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ABSTRACT

| The illdtlctioﬁ motor is the 1dost common motor type used in.industry. Analyzing its
performance is either concerned with steady-state behavior, or the transient behavior duripg
start'—up and during system disturbances. Due to the advancement in power electronics,
induction motors are now commonly used' in- adjustable-speed  drives. The harmonic
currents generated ‘from these drives may result in voltage distortions and potential
‘resonance problems. Computer simulations (')fibinduction motor performance are therefore
more important than ever before. Although many simulation programs are avaﬂable for
induction motor studies, the Electromagnetié Transier_ds Program (EMTP) is probably
vbetter than other simulation packages, becdilse it contains detailed models of many other
power system components, such as trahs‘fdrmefs, transmissiol_l lines and thyristors, which
must be considered in certain types of motor simulations. This thesis presents a method of
using the existing EMTP synchronous machine model to lsi;.nulate induction motor
transients. This approach» allows simulations for. both machine types using essentially the
same program' code. The data conversion algorithm, which ,com./erts standard motor
specifications into equivalent circuit parameters, is explained.' The steady-state initialization
of an induction motor 18 discussed ds_wel]. The stAaft—up‘of an induction motor is simulated
using the proposed model. These simulation‘ results are then compared with an independent
program which uses a 4th—0rder Runge—Kuttd solution method. It is observed that the
results from the propd’sed model- agree very well with the ones from the Runge-Kutta

solution method.
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CHAPTER 1

INTRODUCTION

The induction motor is the most common motor type used in industry. In some
sifuations, its transient behavior may requife detailed analysis.. For example, the starting of
an induction motor can cause a voltage depression which may significantly reduce theA
. accelerating torque of the motor. The reduction in the accelerating torque can lengthén the
starting tﬁne of the motor, which may cause an overheating problem, or in severe cases,
may fail to accelerate the motor to its rated speed, and cause the motor to draw large}
currents continuously. This large current could .da-mag‘evthe machine windings permanently.

Voltage depression caﬁsed by.motor sfarting may also slow down other motors on
the same bus. If the voltageﬁ drop is severe, these motors will decelerate significantly and
may even stall. The’ decélerating 1ﬁofors, on the other hand, draw more(réactivé) current,
causing the bus voltage to be reduced further. In extreme situations, a voltage collapse will
occur.

Furthermore, due to the ad?ancement in power électronics, induction mbtors are
now commonly used in adjustable-speed drives. These drives can generate harmonic
currents and cause .Voltage distortions. Moreov.er, these harmonic currents may. excite the
resonant circuit formed by the»'supply netWork; Thus, the analysis of induction‘ motors
together wi.th the power electronic circuits becomes impbrtant as well.

The above examples show that it may be necessary to analyze the machine

performance and its impact on the supply network in detail in certain situations. Computer




simulation programs are best suited for thes‘e types of studies. There are special-purpose
programs for induction motor Studies, which can be used to analyze certain types of
'moto.r transients. The Electromagnetic Transients Program (EMTP) can also be used to
study induction motor behavior. It has the advantage fhat it contains detailed models .o.f
manir other power system components, such as transmission lines, transformers, and
thyristors, etc., which may all affect the transient performance of an induction motor.

In this thesis, a method of simglating thé induction motor transients using the EMTP
synchronous machine model is discussed. One advantagé of this aI')'proachis that less code 1s
required for the induction motor. This makes program maiﬁtenance easier because only .one
set of vcode rather than two must be maintained. If the models for a.c. machines are
improved, only one set of code has to be modified. This is somewhat similar to the
approach taken for the “uﬁiversal 1Inachine” in the DCG/EPRI and ATP versions of the
EMTP [1], which C"(llll be used for the simulation of indﬁction machines as well as
synchronous machines. |

The remainder of this thesis is di\'/ided nto sAeven chapters. In Chapter 2, tfle _
similarity between the synchron(ﬁus machine and the induction machine models is discussed.
‘Moreover, the 1ﬁethod of converting a synchronous machine inodel into an induction
machine model is described. A data conversion algorithm which converts standard motor
specifications into equivalent circuit parameters is explained in Chapter 3 In Chapter 4,
methods for finding the steady-state s‘olutioﬁ of networks _with ind'uction motors are

presented. The details of implementing a transient analysis program for an induction motor

using the 4th-order Runge-Kutta solution method are discussed in Chapter 5. In Chapter 6,




an optimization algorithm for finding the best piecéwise linear representation of the

continuous saturation .characteristic is described. Finally, simulation results of a motor start-

up and the general conclusions of this thesis are presented in Chapters 7 and 8, respectively.




CHAPTER 2

SIMILARITY BETWEEN THE SYNCHRONOUS MACHINE
AND INDUCTION MACHINE MODELS

In the EMTP, the machine equations are solved in the d-qg-o reference frame, which
is a reference frame attached to the rotor (d = direct axis of rotor, q = quadrature axis of
rotor, 0 = zero sequence). The d-axis equivalent circuit of the synchronous machine model

is shown in Figure 2.1.

