximum phase margin. The control approach can be applied to both
direct and indirect field oriented control of induction machines. The computer simulations
are used to show the efficacy of the proposed algorithm.

The developed field oriented control method is implemented using Texas Instrument
AC motor development kit and software. A short review is presented on high voltage motor
control board and DSP controllers. The field oriented control of induction motor shows
satisfactory performance based on computer simulation and hardware implementation

results.
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CHAPTER 1

INTRODUCTION

Induction machines have been widely used as industrial workhorse, at least 90% of
industrial drive systems employ induction motors due to low cost and high robustness
compared with other electric machines. Typically, induction motors have an exceptional

torque reserve and load dependence of speed. The induction motor consists of stator

squirrel
cage

rotor

Figure 1.1: The Cut View of Squirrel Cage Induction Motor

and rotor winding. The stator produces a rotating magnetic field and induces voltage in
the rotor similar to a transformer, which makes the rotor turn at a speed less than the
synchronous speed. Based on the construction type of the rotor, the induction motors are
classified into wound type and squirrel cage type induction motors. In this thesis, the
squirrel cage induction motors are considered. The cut view of a squirrel cage induction
motor is shown in Fig 1.1.

The speed of induction motor can be controlled by different methods. (V/f) control
is most commonly used scalar control method for speed control in which both voltage and
flux are varied to keep the ratio constant. The scalar control gives the slower response,

more overshoot and suffers instability for higher order harmonics[18]. However, field



oriented control or vector control has better performance than scalar control methods. The
speed control of induction motor must be done through Adjustable Speed Drives (ASD).
The growth and availability of power electronic devices made speed control affordable.
This thesis considers the adjustable speed drives based on Space Vector PWM three-phase
voltage source inverter as the induction motor drive.

Compared with traditional scalar control (V/f) control approach, the Field Oriented

Control (FOC) needs more calculation effort, but has the following advantages:

full torque control capability at low speed

better dynamic behavior

higher efficiency

operating point in a wide range of speed

decoupled torque and flux control

four quadrant operation

The FOC concept, which was first introduced by Hasse in 1969 and Blaschke in 1972,
constitutes the most important paradigm in controlling induction motors. Basically, the
objective of field orientation is to make induction machine work similar to separately
excited DC machines. The reason for implementing this technique on induction motor
is to get decoupled control of torque and flux as in separately excited DC motors. The
field-oriented control consists of direct and indirect vector control methods. For direct
method, the rotor flux angle can be obtained from direct measurement of rotor flux. In
this case, the rotor flux angle can be calculated. Alternatively, indirect method obtains the
rotor flux angle by exploiting the currents and voltages. Our proposed control approach

can be applied to both direct and indirect method.



Many different control techniques based on PID tuning have been developed and
used in industrial application during the past decade. The most popular Ziegler-Nicholas
method is frequently used in applications. In this case, the model can be characterized as
first order transfer function when a step input is applied. This standardized method is
easy to implement but may cause significant overshoot or even instability of the system.
Many other methods such as fuzzy controller, root locus and pole assignment design
techniques, neural network control, e.t.c, have also been developed. The efficacy and
performance of these methods limits their applications.

In this thesis, a novel symmetrical optimum method control for induction machines is
proposed, which guarantee the maximum phase margin. The first paper on symmetrical
optimum method was written by Kessler in 1958 [20] for designing PI and PID controllers
as one degree of freedom controllers for benchmark process models. The particular feature
of symmetrical optimum method guarantees the closed loop system maximum phase

margin and is well suited for electric machine control applications.

1.1 Conclusion

In this thesis, the rotor field oriented control of an induction motor dynamics is
developed. By designing the decoupled structure using feed-forward control method,
the coefficients of PI controller are designed based on symmetrical optimum methods.
Computer simulations are used to show the robustness and effectiveness of our proposed
approach. The field oriented control for designed PI controllers is implemented using

Texas Instrument AC motor development kit with digital signal processor.



CHAPTER 2

LITERATURE REVIEW

Field oriented control of induction motor is studied in this paper. The basic concepts
and equivalent circuit model of induction motor are summarized in [2] [9]. The concept of
rotating magnetic field is explained in [9]. The flux linkage and inductance of induction
motor are determined in[1] [2] and [11]. The Park’s and Clarke’s transformation convert
abc coordinate frame to dq coordinate frame are documented in [1] [8]. The dynamic
modeling of induction motor can be found in [1] and [3]. The Space Vector PWM switching
technique for three phase voltage source inverter are given in [6] [7]. Field oriented control
technique of induction motor is introduced in [1] and [29]. The sensored field oriented
control of induction motor can be found in [1] [12]. Some preliminary results on the PID
controllers designed using symmetrical optimum method have been studied in [20] [21].

The concept of slip and torque speed characteristics is explained in [2][9]. In [1] [2],
the mathematical model and dynamic modeling of induction machine using Clarke’s and
Park’s transformations are discussed. The basic concepts of power electronic devices are
illustrated in [5][14] and [15]. Different types of inverters and their advantages are discussed
in [5] and [16]. The inverter switching techniques such as pulse width modulation(PWM),
sinusoidal PWM and space vector PWM are explained in [6] and [7]. The scalar control
methods for speed control of induction motor are studied in [1] [2]. The advantages of
vector control method over the scalar methods have been studied in [18].

The concept and modeling the field oriented control of induction motor is based on
[1]. The comparison of vector control of induction motor to a DC motor is summarized
[2]. Some preliminary studies on the decoupled control of induction motor is proposed in
[1]. The implementation of field oriented control is based on the sensored field oriented

control of induction motor from Texas Instruments report [12]. [20] and [21] discuss the



design of PID controllers using symmetrical optimum method. Some earlier research on
the speed control of induction motor can be found in [23]-[30]. The Texas Instruments
AC motor development kits and software are used to develop the program, and produce

control signal in real time [31].



CHAPTER 3

THE MODELING OF INDUCTION MOTOR

3.1 Introduction

An induction motor consists of two parts: stator and rotor winding. The construction
of induction motor is different from synchronous motor, since there is no supply to the
rotor. Based on construction of the rotor, the induction motor can be classified into two
types: one is wound type and the other is cage type. In this thesis, the squirrel cage type
induction motors are discussed, since they are the most commonly used electric motors in
industry and household. Induction machines do not have permanent magnets, brushes
or commutators. They have a wide variety of applications such as blowers, conveyor,
cranes, refrigerators, traction and many other industrial applications, because of their

high robustness and reliability.

3.1.1 Rotating Magnetic Field

“The rotating magnetic field is produced when at least two phase windings are
displaced in space, with currents in these windings displaced in phase” [2]. The stator
consists of a three-phase winding placed 120° electrically apart. The windings of stator are
supplied with a balanced set of three phase currents having equal magnitude and phase
difference of 120°, which are shown in (3.1), (3.2) and (3.3). Stator creates a rotating
field B, with constant magnitude. The windings are distributed sinusoidally to reduce
higher order harmonics in magnetomotive force. The arrangement of the stator windings

consisting of concentrated winding is shown in Fig. 3.1



Figure 3.1: The Simple Construction of Two Pole Stator

Ggar = Imsin(wt) (3.1)
2

ibb’ = Imsin(wt — ?ﬂ-) (32)
4

i = Lysin(wt — ?”) (3.3)

where w is the angular speed, ¢ is the time, and [, is current magnitude.
The closed-loop coils carrying AC current produce magnetic field intensity based on

Ampere’s law. The magnetic field intensities of three currents coils are :

H,w = Hp,sin(wt) (3.4)
2

be/ = Hmsin(wt - ?ﬂ-) (35)
4

H.o = Hy,sin(wt — %) (3.6)

From magnetic flux intensity, one can obtain magnetic flux densities based on B = uH

Bu,o = Bpsin(wt) (3.7)
2

By = Bp,sin(wt — ?ﬂ) (3.8)
4

Bow = Bysin(wt — ?”) (3.9)

At time wt=0, they have a phase shift of 120" from each other. The net magnetic filed

density can be obtained by summing up of all three coils magnetic field density vectors.



Bnet = Baa’ + Bbb’ + Bcc’

—0+ (%gBliQOO + \/;Bmazloo
V3 T T 2m. 2T,
=B —(cos= in(= il ot
5 - (0033)x+szn(3)y+cos( 3 )T+ sin 3 )Y
3
= -°B.7
B Y
= 158,24 — 90"

By summing up of all the vectors at time ¢t=0, the resultant vector magnitude is 1.5
B,, at £ —90°, which is shown in Fig 3.2. At time wt = 90°, the net magnetic field
Bhet = 1.5B,,20°, which is shown in Fig 3.3. The magnitude of B, remained constant,

but the direction of magnetic field density has changed and will continue to rotate with

120,

5, where n, is

an angular velocity of w. The magnetic filed rotates at a speed of ny =

synchronous speed, f. is the supply frequency, and P is the number of pole. Thus, the

Figure 3.2: At wt =0 Figure 3.3: At wt = 90°

stator produces a rotating magnetic filed.