- R, ' Lg-My, M;
————mM AN
Lff - Mm LDD - Mm
M; -M,
My, % R¢ Rp
Vi

Figure 2.1 Direct Axis Equivalent Circuit of a Synchronous Machine

In Figure 2.1, by setting V¢ = 0 and replacing subécripts d, f, and D, respectively,
with g, g, and Q, the g-axis equivalent eircuit is obtained. The D and Q windings are used to
represent the damper bar effects, whereas the g-winding is used to model the eddy current
effectsin a 1ion—sa11en§ pole rotor. | |

The equivalent circuit of a double-cage induction motor is shown in Figure 2.2.

Subscripts 1 and 2 are used for the two equivalent circuits on the rotor.
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Figure 2.2 Equivalent Circuit of a Double-Cage Induction Motor

Since there is practically no saliency in an ind'uctioﬁ motor, the equivalent circuit
shown in Figure 2.2 is valid for both d- and g- axes. Comparing Figures 2.1 and 2.2, it can
be seen that the synchronous machine model is almost idéntical with that of the induction
motor model. In fact, if the field winding of the synchronous machine model is short-.
circuited, the synchronous machine model will become the induction motor model. The flux
and current relationships for bot.h ﬁmchine- types are of the same form. For the syncﬁronous

machine, the relationship is

[/1;1—‘ [ L, Mdf MdD—I-lrid“ '
[AfJ:[Mdf Ly MfDJ'[ifJ (2.1
Ap M MfD Lyp | ip '
and for the induction 1f1achine, it is
i— 2’ K3 —i I_L;\'_*_Lm L moo | ! Lm —} {—l& —{
| M= L. LtL+L,  L+L, ||h| 2.2)
LZ’Z_J L Lm- Lr+Lm L2+Lr+LrnJ I..Z2J




From Equations (2.1) and (2.2), the two sets of machine inductances can be related as

follows:

Ly= Lg+Ly
Lg=L1+L,+Ly
Lpp=Ly+L;+L,
Mp=L,+L,,

Mdf =Mgp =Ly

2.3)
(2.4)
(2.5)
(2.6)

2.7)

Since the induction machine parameters are identical for both d- and g- axes, the g-

axis parameters can be obtained by replacing subscripts d, f, and D, respectively, with q, g,

and Q.in Equations (2.3) - (2.7). The conversions with Equations (2.3) - (2.7), together

with setting V¢ = 0, convert the synchronous machine model into an induction machine

model.




CHAPTER 3

DATA CONVERSION

3.1 INTRODUCTION

'In order to represent an induction motor accurately in the EMTP, a detailed
equivalent circuit of the machine is required. This equivalent circuit sh01’11d be general
enough to model a wide variety of motors, such as motors with deep-bar rotors, double-
cage rotors and single-cage rotors. It has been shown'earh'ér [2,3] that the equivalent circuit
of a double-cage induction motor, as shown in Figure 2.2, is adequate for these purposes.
Even though a model with oile circuit on the rotor can be used to represent a-single-cage
motor, the double-cage model is preferred because the second circuit can be ﬁsed to
fepresent the frequency—dependent eddy current effects.

In many situations, magnetic saturation has neghéible effects on the motor’s
performance [3]. However, there are cases in »which saturation effecfs do play an important
role. In Figure 2.2, three mdtlctéllces can be influenced by magnetic saturation, namely, the

" mutual inductance (L), the stator leakage inductance (L), and the mutual rotor inductance
(L,). These inductances have different degrees of saturation depending on the magnitudes of

currents flowing through them. For example, during start-up, large inrush currents will flow

into the motor, causing Lg and L to saturate, but because of the low rotor resistances, very
little inrush current will flow through L, and hence, L, will remain unsaturated. In fact,

the saturation effects of L, are insignificant in most types of studies; nonlinear effects are

therefore only considered for Lg and L. An exception is the analysis of reclosing transients




of capacitor-compensated motors [4,5], where saturation effects in Ly, are also important;
for such cases, the model discussed here would have to be modified.

If the very small inductance L of the outer cage is neglected, the simplified

equivalent circuit of Figure 3.1 is obtained. This equivalent circuit is considered to be
adequate for most system studies, and is therefore used as the induction motor model in the

data conversion. The EMTP itself accepts L, which happens to be zero with the data
conversion scheme presented in this thesis.

Ry X - X,

___:}_/YYY\fYYY\

. .
X E R,

X2

Figure 3.1 Simplified Equivalent Circuit of a Double-Cage Induction Motor

One problem in using this équivalent circuit is that the required parameters may not
be known to the user. Even if the manufactu'rer supplies the user with equivalé,nt circuit
parameters, these parameters may not accurately reflect the starting and the full léad :
characteristics of the motor. However, through iterative algorithms, a. fairly accurate
equivalent circuit can be obtained using the standard motor speciﬁcations sﬁpplied by the
manufacturer. A data convérsion algorithm which converts motor specifications into
equivalent circuit parameters is therefore developgd. Since the manufacturer’s data are
specified for rated steady-state. Qperﬁthlg conditions, reactances rather than inductances are

-

used in Figure 3.1 and in the remainder of this chapter.