The relative motion of rotating stator magnetic field with respect to the rotor induces
voltage in the rotor conductors according to Faraday’s law. The induced EMF produces
induced current in the rotors and the magnetic field in the rotor seeks to oppose the

change of external magnetic flux, according to Lenz’s law. The rotor will start to rotate



and tries to catch up with the stator magnetic field.
€ina = (v X B) -1 (3.10)

v velocity of rotor bars relative to the magnetic field
B magnetic flux density

[ length of the conductor

The induced voltage produces current ¢ in the rotor conductors, which induces a force
when placed in the external stator magnetic field F' = i(l x B). Based on the right hand
rule, the direction of the force acting on the conductor is same as the motion of the rotor
magnetic field. The induced EMF is proportional to the change of flux linking to the rotor
conductors. If the rotor rotates at synchronous speed, then the relative motion of the
rotor to the stator is stationary and the voltage induced is zero. If the induced voltage is
zero, then there is no induced current. The operation of induction motor mainly depends
upon the relative motion between the stator magnetic field and rotor. The synchronous
speed ng of the motor is denoted as the stator magnetic field speed, n, is denoted as the
rotor speed. The induction machine works as a motor when the rotor moves slower than

the synchronous speed. The difference in rpm is defined as slip speed, i.e,
Nslip = Ng — Ny (311)

When slip speed is expressed in per unit or percentage value, slip defined by

Ng — Ny

5= x 100% (3.12)
nS
It may also be expressed in angular velocity w
5= T T Ym o 100% (3.13)
Wsyn

3.1.2  The Equivalent Circuit of Induction Motor

The working principle of a induction motor is similar to a transformer. It is also

called a rotating transformer. The stator winding is considered as primary winding and
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rotor as secondary winding which is always shortened. The voltage induced from primary
winding to the secondary winding is just as the voltage induced in transformers. There
are a few characteristics such as frequency and air gap, which differentiate induction
machine from the real transformers. The air gap exists between the stator and rotor for
induction motors. The frequency induced in the rotor varies in induction machine when
the rotor is loaded. However, in the transformer, no air gap is presented between the
primary and secondary winding, and the electrical frequency is same on both sides. The

per-phase equivalent circuit of induction machine is represented in Fig. 3.5.

I, R JX k Is JX,

Figure 3.4: The Per Phase Equivalent Circuit of Induction Motor

where

Ry, Rr stator and rotor resistance

X1, Xgr stator and rotor leakage reactance
Xm magnetizing reactance

Vo voltage supplied to stator

FE., Er stator and rotor EMF

I, Ir stator and rotor currents.

The induced rotor voltage and frequency in rotor winding depends upon the relative
motion characterized by the slip s. The slip s is always between 0 and 1 (0<s <1) for

induction machine to operate in motoring mode. If the rotor is locked, then the largest
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relative motion occurs and maximum voltage is induced, when slip is equal to 1. Slip
is equal to zero when the rotor runs at synchronous speed. The rotor runs at different
speeds if applied load is changed, and its induced voltage and frequency is proportional

to the slip.
Er =sErr

The resistance of the rotor is independent of slip, but the reactance changes due to

the change in rotor frequency.
XR = SXLR

The new equivalent circuit is shown in Fig 3.5.

From the secondary side the rotor winding current can be calculated as follows

1} Rl -]XI I‘ I R jS‘YL;

Figure 3.5: The Per Phase Equivalent Circuit of Induction Motor

sELRr
Ip=—"-"—"— 3.14
"7 Rp+jsXir (3:14)
Equivalently, we have
E
In=4—"— (3.15)
s + SXLR

Considering the equivalent turns ratio a.sf, the per-phase equivalent circuit of induction

motor referring rotor to the stator side is shown in Fig 3.6.

1
Qeff

Ry = agffRRaX2 = aszXLR;IZ = Ir
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LR X X R

Figure 3.6: The Modified Per Phase Equivalent Circuit of Induction Motor

3.2 Torque-Speed Characteristics

The torque of a machines is generated by electrical to mechanical power conversion.

The induced torque is defined as

P

ross-mech
T, , — _gross-mech
ind

Wm

where Pjoss meen 18 the gross mechanical power. wy, is the rotor speed. F,, is power
crossing the air gap from stator to the rotor circuit, which is converted to mechanical

power and rotor copper losses. The air gap power is calculated from

_3I3R,

S

P,

The mechanical power developed is the gross mechanical power Py oss mecn, Which can be

obtained by subtracting rotor copper losses from F,,.

3I2R
25 2 _3I2R,

S

Pgross,mech -
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The current I, can obtained by applying Thevenin’s circuit analysis to the equivalent
circuit shown in Fig. 3.6

VT H

2| =
\/(RTH +12)2 4 (Xry + Xo)?

The air gap P,4 can be calculated by substituting I is

2 Ro
B 3Vin=:

F,
" (Rrm+ %)2 + (Xrm + X3)?

The induced torque in rotor is

Py 3VE, 22

ﬂnd = =
Wy ws[(RTH —+ %)2 + (XTH + XQ)Q]

(3.16)

where Vry, Rry and Xpg are Thevenin’s voltage, resistance and reactance

X
Ve =V, L
TR 4 X0 + j X om
R R X2
TR (X + X2

2L X(X, + X
XTH :Xm (Rl + 1( 1 + m))

R? 4+ (X1 + Xn)?

3.3 The System Equations in abc Reference Frame

The stator consists of a three-phase winding classified as the ag, by, ¢ have the same
number of per phase effective turns N,. Similarly, the rotor consists of three-phase
windings a,, b,, ¢, having the same number of turns per phase N,, where s and r represents
the stator and rotor winding respectively. The voltage equations of the stator and rotor
can be written using Kirchoff voltage law, where all three phases are represented in the

matrix form as follows

d

Uzbc :Tsiibc + E Zbc (317>
d

Ucrtbc :TTiZbc + _/\Zbc (318>

dt
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where
s r 's 7 s r
Yy Yy lg lg )‘a )‘a
s _ roo_ s |- | s _ roo_
Vabe = U;f » Ugbe = UZ; » Labe = ZZ » Yabe = ZZ ) )‘abc - >\i ) >\abc - Z )
s r 's 7 s r
Ue Ve e L >‘c )‘c

The terminal voltage is equal to the summation of voltage drop across the winding

resistance and back EMF. The flux linkage equation is given as:

A= Li (3.19)

The time-varying magnetic flux is affected by both of the stator and rotor currents. The
coupling between the stator and rotor three phase winding leads to the flux linkage

equations as:

Zbc :A(ibc(s) + )\Zbc(r> (32())
Zbc = Zbc(,r) + )\Zbc(8> (321>

where \J,.(s) is the total flux linkage of stator due to stator current and AJ,.(r) is the
total flux linkage of stator due to the rotor current. Similarly, the total flux linkage of

rotor is equal to the summation of the flux linkage due to the rotor current \’, () and the

r

rhel(s). The corresponding individual flux linkages

flux linkage due to the stator current A

are shown in the matrix form as follows.

Las Labs Lacs 12 Las,m‘ Las,br Las,cr ZZ

/\Zbc(s) = Labs Lbs Lbcs 22 ; AZbc(T) = Lbs,ar Lbs,br Lbs,cr ZZ ;
_Lacs Lbcs Lcs i _ii_ _Lcs,ar Lcs,br Lcs,cr _Z.Z_
L(zr Labr Lacr ZZ Lar,as Lar,bs Lar,cs ZZ
7(;Lbc(r) = Labr Lbr Lbcr Zz ) Zbc(s> = Lbr,as Lbr,bs Lbr,cs le;
_Lacr Lbcr Lcr ] _ii_ _Lcr,as Lcr,bs Lcr,cs _ii_
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3.4 Determination of Machine Inductances

Each winding has self-inductance and mutual inductance. The inductance due to
change of current in its own winding is called self-inductance, and the inductance corre-
sponding to the change of current in the other winding is called the mutual inductance.
Now, let’s calculate the total inductance of each winding in stator and rotor.

The total self-inductance of a coil is the summation of the leakage and magnetizing
inductance. Considering the total self-inductance of stator phase a4, we can express the

total self inductance of phase a, as
Las = Lls + Lam
Similarly, for phase b, and ¢, of stator

Lbs = Lls + Lam

Lcs = Lls + Lam

where L, is the self inductance and L,,s is the magnetizing inductance of stator.
The magnetizing inductance of all the phases of the stator are equal in magnitude and
can be calculated as

l
Lom = Ly = Loy = Lips = NONE%Z (322)

The mutual inductance between stator three phase windings ay, bs and cs can be calculated
as

rlm L
Lops = Lies = Logs = —pigN?—= = — =5
b b Ho 578 5

(3.23)

The flux linkage of stator winding due to the currents flowing in stator can be written as

Lims Lms )
Lls + Lms Y Y ZZ
S — Lms Lms ,
abc(s) - — 7y Lls + Lms - Zg (324)
— Lms _ Limns Lls + Lms Zi

2 2
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Now, Let’s calculate the mutual inductance between rotor and stator windings. Con-
sider that the rotor phase a, is displaced by an angle 6, from the stator phase a, winding.

Similarly, b, and ¢, are displaced from b, and ¢, by 0,.

The corresponding mutual inductances can be calculated as

rim N,
Las,a'r - Lbs,b'r - Lcs,cr MON N 4COS€ N Lmscos‘gr

S

The angle between the phase a; and b, phase is (6, + %’r) Similarly, the angle between

the as and ¢, phase is (6, — 3F).

Ny 2
Las,br = Lbs,cr = Lcs,ar = ELmSCOS(QT + %)

N, 2
Las,cr - Lbs,ar - Lcs,b'r - N Lmscos(H — ?ﬂ-)

S

The calculated flux linkages of the stator phases due to the rotor currents can be written

in the matrix form as

cosb, cos(0, + 3) cos(0, — Z)| |iL
N,
Abe(r) = FLms cos(f, — &) cosb), cos(0, + &) | |4y (3.25)
cos(0, + %) cos(0, — &) cos0), il

The total flux linkage of the stator windings is

)\Zbc = )\abc( ) + )\abc( ) (326>

The procedure for finding the rotor flux linkage is very similar to finding the stator flux

linkage. The flux linkage due to the rotor currents is

Llr ( )2Lms _%(%)QLms _%(%)QLms ZZ
Mave(T) = | =3(R)?Lims  Lir + (8)*Lims —%(%)2 iy (3.27)
—5(8)Lms  —3(55)"Lins +(35) Lons | |6
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where L;, is the rotor leakage inductance

The rotor flux linkage due to stator currents is

cos, cos(b, — %) cos(0, + &) | |}
N,
abe(8) = ELms cos(6, + &) cos0, cos(0, — &) | | (3.28)
cos(0, — 3)  cos(0, + &) cosb, i

The summation of the two components leads to the total flux linkage of the rotor, i.e,

Zbc = Zbc(/r) + )\Zbc(s) (329)

3.5 Park’s Transformation

The time-varying inductances of stator and rotor causes difficulties in controlling
the dynamic model of machine. In order to reduce the complexity of the machine, one
can transfer the three coordinates into two coordinates by using the Park’s transforma-
tion which was introduced by Robert H. Park in 1929. The conversion of three phase
quantities into two dimensional rotating reference frame is carried out in two steps.
The transformation from abc three coordinate system to the two coordinate stationary
“af” frame is defined by Clarke’s transformation. The transformation from the “af”
stationary coordinate system to the “dq” rotating coordinate frame by rotational Park’s

transformation.

3.5.1 Clarke’s Transformation

The abc three phase quantities can be transferred into stationary af two coordinate
frame using Clarke’s transformation and similarly its inverse is used to transform «af two
coordinate vector to abc three coordinate frame. f represents the any of the three vectors
like current, voltage and flux. Now presenting the a, b, ¢ coordinate frame in vector form

as f = [fa, fs, fo]T. The Clarke’s transformation is denoted as f° = f, + jfs and is given
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-
—» o axis

Figure 3.7: Clarke’s Transformation

as follows.

fatifs=TF —g[fa + T f+ T L

U AR Ea T T
By separating real part and imaginary part, we have
fo=lfu— 3o 31) (3.30)
fi 2(“31% \ff) (331)
fa 1 _% _% fa
pl=glo e g s 332
I B E N

Notice that fy=0 due to balance three phase condition.

The Clarke’s transformation and its inverse are shown in (3.33) and (3.34).

faﬁ() =K fabc (333)

fabc :K_l faBO (334)
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where K and K ! represents transformation matrix and its inverse.

1 1

, L =3 —3
K:§ 0 L -8 (3.35)

S T

V2 V2 V2

1 0 1
K= |-1 ¥ (3.36)

1 V3
-3 —3 1

3.5.2  Rotational Park’s Transformation

The rotational Park’s transformation converts af stationary coordinate system into

dq rotating coordinate frame. The term f denotes the quantities in dg coordinate frame.
F=eF = fatily
where, f~ denotes quantity in a8 coordinate frame.
I =% [fu+ i fs]

=(cosBs — jsinbs)(fo + jfa)

fa+37f; =facosbs+ fasinbs — j(fasinbs — fscosby)

Now, by separating the real and imaginary part and re-writing them in matrix form, we

have

fa =facosl + fzsinb,

fq=— fasinOs + fgcost,

f cosfy sind, fa
= (3.37)

fq —sinf, cosb, fs
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qu = Q faﬁ (338)
fop = Q7" fuq (3.39)

where, @@ and Q! represents the forward and inverse calculations of rotational Park’s

transformation.
cosfl, sinf,

Q= (3.40)
—sinf, cosb,

cosfly, —sinf,
Q'= (3.41)
sinfl, cos#6,

The total transformation from abc into dq coordinate frame is shown in Fig. 3.8.

b 4 q
= =b
a a
c

Figure 3.8: The Park’s Transformation

The total Park’s transformation from abc to dq coordinate frame obtained by combining

(3.32) and (3.37).

fa cosfly sinf, 0 1 -1 fa

5 _% 2
fal = 3|~ sinfy cosfy 0 0 */75 —\/73 fo (3.42)
11 1
Jo 0 0 1 R RS fe

cosf,  cos(fs — %’r) cos(fs + %’r)

T(O) =3 | -sinb, —sin(d, — %) —sin(d, + %) (3.43)

Sl-

1
V2

Sl
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The Park’s transformation matrix is calculated from (3.42) and is represented by 7(6).

The important property 7-'(6,) = 377 (6,) can be proved based on (3.43)

3.6  Dynamic Model of Induction Motor

The flux linkage calculated in (3.26) and (3.29) are time-varying, which causes the
difficulties in controlling the dynamic model of induction machine. The complexity
caused by the time-varying parameters reduced using Clarke’s and Park’s transformation.
Assuming the turns ratio equal to 1.

From (3.24) and (3.25), the stator flux linkage (3.26) can be written as

abe = Lopetape + M (0r).igy, (3.44)
where
Lis+ Lins  —3Lms — 5 Lims
Lape = | —3Lms  Lis+ Lims  —3Lins
— 5 Lons —5Lms  Lig+ L
cos(6,) cos(0, + &) cos(f, — 3F)

M(0,) = Luns | cos(8, — ) cos(6,) cos(0, + )

cos(0, + &) cos(f, — 3F) cos(0,)
The derivations of rotor flux linkages of the equation is similar to the stator derivations

except that the angle for mutual inductance is negative. The rotor flux linkage (3.29) can

be written as

)‘Zbc = LZbci(SLbc + M(_67">'7;2bc (345>
where
Llr + Lms _%Lms _%Lms
LZbc = _%Lms Llr + Lms _%Lms

1 1
_§Lms _iLms Llr + Lms
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cos(d,)  cos(d, —3) cos(6, + 2F)
M(0,) = Luns | cos(6, + 2{) cos(6,) cos(6, — %’r)
cos(6, — %ﬂ) cos(f, + %”) cos(0,.)

Firstly, convert all the flux linkages into the a8 stationary coordinate frame using

Clarke’s transformation for both stator and rotor. We divide (3.44) into two parts and

apply Clarke’s transformation to them separately. The first part is self inductance L3, ,

and the second part is mutual inductance M(6,).

1. Converting first part of (3.44) L:,..i5,. into o coordinate frame:

Based on Clarke’s transformation, AJ,. can be written as

2 .o 47
2= g0 + TN () + 5 A1) (3.46)

By replacing A3,., with the self inductance L$,, and i4,. in (3.46), we get

S

s 2 -5 1 . 1 -5
)\aﬁ = g[((Lls + Lins )iy — = Limsty — ELmSZc)]

2
2 o 1. .1
+ 56] 3 (—§Lm5Za + (Lls =+ Lms)lb — ELmsZc)
2 a1 1
+ geﬂ%<—§LmS¢; = 5 Loty (Lis + Lins)i2) - (347)

(3.47) is derived based on replacing L,,s with %Lms — %Lms. By rearranging the

terms, we have

o =2l L+ L)+ 5 i + ) (3.48)
+ ;(—%Lmsiz - %Lmsz’z - %Lmsii)
4 ;ej“’;(_%Lmsi; — %Lmsii - %Lmsii)
n %ej?(—lesiZ - %Lmsii — %Lmsiz)
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Substituting 5 + i 4+ @5 = 0 and 2(i} + eITi 4 eI i) = igs from Clarke’s

transformation in (3.48), we have

3 )
Ztﬁ = (iLms + Lls)'lalg (349)

Denote Ly = (2L + Lis), (3.49) becomes

. Converting second part of (3.44) M(6,) i%,. into a8 coordinate frame:

Labe

Substituting the mutual inductance M (6,) and ., in the place of A3, in (3.46), we

get
2 2 2
B :§[Lms cos(0,. )iy 4 Lys cos(6, + %)zg + Ly cos(6, — %)ZZ] (3.51)
2 on 2 2
+ 56927 [Lpms cos(0, — g)zz + Lyns cos(0, )iy + Ly, cos(6, + g)f;]

2 an 2 2
+ gej% [Lpns cos(6, + g)@; + Lys cos(6, — g)@'g + Lys cos(6,.)il]

el qe i

5 = cos «, we have

Based on trigonometric function
cos(6, — %) = 5[63'(9“2%) + eI
This reduces (3.51) to

1 2
o = 2L 3[36]9 it 4 3ed0r T iy + 3¢/~ 5 ol (3.52)

Equivalently, we have

3
2

]47r

2 2
Aop = Lmsgeﬁ*(@ + el ;T +e ?zc) (3.53)

Substituting 2(if, + eI 4 eI ) = ins into (3.53), we obtain

5= Lne!"il, (3.54)
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Denote

The combination of the first, and second part leads to the total flux linkage of stator
in the af coordinate frame. Similar procedure can be applied to determine the
rotor flux linkage. The total stator and rotor flux linkages in a8 coordinate frame
are summarized in (3.55) and (3.56).

Ny =Lgily + Lie™ il (3.55)

Aoy =Lyt + Line 775 (3.56)

3.7 Voltage Equations

The voltage across the stator and rotor is equal to the summation of voltage drop

across their resistance and the derivation of the time varying flux linkage.

s d
Vabe = abc + dt Aabc (357)
. d
Vabe = TT’ abc + - dt abc (358)

Converting (3.57) and (3.58) into af stationary coordinate frame using Clarke’s transfor-

mation, we have

d
d
Uap = Trigg + — o7 o (3.60)

1. The conversion of stator voltage into rotating coordinate frame
Rotating Park’s transformation is used to convert stationary coordinate frame into

rotating coordinate frame, where f* = ¢ =% fa+ifsl = [fatifd
Now applying this condition to the (3.59), we have

s __ _—j0s,s
qu =€ Uaﬁ

d
s 0 1
Vg, =T Vs ste —J S—Aaﬁ

dt
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: —jls;s ;s
Since e 5 = ig,, we have

s ] -7 d s
V3, = Tsly, € ]es(a op)

Denote e/%e %)% ; = X 5, and apply e/?.e79°=1, we obtain

o od o 4
Vg = Tslly + e*f"s(%eﬂs.e*ﬂugﬁ) (3.61)

Based on rotating Park’s transformation (e*ﬁs/\gﬁ) = A, and replace 40, = w, in

(3.61), we get

. 0, d
’U;q :T'siZq + 6—395 [6]95 .]ws)\dqs + €J93_A§q]

dt
S S N S d S

Vg =Tslg, + jwsAdg® + 25 M (3.62)

V3, = Vgt Ju;

lag = tg T Jiy

Nig = Aa+ A,

Now by separating the real and imaginary parts in (3.62), we obtain
S .S S d S
Ud :Tsld + (_wSAq) + E)\d (363)
. d

vy =1l + (wWeAy) + a/\j (3.64)

. The conversion of rotor voltage into dgq coordinate frame:
Denote 6, as the angle of stator magnetic field, with 8, = wst + 6y. Denote 6, as

the rotor angle, with 6, = w,t + 0,.,.

Therefore, the transformation angle 6, — 6, is used in rotating Park’s transformation



of rotor voltage. (3.60) becomes

, , d
6_3(08_9’“)1};3 :e_j(es_e’“)(migﬁ + —Aas)

dt

. d . ;
=Tlgy + e_j(os_&)—(ej(es_er)e_J(es_e’"))\aﬁ)

dt
d

qu :rri:lq + j(ws - W?"))‘Zq + %)‘Zq
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By separating the real and imaginary parts similar to stator voltage equations, the

following equations are obtained

d
v =1y + — A — (Ws — wy) AL

dt a
T -7 d T T
vy =Ty + %Aq + (ws — wr) AL

Since there is no supply to the rotor, (3.65) and (3.66) becomes

d
0 =r.qil; + —tkg — (ws — wp) A,

d q
-7 d T T
0 =iy + E/\q + (ws — wr) A}

Converting flux linkages into dq coordinate frame, we have
— 0,
g =€ 7" Nos
)\2 ze_j(es_er)/\gﬁ

q

Substituting (3.55) (3.56) into (3.69) (3.70), we have

s .5 0 —350s -7
Nag =Lstg, + L€ €777

r -7 —30r —3j(0s—0;) T
Nig =Lrig, + Line """ e 36 ’")Zaﬂ

(3.65)

(3.66)

(3.67)

(3.68)

(3.69)

(3.70)

) : —j0s;r  __ ;s —j(0s=0r) ;7 __ s :
Based on Park’s transformation, e™%+i 5 = 13, and e (05 =0x ing = ljy, the following

flux equations are reached.

s .S 705 -1
Agg =Lsig, + L€’ iy,

roo_ -7 —30y ;s
Nig =Lrig, + Line™ i,

(3.71)

(3.72)
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Now separating the real and imaginary parts in (3.71) and (3.72), we obtain

Xy =Li% + Lo, (3.73)
XS =Lis + Lyl (3.74)

b =Ly + Ly, (3.75)
N =Lyl + Ly (3.76)

Denote, L, = %Lls + L,, and L, = %Llr + L,,.

Substituting (3.73)-(3.76) into (3.63) (3.64) (3.67) (3.68), we have

vy =Tsiy — ws(Lgiy + Linty) + %(Lsiz + Lyi)) (3.77)
vy =Ty + ws(Lsiy + Liniy) + %(Lsig + Limiy) (3.78)
0 =r,i}, + %)\Z — (ws = wp ) (Lyiy + Linty) (3.79)
0 =ryi + %Ag + (ws — W) (Lydly + Lni2) (3.80)

Denote <4 = p and slip wy = (ws — w;), (3.77)-(3.80) can be rewritten as

_vj_ _rs +pLs —wsls L, —welLy, | —z'fi_

vy _ wels 15+ pLy wl,, Ly, ig (3.81)
0 pLpy, —wgLly, r.+pL, —wgl, i

| 0] | wailim pL, Waly  rr+pLe| |4 ]

3.7.1 Power and Torque

The torque of the machine can be obtained by taking derivative of the electric power

with respect to the angular speed.

_dP.  PdF,
© dw, 2 dws

(3.82)

where wy is the electrical speed, w, is the mechanical speed P is the number of poles.

The power of the rotor is zero, since there is no voltage in the rotor. The power applied



to the stator is the total power input.

Pe — (’US )TZ'S

abc abc

Based on the Park’s transformation v?

abc abc

expressed as
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(3.83)

= (T"vj,,) and i3, = (T71i3,,), (3.83) can be

PE :(T_lvflqo)TT_liZqo (384)
3 s —1,;s
:§(TTquo)TT 1quo
3 s —1,;s
:§’quOTT 1qu0
3 S -S
§quo7’dqo
i
since TT~' = 1 Now, substitute (vj,,)" = [Ufz vS ()} and ig,, = |43 | in (3.84), we have
0
3 S,8 Ss8
P, = §(vdzd + vyis) (3.85)
Now, substituting (3.81) into (3.85) we get
3 " s . 1o
P 25[(7"5 + pLs)Zd - WLqu + meld - wsLmlq]Zd
+ [ws Lsig + (75 + pLis)iy + ws Lty + pLnig]i;
The torque of the machine can be obtained as
P3 o s
T, = EéLm(zqzd — lgiy) (3.86)
The torque equation (3.86) can also be written as following
P3 s | s v
T, :§§Lmlm((zd + jiy) + (ig + jiy))
P3 S Tk
T. zaéLmIm(ququ) (3.87)
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From (3.72), the torque equation (3.87) can be written as

P3 1 s
Te :§§Lmlm[L_r(qu)‘dq)]
P3L, s \rE
Te :EiL—rlm(’lqudq) (388)

Substituting \j; = A\ — jA; and i, = i + ji; in eq (3.88), we have

P3 Lm ] S r AT
Te Zgéfrlm[(zd + jig)(Ag — JAL)]
P 3 Lm TS L]
Te :EgL—r(Adlq — )\qld) (389)

3.8  Summary

The dynamic model of induction motor is derived in this chapter. The concept of
rotating magnetic field is explained, and the equivalent circuit of induction motor is
illustrated. Park’s and Clarke’s transformations are used to convert abc quantities frame

to dq frame. The dynamic model of induction motor in dg coordinate frame is presented.
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CHAPTER 4

POWER ELECTRONICS

4.1 Insulated Gate Bipolar Transistor

Insulated gate bipolar transistors are also called IGBT for short. It makes use of
MOSFET input characteristics and BJT output characteristics. Now-days they are
primarily used as high efficiency and fast switching devices in power electronic devices

such as inverters, converters, PWM and power supplies.

4.1.1  Construction and Operation

The simple equivalent circuit model of IGBT in Fig. 4.1 shows a MOSFET driving
the NPN and PNP transistors. The PNP collector is connected to the base of NPN, and
the collector of NPN is connected to the base of PNP. The resistor Rp is used to prevent
the IGBT latch up by shorting of the base-emitter of the NPN transistor. The IGBT

circuit symbol is shown in Fig. 4.2. The operation modes of IGBT are achieved by

Li 1
UFET
G
M’Qﬂ
NPN &

E

PNP

c

Figure 4.1: The Equivalent Circuit of IGBT

applying a positive voltage across the gate to turn emitter on. We can turn off the IGBT
by applying a voltage less than the V,. IGBT’s are classified into two types based on the
construction. If they consist of N+ buffer layer then, it is called punch through IGBT
(PT IGBT), otherwise they are called non-PT IGBT(NPT IGBT). The addition of N+
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Figure 4.2: IGBT Symbol

buffer layer improves the performance of the device by reducing the time to turn off in

reverse blocking mode of IGBT.
4.1.2  Characteristics

The output characteristics of IGBT is shown in Fig. 4.3. The collector current is
measured as a function of collector-emitter voltage Vo at different Vg values. The
transfer characteristics of IGBT are obtained by changing collector current I. with respect

to the Vg at different temperatures. The ratio of current to the voltage leads to the

] (E:lo‘

18 R T
— /l 91/
<5 . .
= ,/ -
= y #
@ i 8V
— ¥ —— i —— -
=80 Ao
(8] -
5 // 4
5 9 {‘r,’ T T
g J;'rr:':// 6.{]
=] 4 S ot ey
@] 6 E’#,:/‘

0 2 4 6 8§ 10 12
Collector Voltage (V)

Figure 4.3: The Output Characteristics of IGBT

transconductance gy at a given temperature.

B dlc
W= der

(4.1)
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A large gy is designed to obtain high current capability at low gate voltage. The device

must be operated in a safe region in motor control applications.

4.2 Inverters

Inverters are converters used to convert the DC voltage to the AC voltage of required
magnitude and frequency. They can get a fixed or variable output voltage for a fixed
or variable frequency. The output can be varied by changing the input supply or by
varying the gain of the inverter. The gain of the inverter can be changed using pulse width
modulation control for the inverter. The inverters mainly used in industrial applications,
such as variable speed AC motor drives, transportation, uninterrupted power supplies,
etc. For high power applications, the harmonics can be reduced by using high-speed
semiconductor devices such as IGBT, IGCT. The inverters can be classified into two

types: current source inverters and voltage source inverters.

4.2.1  Current Source Inverter(CSI)

In current source inverter, the output current is constant and independent of the load
applied to the inverter. The CSI operation can be achieved by keeping a series of inductor
on the input side. The inductor provides constant input dc current source. The example

of a three-phase current source inverter is shown in Fig. 4.4.

_YYTY)

a e \ o)

— A
! LOAD
B
G

L \ QS\ QG\'

Figure 4.4: Current Source Inverter
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4.2.2 Voltage Source Inverter(VSI)

The function VSI is to convert fixed DC voltage to a variable AC voltage. Depending
upon the type of applications one can use single or three phase inverters. The three-phase
inverter can be constructed by using three single phase half bridge inverter in parallel.

The other way to get three phase output is by using six semiconductor switches such as

MOSFET, IGBT, IGCT, etc.

i \Qz \ Q3\

s N A
! LOAD
B
—(C2 B

SEAGFATAN

Figure 4.5: Voltage Source Inverter

The Fig 4.5 shows a simple circuit of the three phase VSI consisting of six switches and
two capacitors. The capacitors are placed to provide a neutral point N and each capacitor
keeps half of the voltage Vd. The inverter may be connected to a Y or delta connected
load. IGBTs are used in place of switches in our thesis. Two popular type of VSI's: 120°

conduction and 180° modes VSI’s are introduced below:

4.2.8 180° Conduction Mode

In 180° conduction, each switch conducts for 180°. As seen from the Fig 4.5, there
are six switches. Consider, Q1 and Q4 as leg A, Q2 and Q5 as leg B, Q3 and Q6 as leg C.
The switches are turned on for a time interval of 180°. Therefore, Q1 is turned on for
180% and Q4 for next 180° of a cycle. The upper group switches conduct for an interval of

120°. It means if Q1 is turned at t=0, then Q2 should turn on 120° and Q3 start to turn
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on at 240°. This type of firing the pulses to get a phase shift of 120° for three output
voltages. The Fig 4.6 shows the duration of each switch and the sequence of the switches
turning on . It shows for every 60°, three switches are conducting two from the lower
group and one from the upper group, or one from the lower group and two from the upper
group. If switch Q1 is closed, the terminal A of first leg is connected to the positive of
input DC voltage. If the other switch of the same leg Q4 is turned on, the terminal point
A is connected to the negative DC voltage. The two switches of the same leg should not
turn on at the same time, in order to avoid short circuit. The similar approach is carried

out for the remaining legs.

Figure 4.6: The Operation of Switches Per Cycle

There are six states of operation for each cycle, and each state is operated for 60° as
shown in the Fig. 4.6. In mode 1, the switches Q1, Q3 and Q5 are on. The balanced
load Z is considered, and the voltage across the each load is determined using Fig 4.7.
The voltage across the switch Q1, Q3 is % and the voltage along Q5 is —% based on Fig
4.7. Only state one and state two are shown in the figure. The Fig 4.6 shows the active
switches in each mode over a cycle. The determination of voltages for remaining states

are similar to these two states. The calculated voltages are phase voltages.
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2V/3
Q1 A Q1 + A _
Z 4. & i -
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- v/3 VAB=V
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8 | T— z F Qb z —
2V/3
State 1 State 2

Figure 4.7: The Calculation of Voltages in State 1 and 2

The line to line voltages can be obtained from phase voltages using (4.2), (4.3) and

(4.4)
Vis =Van — Vi (4.2)
Vie =Vin — Vi (4.3)
Vi =Vin = Vin (4.4)

The output phase and line voltages over a cycle are shown in the Fig 4.5. The IGBT is

2V/3

V/3

Van

Vab v

Figure 4.8: The Output Phase and Line Voltages of 180 Conduction

used in the place of switches. Diodes are connected in parallel to the IGBT to provide a

path for adverse currents, when the switch is turned off.
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4.3 Simulation of 180° Conduction Mode
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Figure 4.9: Simulink of 180° Conduction

Figure 4.10: 180° Line to Line Voltage Conduction
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Figure 4.11: 180° Phase Voltage Conduction

4.8.1 120° Conduction Mode

In 120° conduction mode, each switch operates for 120° conduction cycle. The
operation of the switches is similar to 180° mode, however, in every state only switches
are on at the same time. The pair in each leg are turned on for a time interval of 120°.
For example, if Q1 is turned on for 120°, then Q4 is turned on at 180° and conducts for
120°. That means during 60" interval, both Q1 and Q4 are off. The operation is similar
for the remaining legs. The upper group switches conducts at an interval of 120° similar
to case in 180° conduction mode. The operation of lower group switches is similar to
upper group switches, which leads to a phase shift of 120°. The operation of switches of
one cycle is shown in Fig 4.12.

Similar to 180°, it requires six states over one cycle and each state conducts for 60°.
In every state, only two switches are conducting, depending upon the on and off states of
switches the respective voltages are determined using the following Fig 4.13 and Fig 4.14.
For example, in the state 1 Q1 and Q5 are on, and in state 2 Q1 and Q6 are on. The

terminal voltages are determined based on the state of its operation. If Q1 is on, the
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Figure 4.13: State 1 Figure 4.14: State 2

switch is connected to the positive terminal of supply, therefore point A, the voltage
is V/2. Q5 is connected to the negative terminal of the supply, therefore point B, the
voltage is -V /2. Similarly, the operation of state 2 is shown in Fig 4.14. The phase and

line voltages per phase are shown in the Fig 4.15.



V2

39

Nz

—
i_

_Vl_l

Figure 4.15: The Output Line and Phase Voltages of 120° Conduction

4.4  Simulation of 120 Conduction Mode
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Figure 4.16:

Simulink of 120° Conduction
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Figure 4.17: 120° Line to Line Voltage Conduction

Figure 4.18: 120° Phase Voltage Conduction
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In order to control the output voltage, we need to change the gain by using PWM
control. The two main PWM controls which are widely used in the industry are sinusoidal

PWM and space vector PWM.

4.5 Space Vector PWM

The output of three-phase voltage source inverter can be shaped using the Space Vector
PWM technique. When top switches are on, i.e., S1, S3 or S5 is 1, the corresponding
lower switches S4, S6 or S7 are off. The output voltages are determined by selecting the
on and off modes of the three upper switches and therefore, the total possible number of
combinations are 23.

The relation between the phase voltage and line to line voltages to the switching

states of the two lever inverter are given as follows

Vab 1 -1 0 a
me| = Vae |0 1 =1 |b (4.5)
Vea -1 0 1 c
Vq 2 -1 -1 |a
p % Vie |[-1 2 —1| |b (4.6)
Ve ~1 -1 2| |e

Based on the on and off states of upper switches, we can show the lower switches on and
off-states, because they act complimentary to the upper switches. The output line to line

and phase voltage are summarized in Table 4.1.

Implementation of Space Vector PWM
The output voltages of inverter are balanced three phase voltages. The three phase

balanced voltages from the inverter output differ from each other by 120°. The three
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Table 4.1: Switching Pattern of Two Level VSI and Voltage Space Vectors w.r.t V.

V | ST | S3| S5 Van | Vo | Ven || Vab | Vbe | Vea
VO o/[07]0 0 0 0 01010
Vi 1jojo| 2 |-t -L)10]|-1
V2t 1ot l-20o0]|1]|-1
vajo|1]o |-t 210110
VAl o 1|1 ||=2] 3|+ |-1]0]1
Vsl oo 1 |-t 1] 20011
V6| 101 3 |—-3|3 1 1-110
Vo111 0 0 0 01010

phase voltages in the a, b, ¢ coordinate frame are transfmored to the stationary two
coordinate frame using Clark’s transformation. The voltage equations in the three-phase

are transferred to the a8 coordinate frame as shown in the Fig. 4.19.

Vapo = fO Vabe

We can neglect the zero component in the two stationary coordinate frame, because the

sum of three phase balanced voltages is equal to zero.

Vat+Ve+Ve=0 (4.7)
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AP axis

N

o axis

Figure 4.19: Clarke’s Transformation

1 1 Ya
Vg 211 —5 —3
=3 2 2 Vp (4.8)
v 0
Ve

After the transformation into a8 coordinate frame, from total eight combinations of turn
off and on of switches, we get six non-zero vectors and two zero vectors. The six non-zero
vectors supply power to the load and the zero vectors supply no power to the load. The
eight vectors are considered to be the space vectors and formed the six vertices’s of a
hexagon. The remaining two zero vectors are located at the origin as shown in Fig 4.18.
The same transformation can be applied to get the reference voltage vector V. in a8
plane. Now obtain the reference voltage from those eight space vectors. The eight space
vectors are considered to be stationary vectors and the only vector rotates in space is V.

with an angular velocity w =27 f, where fis the inverter frequency.

1. Determine V,, V3, V,.r, and the vector reference angle (a°)

Based on V,, Vj, V.., and angle (a) can be determined as follows:

1 Va

o o~
IS ol

Ve
Uy

[GVRI )

2
_ V3

vB 2

Ve
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Figure 4.20: Hexagon Representation of Space Vectors
B axis

Ve

Va a o axis

Figure 4.21: The V,.; in o § axis

|Vier| =1/ v2 + 1}% (4.9)

a° = tan"1 e = wt =27 ft (4.10)

Ug
where f is the fundamental frequency of the desired output voltage.
2. Determine time duration of 17,75 and Ty

Considering Vs is in Sector 1, and it can be synthesized by vectors adjacent to it

in that sector. The time duration of the V,.; is based on the following principle:
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The product of reference voltage and its sampling time period equal to the sum of

voltages multiplied by their time interval of space vectors in chosen sector [6]. In the

v,

W

T
ﬂm

Figure 4.22: The Reference Voltage in Sector 1

Fig 4.19, we showed the corresponding space vectors and respective time duration.

e Switching time duration in sector 1

T, T Thi+T> T, o
/ Vref - / ‘/1 dt + / V2 dt + / Vo dt
To To T Th+Ts

T, =T, + T, + T (4.11)

where T7,T, and Tj are the switching time of V,1,Vy and V, respectively. T, is
switching period (2T, =T, = f_ls) T, and f, are the sampling time and frequency.

From above equation, we obtain
T. Vg =TV + Th Vot Ty Vo (4.12)
However, V applies a zero voltage to the output load, so the equation becomes

Tz Vref == Tl Vl + T2 VQ (413)
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Now, substituting the value of V; and V, from Tab.4.1

_ Cos & 2 1 2 cos 3
Tz |Vref| == Tl § ‘/dc + T2 5 ‘/dc
sin av 0 sin §
7, — Tz§ |V res] s%na
2 Vi sm%
Ty = T,a o (4.14)
Slﬂg
7 = 7, 3 Vool 05 —0)
2 Vi sin 3
sin(f — «
T1 = Tz a <3—7r) (4.].5)
sin Z

3

The angle between any two adjacent sides of hexagon is 60°, therefore (0° < o <

60°) in sector one, and « is the modulation index, a = 3
3
e Switching time duration in arbitrary sector

The time duration in the other sectors can be calculated by substituting a =

a — (n — 1)%, where n is the sector number which is from 1 to 6

T =T § \Vref\ sin(§ — (04‘— (n—1)%))
2 Vi sm%

. \/§Tz ’Vref’ sin (E T o— a)
B Ve 3
then
Tz _re . 1
T, = w {sm (nf) cos(oa) — cos(nz) 81n(a)} (4-16)
Vie 3 3
7, = 7. 3 Vresl sinfa = (n = 1)5)
2 Vi SHI%
. \/§ Tz |Vref’ f

v, sin (o + (n—l)g)
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T, = % {cos((n — l)g) sin(a) + cos(a) sin((n — 1)%)} (4.17)

To=T, —(Ty + Tp) (4.18)

e To find sector number:

To get sector number, n, first of all, we use angle o from the step 1 considering
one cycle(0,27), we divide angle by 27 and take the remaining angle for one cycle.
In the hexagon each sector is multiple of 7/3, so we divide new angle by 7/3 and
round that reminder to a less integer. The sector number can find by adding one to
the integer .

For example, let a = 300°:

, 300°
remain = rem( )
360°
= 140°
- 40° .
n=1+ fm(600) =1 + fiz(0.66667)
—14+0=1

Therefore sector number is 1.
e Switching sequence:

The switching sequence of any type must satisfy the following two conditions, In
order to minimize the device switching frequency. a. The change of switching state
from one to another involves only two switches in the same inverter leg, if either
one of them on, then the other must be off, to reduce the switching frequency.

b. The moving of V. from one sector to the next requires no or minimum number

of switchings in order to reduce the switching losses [6].



Table 4.2: Calculation of Switching Time at each Sector

Sector | Upper Group Switches (Si, S3,55) | Lower Group Switches (Sy, Sg, So)
S1=T1+ Ty +1Ty/2 Sy =1Ty/2

1 | S3=Ty,+Ty/2 Se =T, +Ty/2
S5 =1To/2 So=T1+ Ty +Ty/2
S1=T,+1Tp/2 Sy=Ty+Ty/2

2 | Sy=Ty+Tp+Tp/2 Se = To/2
S5 =1Ty/2 So=T1+ T+ 1Ty/2
S1=1Ty/2 Sy=Ty+To+Ty/2

3 | Ss=T +Tp+Tp/2 Se = Ty/2
Sy =Ty +Ty/2 Sy =T, +Ty/2
Sy =Ty/2 Sy =T+ Ty + Tp/2

4 Sy =T+ Ty/2 Se =To +Tp/2
Sy =T1 + Ty +Tp/2 Sy =Tpy/2
S1=Ty+Ty/2 Sy =T+ Ty/2

5 Sy =Ty/2 Se =T+ 1o+ Ty/2
Sy =T, + Ty +Tp/2 Sy =Ty/2
S1=T1+Ty+1Ty/2 Sy ="1Ty/2

6 | S3="T,/2 Se =Ty + Ty +Tp/2
Ss =T+ Ty/2 So =Ty +Ty/2

4.5.1  Simulation of Space Vector PWM

The simulation results of SVPWM are summarized in Fig. 7?7 to Fig. ?7.

48
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4.6 Summary

The operation and characteristics of IGBT are explained in the chapter. The con-
duction modes of 120° and 180" voltage source inverters (VSI) are studied. The concept
and design of Space Vector PWM considered in this chapter. The Space Vector PWM is
simulated using Matlab/Simulink. The results show that the SV PWM method produces

less harmonic distortion in the ouput waveform.
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Figure 4.25: The Output Line to Neutral Voltage
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CHAPTER 5

FIELD ORIENTED CONTROL

5.1 Introduction

The DC motors have been widely used in variable speed control applications. In DC
drives, the torque and flux are decoupled and can be controlled by the armature and field
current. However, DC machines have many disadvantages, such as sparks, commutator
and brushes wear out, difficulty to maintain, etc. The field oriented control of induction
motor was first developed by F.Blaschke in 1972. The development in power electronic
devices and microprocessors make the AC machines speed control available and overcome
the disadvantages of DC machines like high cost, commutator and brushes problems.
Initially, the speed control of induction machine are performed by changing the voltage
and frequency and keeping the V/f ratio constant e.t.c. These type of controlling methods
are called the scalar control methods. The high performance of field oriented control

drives outperform the scalar control method due to the following advantages:

e full torque control capability at low speed

better dynamic behavior

higher efficiency

operating point in a wide range of speed

decoupled torque and flux control

four quadrant operation

As we apply the concept of DC motor control to the AC machines, let’s see how torque

is produced and flux is controlled in the DC motors. A simple construction of DC motor
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is shown in the Fig 5.1. The field winding are represented by a pair of magnetic poles,
which are stationary and are considered as stator of the machine. The flux produced by
field winding aligned along direct axis of the stator. The armature winding is considered
to be the rotor. The current flowing in the rotor is always aligned along the quadrature
axis because commutator and brushes keep it along the g-axis. The torque is proportional
to the cross product of current ¢, and flux As. The current and flux are along the two axis
of coordinate system, which means they always perpendicular to each other and produces

maximum torque all the time. The torque equation of DC motor which can be used as

Figure 5.1: A Simple Representation of DC Motor

reference for field oriented control is
Tm — KT)\f’ia (51)
where K is torque constant

5.1.1 Model of field oriented control

The DC machine control approach to AC Drives is not easier, because the orientation of

stator and rotor fluxes are not held orthogonal and vary with the operating conditions[18].
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To obtain like DC machine control one need to align stator currents with respect to
the rotor flux to get independently controlled torque and flux. This type of control
achieved, Firstly, by converting AC motor dynamics into dq synchronous frame under
certain conditions. Secondly, by aligning the flux of the machine to the reference frame.
Depending upon the alignment of flux, the system categorized into two different schemes.
If the reference frame is aligned to the stator field then it is called as stator field oriented
control and if it is to the rotor flux then referred as rotor filed oriented scheme [1]. The
decoupled control can be achieved by rotor field oriented control like in separately excited
DC machine. However, calculation of the rotor flux is carried in two different ways. If it is
measured directly by using sensors, then it is called direct Field Oriented Control (DFOC).
If the measurement from slip that is calculated from dynamic model of induction motor,
then it is called indirect Field Oriented Control (IFOC). The simple implementation and

more reliability makes IFOC widely used in industries.

Direct field oriented control In direct field oriented scheme, the rotor flux measures from

hall effect sensors. Therefore, the rotor angle can calculate from rotor flux by the equation

)\S
0 = tan~ ! °L& (5.2)

)\s

qr
The installation of flux sensors is difficult due to limitations of air gap space, armature
reaction, noise, etc. Due to these limitations the rotor flux is calculated indirectly from

stator currents that are measured using current sensors.

Indirect field oriented control In this method, we have two different approaches of mea-
suring rotor flux angle. The first one is by calculating the rotor flux equations indirectly
by using the stator flux and currents, and the second is from slip information wy. Let us
see how we proceed to the rotor flux equations from the stator currents and fluxes. The

current sensors are used to measure the stator currents, and fluxes can be obtained using
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(5.3) and (5.4).
A — / (o i)t (5.3)

t
Ay = /0 (vg — ryiy)dt (5.4)

The equations from (3.73) to (3.76) represents the stator flux and rotor flux in synchronous
rotating frame. Now converting them into a8 stationary coordinate frame by multiplying

with e/?, we obtain

NS =LgiS + Ly, (5.5)
Xy =Lgi% + Lty (5.6)
N =Lyl + Lyni?, (5.7)
Ny =L,y + Lt (5.8)

Now we substitute the iy, ij; taken from (5.5) and (5.6) in (5.7) and (5.8) we get

_LT(AZ B LSZZ) (L?n B Ler)iZ + Lr>‘§l

\ Lnit, =
°T L, e Ly
L. (A} — Lgi? L2 — L,L,)i% + L.\
LS L) L (L) L
L L
Ln
=1- 5.9
o L (5.9)

After rearranging the terms and substituting terms in (5.9), the two equations can be

written as:
L, ,
AL =7 (A — oLgil), (5.10)
T LT s -S

Now, substituting the stator currents measured from sensors and fluxes from (5.3) and
(5.4) in above equations, we get rotor flux equations. From (5.10) and (5.11), the rotor
flux angle can be obtained. However, this method is not suitable when a DC offset is

present.
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The second method of calculating rotor flux angle, which is from slip information.

From (3.67) and (3.68), we know

0 =rpig +pAg — (W — wp) Ay

0 =iy + pA; + (W — wp) Ay
Now applying A;=0 and pA; = 0, The rotor equations become

0 =rd} + p\, (5.12)

0 =iy + (W — wy) Ay (5.13)
From (3.75) we know A}, and substituting that in (5.12), we get

0 :Trig + p(Lrig + Lmzfl)

=(rr + Lyp)ig + pLimig

" T L)

Again by substituting ¢/, in the (3.75), i.e, A}, becomes

N, =L,——% + L,,i°

A= A L) T
y L.L,,

=tallm = r.+ L,.p

p]

After canceling the respective terms the rotor flux along the direct axis, A\, can be written

as
L
A= s 5.14
= 77 oT, L] ( )
where T, is rotor time constant
L
T =— 5.15
= (5.15)

In the steady state

N, = Lpnis (5.16)
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Ly

Since Aj, = 0, (3.76) can be written as i; = — LTA", substituting this equation in (5.13),

we obtain the slip speed information

_ e L
- q
L\,

(5.17)

slip_speed = wg = Wy — W,

Now, adding obtained slip speed to the rotor shaft speed, we get synchronous speed of
the machine. The rotor flux angle can be measured by integrating the synchronous speed

which is shown in (5.18).

¢ ¢
= / wedt = / (we + w,)dt (5.18)
0 0

ia

R
1
N

Figure 5.2: The Vector Representation of Rotor Field Oriented Scheme

L
1 +pT'r

From A\, = 15, we find that ¢ is used to generate rotor flux.

e Comparing the (3.75) and (5.16), we obtain i},=0

e From (5.17), 45 is proportional to the slip
e From i; = —LL—TZ'Z, we find 4; nullifies flux caused by ;.
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The Aj, = 0 reduces the torque equation (3.86) to follow the equation, which is similar to

the DC machine

3P Ly, . .
T, = 55[1—7"( dzq)

(5.19)
Based on the filed oriented control method, we have the flux along the direct axis and
current along the quadrature axis, which is similar to the DC machine. Based on (5.16)
and (5.17), the rotor flux along the direct axis is proportional to the % and the current iy

along the quadrature axis is proportional slip. The two currents i, iy are to be used for

the control of Induction machine.

5.2  The Basic Scheme for Field Oriented Control of Induction Motor

':ref ’ V;"ef l\"m
s T a
i e 7] s
.5 s : o VS|
ok ( PI e ab | V7% o :
95 \
i i _
d,q ap/| i,
I
& ap | |/ ab
. L~

Figure 5.3: The Basic Scheme of Field Oriented Control

Fig 5.3 explains the basic scheme of speed control with FOC. Firstly, it measure
the two input currents of the motor. These input currents are converted to stationary
coordinate frame using Clarke’s transformation module. The currents in the stationary

frame are converted to rotating frame using Park’s transformation module. These currents
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are compared to the reference currents, and the resulting error is passed through the
current controllers. The output of current controllers, which are in dg coordinate frame,
are converted into af coordinate frame using inverse rotating Park’s transformation
module. These are input to the Space Vector PWM module. The output of Space Vector
PWM module operates the gating signal of the three phase inverter. The Clarke and
Park Transformation modules require the rotor flux position which is the key factor in
controlling the machine. The calculation of rotor flux position is mentioned in direct and

indirect rotor field oriented scheme.

| : Vel
.. ies Voef Ve
S o A a
e Space E
a, Vector E, 2 Tsalse
=5 5 5
1Y~ o L g Viref PWM -
T ? g
i, i
d.q ap L.
-5 ﬂ W5 a b ZE;
ls (24 1Y s L~
Current 9
model
Speed
Calculator Capture or | Tacho/Encoder
Based on QEP driver
capture

Figure 5.4: Block Diagram of Indirect Rotor Field Oriented scheme

5.2.1 Rotor Field Oriented Scheme
From (3.75) and (3.76), we get
-7 1 T -S

(A" — Lyi®) (5.21)
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substituting (5.20) and (5.21) into the system model (3.81)

m Lm r ]
vy = (rs +poLy)iy+ L—p)\g - w[L—)\q + Lyoig) (5.22)

S .S Lm r Lm r .S
vy = (rs +poLy)iy + 7 pA; + w[L—)\d + Lsoij) (5.23)

where
Ly,
—(1—
o= LSLT)

The field-oriented control can be achieved by aligning the rotor flux along the direct axis,

i.e., Al =0, and pA} = 0. Therefore, (5.22) and (5.23) are reduced to

Ly,
vg =(rs +poLy)iy — weo Lgiy + 7 DAy (5.24)
Ly,
vy =(rs + poLy)i; + weo Lyig + weL—pAQ (5.25)
The torque equation (3.88) reduced to
3p L\, .
Te = 55 LT )\d’Lq (526)

Applying the Laplace transformation for above two voltage equations and considering the

steady state condition pA], = 0

1

. L we .
iy =—=2—0 i (5.27)
d s 4 s d 5 4 s q

Lso Lso

1 w L
: L e . L.L
PP =—=2p — i5 — =W A (5.28)
q S+ Ts q S—f— Ts S_I_r_s

Lso Lso Lso

Neglecting the 7, term and considering p A;=0 for the steady state condition, we reach

the following conditions:

d .

Lsaazfl =y + we Lo, (5.29)
d L,

Lo — iy =ug — W Loty — We——Ag (5.30)

dt L
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Figure 5.5: The Block Diagram of Feed Forward Control

From (5.24) and (5.25), we find w.Ls0i; and —w.Ls0i3, are cross-coupling current terms
of d-axis and g-axis. In order to decouple the coupling terms, the feed-forward control as
shown in the Fig. 5.5.

Equate right hand side of equations (5.29) and (5.30) with v} and u}, we have

uy =uy + we Lo (5.31)
* S ] Lm T
Uy =uy — weLsoiy — weL—)\d (5.32)

r

By applying the Laplace transformation, we have the plant transfer function G;(s) for

the current control as

Gi(s) = = = 5.33
(5) uy  Lsos ( )
ig 1
(e — _4 _— .34
Gi(s) u Toos (5.34)
where
L
c=1—-—""2 (5.35)
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5.2.2  PI Current Controller Design

Let’s consider the PI controller given below

1
sT;

Ri(s) = k(1 + —) (5.36)

where

o

T = P

7

We design current controller based on frequency response method using the phase and

27 fs

gain margin. Let us choose the crossover frequency w. = =%,

where f, is the switching

frequency of the inverter and phase margin PM=60°, i.e.

|Gio(jwe)| =1 (5.37)

arg(Gio(jwe)) = — 2% (5.38)

The transfer function of the plant to be controlled is (5.33) for direct and (5.34) for
quadrature axis current control, respectively. The overall schematic for current control
loop is shown in Fig .5.6. From the Fig 5.3, the open loop transfer function is

*

l; + ud 1 i ;
_ Pl o8
R G.©

Figure 5.6: The Block Diagram of Direct Axis Current Control

K1
Gio = Ri(s)Gi(s) = T T 5(1 + sT?)

(2
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Figure 5.7: The Block Diagram of the Quadrature Axis Current Control

where K;, and T} are the corresponding K, and T; parameters for current PI controller.

Applying the phase margin condition (5.38) of G;, we have

e
arg(Gio(jwe)) —tan_leZ
, 2
—tan " (w,I7) — 7 = —?” (5.39)

Therefore, the T! value can be obtained from (5.39).

Applying the magnitude condition (5.38) of G;, and substituting T value, we get K;.

Gl =2 L e =
i,0\JWe Wed -
J LyoT} w2 !
i LyoTiw?
Kp —_— (5.40)

1+ (wT7)?

Therefore, based on the calculated T} and K} values, we obtain K} from

K
K= (5.41)

The closed loop transfer function can be obtained based on the open loop transfer function

G o, as follows

G — G@O . 1+ STi
i,c — 1+ Gi,o 14 STZ + 52T ULS

(5.42)

The Bode plot of closed-loop system is shown in Fig.5.8, and the step response is shown

in Fig.5.9.
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Bode Diagram

Magnitude (dE)

FPhase (deq)

Freguency (radis)

Figure 5.8: The Bode Plot of the Closed loop system

5.2.3  PI Speed Controller Design

In this section, we design the K’ and K;’ values for the speed controller using
symmetrical optimum method, which guarantees the maximum phase margin. First,
notice that (5.42) is a second-order system, we need to approximate it by a simplified
first-order transfer function. That significantly simplified the speed controller design as

follows.

Gic(8) = Gisim(s) = (5.43)

)

1+ =

1
Tg

where w, =
Since the magnitude of closed loop transfer function decreased by 20 dB/decade for
high frequencies, the cut-off frequency of low pass filter can be determined easily. First,

the frequency wy, is chosen as ten times the switching frequency:

w =10 f, - 27 (5.44)
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Step Response

Amplitude

Time (seconcds) w1

Figure 5.9: The Step response of the Closed loop system

Then, the cutoff frequency w, of the simplified transfer function can be obtained by

interpolating the Bode plot:

W .
—90 - log(w—l) — |Gy e (jun )| (5.45)
g

Therefore, w, can be calculated from

|G c(Gw1)l ]

w, = 1009 =5 (5.46)

Therefore, the simplified transfer function (5.43) can be determined with the cutoff

frequency w,. Based on (5.26), and the load equation
T, — Ty = Jiom (5.47)

The open loop transfer function for speed control is given as follows

3PL, .1
S TmAr 5.48
292 L, sJ (5-48)

Gw<8) = Gi,sim(s)

where P is the number of poles
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Bode Diagram

Magnitude (dE)

FPhase (deq)

Freguency (radis)

Figure 5.10: The Comparison of Higher order and Simplified system response

Now introducing the PI speed controller into the system, the open loop transfer

function of the overall plant is shown below:

Guo(8) =Ry(s)Gyw(s)
1 1 3PL,

1
=K"(1+ —— Ly |
o +5Tiw)1+i22 L, sJ
3PL,\, 1 1
—Kv d 1 )

PoAaL,J ( +5T;”)(1+wi

3PL, \, 1+ sT®
=KY med U 5.49
P 4LrJ STIL-w(S + Z_j) ( )

The symmetrical optimum method is used for determining the parameters for PI
speed controller. The method can produce the balance phase and magnitude characteristic
of the open loop transfer function, by placing the crossover frequency precisely at the
location where we can obtain the maximum phase margin. The slope of -20 dB/decade
produced by PI controller becomes -40 dB/decade after the cutoff frequency w, of current

control loop low-pass filter.
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We introduce a factor o that relates the cross-over frequency w,. and the PI speed

controller cutoft frequency w,, with the first-order system cutoff frequency w,, where

1 1

We = —Wg, Wy = —W
a ! a?™?

On logarithmic scale, w, is exactly the middle point between w,, and w,. Applying these

two conditions to the open loop transfer function, we have:

(Gl =IGuoZ20)] =1 (550)
arg(Gusolio)) =arg(Cuo(222)) = - 71 (551)

Firstly, « is solved from the phase margin condition, i.e.,

arg(Gu,o(jwe)) =arg(l + jw ;") —arg(l + jw.T,) — 7

2
=tan" " (w.T}") — tan™ N wT,) — 7 = —?ﬂ (5.52)
Since w, = %2 = O%Tg and T = o*T, we get,
tan—Y(a) — tan~t (L) = T (5.53)
a3 '

Based on trigonometric rules, we can obtain «a value. The controller parameter K’ can

be determined by substituting the « in the magnitude condition (5.50).

JWg 1 w 3P L A 1+a?
Guo(=)| = |Guo(—)| =K Ty | —— =1
ol 20 = G e =3 70 [0

w 1
Ky = (5.54)
4L, J 9 1+é

Therefore, based on the calculated T} and K’ values, we can obtain K}’ from

Ky =l

=2 55
= T (5.55)

The Bode plot of closed loop speed control system is shown in the Fig.7, and the step

response is shown in Fig.8.
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Bode Diagram
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Figure 5.11: The Bode plot of Speed control system

5.3  Simulation Results

The effectiveness of the proposed control scheme of induction motor control are
demonstrated by computer simulations. The model parameters are summarized in
Appendix B. Based on previous control design methods, the controller parameters are

calculated and summarized in Tab 5.1 The computer simulation results are summarized

Table 5.1: The Calculated K, and K; Values

K, K;

current controller(I) | 235.98 | 8.56 x 10°

speed controller(w) | 0.4150 | 176.2084

in Fig. 5.11 and Fig. 5.12. Fig. 5.14 shows the actual speed matches the reference speed

very well. Fig. 5.11 shows the actual rotor angle plot. Fig. 5.16 and Fig. 5.17 show the
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Step Responze

Amplitude

0
0 0o ooz 0.3 0.04 0.0s 006 0.or 0.0g
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Figure 5.12: The Step response of Speed control system

quadrature and direct axis correspondingly. We can see that the direct axis current in

Fig. 5.17 matches the reference " = 0 very well.

5.4 Summary

The concept and model of field oriented control of induction motor are presented. The
feed-forward control method is designed for decoupling for torque and flux of induction
motor. A novel PID based field oriented control approach of induction motor is proposed
in this paper. A PID based controllers have been developed for speed and current control
loop based on symmetrical optimum method, which guarantees the maximum phase
margin. The simulation results show the robustness and effectiveness of the controllers

design.
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CHAPTER 6

IMPLEMENTATION WITH DSP CONTROLLERS

6.1 Introduction

The field-oriented control technique is implemented using the digital motor control
(DMC) and power factor correction (PFC) equipment (TMDSHVMTRPFCKIT) made
by Texas Instruments. The DMC board uses the 32-Bit C2000 DSP controllers, because
DSP controllers can compute complex control algorithms with the mixed peripherals,
which can interface with different components of DMC hardware and also meet the safety

requirements. The total kit required consists of the following contents.

e ['28035 control card or F28335 control card
e High voltage DMC board

e 15V Power Supply

The Texas instruments AC motor development kit assembly provided with required
contents is shown in the Fig. 6.1. The figure primarily shows the high voltage digital
motor control board (HVDMC), which is shaped inside plastic enclosure. The heat sink
is provided below the HVDMC board to the motor inverter with a DC fan attached to
increase the airflow in the heat sink. The HVDMC board allows any of the C2000 series
control cards. The Texas Instruments (TT) developed a software named Code Composer
Studio (CCS) which supports processors portfolio. CCS is an integrated development
environment (IDE) which can make use of C/C++ compiler, source code editor, debugger,
project build environment, profiler, and plenty other features. Now let’s look into the

construction of HVDMC board.

Hardware Analysis -

The Fig 6.2 explains the how we are controlling the motor drive system gradually. The
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Figure 6.1: The Texas Instruments AC motor Development Kit

power supplied from AC mains is first given to the AC rectified stage and passed power

factor correction stage (PFC ). The output of the PFC stage is given to the three-phase

inverter which is connected the motor. The operation of each stage is explained below

AC
Rectifier

PFC
Stage

Figure 6.2: Block Diagram of Motor Drive System using PFC

3-Phase
Inverter

3-Phase

Motor

e AC Rectifier stage which rectifies the AC power taken from the mains. This can be

used as input to the power factor correction stage or to supply the DC bus voltage

required to the inverter directly.

e Power Factor Correction stage increases the efficiency by wave shaping the input
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AC current and regulates the DC bus of the inverter for efficient operation.
e 3-Phase Inverter Stage controls the input high voltage given to the motors.

e Auxiliary Power Supply Module generates small DC voltage of 15V or 5V form AC

rectifier voltage stage or PFC output

There are few other Miscellaneous like Over current protection, Isolated CAN interface
and Four PWM DAC’s to complete the motor control drive system. The next section
explains how the HVDMC board is built based on the required hardware components for

Motor control.

6.1.1 High Voltage Digital Motor Control

The HVDMC kit is categorized into several functional macro blocks, so that one
stage can easily debug and tested at a time. That completes the total requirement for

controlling motor drive system. The functioning of each macro block is listed below.

Main - This block consists of control CARD connection, jumpers, communications(iso

CAN), Instrumentation (DAC’S), QEP and CAP connection and voltage translation

M1 -This block rectifies the AC supply taken from the mains into the DC. The rectified

DC is fed as input to the Power Factor Correction stage or to the inverter directly.

M2 - This block has auxiliary power supply, 400V to 5V and 15V module that can

produce 15V, 5V for the rectified AC power.

M3 - This block has an isolated USB emulation which provide isolated JTAG connection

to the controller or isolated SCI when JTAG is not required.

M4 - This two-phase interleaved PFC stage which is used to increase the efficiency of

operation.
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[Main]

3—Phase
Inverter

[M3]

M5 - This block consists of a three-phase inverter which is fed to the input of three

phase motor.

M6 - This block generates DC voltage of 15V, 5V and 3.3V for the board. It has DC

power entry fed from external DC power supply.

The banana jack connectors are used to connect the power stages for completion of total

hardware configuration. The Fig 6.3 represents the layout of the HVDMC board and

location of macro blocks on the board.
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6.1.2 (C2000 DSP Controllers

The HVDMC board uses the C2000 family of DSP controllers, which can solve the
complex control algorithms fast and can be easily implemented. They can be used to
for scalar or vector control applications and preferably designed for real-time operation.

These can provide the following advantages to the system
e The system cost is reduced by efficient control in all speed range

e The high resolution PWM’s can be generated for controlling power switching

inverters

e Any sensor inputs can be solved with high quality using the dual sample hold, 12-bit,
high speed ADC’s.

e The memory required is reduced due to decreasing in the number of lookup tables.
Use of advanced control algorithms

e Reduces the torque ripple which lowers the vibrations and increase the lifetime of

the motor.
e Reduces harmonics generated by the inverter which decreases the filter cost
e sensorless algorithms exclude the need of speed or position sensor

The TMS320F28035 DSP controller is used, and the functional block diagram is
shown in the Fig 6.4. The TMS320F28035 DSP is a family of F2803x DSP micro controller
available with power of 02827 . This family provided the high level of analog integration,
and Control Law Accelerator (CLA) is coupled with highly integrated peripherals in small

count of pins. The some features of controller are given[31].
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Name TMS320F28035
Clock Speed 60 MHz
Memory on-chip

Analog to digital conversion 16 channels

PWM 14 channels
Input/output pins Up to 56 pins
Signal level [0, 3.3] V (0-3.3 V on ADC pin)

6.2 Summary

The Texas instrument motor development kit and software are introduced in this
chapter. The key features of DSP controller are summarized. Our design is implemented
based on the hardware with CCS program. The hardware experiment shows satisfactory

performance in speed control.
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CHAPTER 7

CONCLUSION

A novel field oriented control technique of induction motor is presented in this thesis.
The dynamic model of induction motor is developed in synchronous rotating frame, i.e.,
dq coordinate frame. The Clarke’s and Park’s transformations are used to convert the
abc coordinate frame into the rotating dg frame. The transformation greatly reduces the
complexity of the dynamic model.

The characteristics of IGBT are studied in the thesis. The 120° and 180° conduction
of three-phase voltage source inverter theories are summarized in Chapter 4 and results are
presented using Matlab/Simulink. The concepts of Space Vector Pulse Width Modulation
(SVPWM) are discussed. The Space Vector PWM technique is developed to control the
switching of three-phase inverter and is simulated with Matlab/Simulink.

The thoery of field oriented control is introduced and applied to control the dynamic
model of induction motor. Both of the direct and indirect field control methods can be
applied to calculate the rotor flux angle. The decoupled system can be achieved after
applying the feed-forward control method. PID based controllers have been designed for
speed and current control based on symmetrical optimum method, which guarantees the
maximum phase margin. The developed PI controllers for speed and current control show
satisfactory performance. The simulation results shows the robustness and effectiveness
of the controllers design.

The Texas Instruments AC motor development kit and software are used to implement
the field oriented control of induction motor in hardware platform. The DSP hardware
implementation demonstrates that our novel field oriented control of induction motor can

control the speed and torque effectively.
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APPENDIX A

Sample Program for Field Oriented Control

The sample program for field oriented control of induction machine is shown below:

Instance PI regulators to regulate speed, and the d and q axis currents
PI_.CONTROLLER pi_spd = P.CONTROLLER_DEFAULTS;
PI_.CONTROLLER pi_.id = PI.CONTROLLER_DEFAULTS;

PI.CONTROLLER pi.iq = PL.CONTROLLER_DEFAULTS;

Initializing the PI modules for Id and Iq current regulators and speed regulator.

e Initialize the PI module for Id
pi_spd.Kp=_1Q(2.0);
pi_spd.Ki=_1Q(T*speedLoopPrescalar/0.5);
pi_spd.Umax=_1Q(0.95);

pi_spd.Umin=_1Q(-0.95);

e Initialize the PI module for Iq
pi_id. Kp=_1Q(1.0);
pi_id. Ki=_1Q(T/0.004);
pi_id.Umax=_1Q(0.3);

pi_id.Umin=_1Q(-0.3);
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e Initialize the PI module for speed pi_iq.Kp=_1Q(1.0);
pi_iq.Ki=_1Q(T/0.004);
pi-iq.Umax=_1Q(0.80);

pi-iq.Umin=_1Q(-0.80);

Connecting inputs of PI module and callling the macro functions for speed, Iq current

and Id current.

e For speed PID IQ controller macro
if(speedLoopCount=SpeedLoopPrescaler) pi_speed.Ref=rcl.SetpointValue;
pi_spd.Fbk=speed]1.speed;

PI_MACRO(pi-spd)

SpeedLoopCount=1;

else SpeedLoopCount++;

e For PID IQ controller macro function
pi_iq.Ref=pi_spd.out;
pi_igFbk=park1.Qs;

PI_MACRO(pi-iq)

e For PID ID controller macro function



pi_id.Ref=IdRef;
pi_idFbk=park1.Ds;

PI_.MACRO(pi_id)
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APPENDIX B

The Parameters of Induction Motor
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Table B.1: The Parameters of the Induction Motor for DSP Control Implementation

variable value
R, 11.05 ©
R, 6.11 Q2
Ls=L, 0.3164H
Ly, 0.2939H
p 4
fs 10kHz
J 0.91 Kg.m?
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