3.2 CONVERSION ALGORITHM.

The data conversion algorithm presented here is based on the work done by Rogers and

Shirmohammadi [6], with some modifications. The following data are required as input:

e rated apparent power of the motor or rated (active) powef on the shaft

e rated three-phase voltage (line-to-line)

e rated efﬁciency n

e rated power factor cos 0

e rated slip s,

e starting current at rated voltage I, (in p.u.)

e reduced voltage at which another starting currént 18 availablg, Vieq (in pu)
® starting current at reduced voltage, L4 (in p.u.)

e starting torque (in p.u. with respect to full load torque)

L breakdown torque (in p.u. with respect to full load torque) -

e saturation threshold current Ig, (in p.u.)'

In [6], it is suggested that Ig,, = 2.0 p.u. is a good approximation for many indﬁction
motors. Hence, Ig,, has a default value of 2.0 p.u. In the DCG/EPRI version of the EMTP,

Vieq has a default value of 0.8 p.u., whereas Iroq has a default value of 0.78 times the

starting current at rated voltage [1].




Since core loss, friction loss and windage loss are not part of the eqtlivaient circuit,
the “effective” efficiency " must be increased. Assuming that these losses contribute 25%

of the fotal losses in a 1n0i:or [6], theleffective efficiency is
n = 0.25 + 0.75 ‘N | (3.D
The equivalent circuit parameters may be approximated as follows:
RS._='cose-[1-n'/(.l-sr)] - (3.2)
Let Rr be the equivalént rotor resistance..Then

R, = s M/[(1-5s ) cosb] | L 33)

Xy =M /[(1-s)-sin®] (3.4)
During start-up, the equivalent rotor resistance Ry can be approximated by

Ry = Tge -+ cos 0/[(?-(1-5)] | (3.9

where Ty is the starting torque and Iy is the starting current at rated voltage.




After R, and R are determined, the rotor resistances can be calculated as

-z
[

= Ry * (1+m?)-R, m? - (3.6)

Ry = Ry-R/(Ry-R;) o (3.7)
In Equation (3.6), m is the design ratio. Its normal range is between 0.5 and 1.5 [7]. It is
shown in [6] that m is around 1.0 for normal double-cage rotors, and between 0.5 and 0.6
for deep bar rotors. In this conversion pfocedure, m is initially set to unity and is later
adjusted until the breakdown torque requirement is met.

After Ry and R are determined, X, can be calculated as
X,=(R;{+Ry)/m - . (3.8)

To take the variation of the leakage reactance into account according to Figure 3.2,

the starting currents at two different voltage levels are needed. The total leakage reactance

at rated voltage starting (X;;) can be calculated as




whereas the one at reduced voltage starting (X;jp) can be calculated as

: . .
thZ = [Ld] - (Rs + RVS‘I)Z ' R (310)

The variation of the leakage reactance with current can be represented by a

describing function DF [6]: -

DF = 1.0 ' for I < Igy

DF = 2/m)-[a0+0.5-sin (2- ) ] for T > Iy

where o = sin? (I /1) (3.11)
X r 3

v
p—

Figure 3.2 Variation of Leakage Reactance with Current

With this function, the total leakage reactance X, can be expressed as the sum of an

unsaturable part X, and a saturable part X, that is,

12



Xy = X0 +DF- X | (3.12)
Using Equations (3.9), (3.10), and (3.12), X and X, can be calculated as follows:

X = (X, _'Xt‘l&) ,
“ (DF,- DF,) - . (3.3

o ths'DFz — szz DFs \
fo. = DF, - DF, | (3.14)

where DFg and DF, are obtained from Equation (3.11) using I and I .4, respectively.

If the total saturable and unsaturable leakage reactances are divided equally between

the stator and rotor, the reactances can be formulated as follows:

Xoo = X0/ 2 ‘ (3:15)

Xy =Xg-Rye (Ry/Ry)-m/(m?+1) - (3.16)
Xgs = X5/ 2 | (3.17)
X = Xis /2 | - (3.18)

At this stage, initial estimates for all circuit parameters are found. Furthermore, both

X, and X, in Figure 3.1 now consist of two parts, namely, the saturable and the uhsaturable

parts as shown in Figure 3.3.
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Z Xlll
1mn .
> Ry

., ]Rl

Figure 3.3 Equivalent Circuit of a Double-Cage Induction Motor
with Saturable and Unsaturable Leakage Reactances

The accuracy of X, can be improved to match the manufacturer’s data more closely, by

using an iterative method involving the power factor [6]. In this method, the induction
motor is represented by a transient Thevenin equivalent circuit, which consists of a transient

~ voltage source V' = V'yq +j V'q behind a transient impedance Z'g = Rg + j X's. It can be

shown that

X=X [ 1+ X/ (X + X)) ] ’ (3.19)

V' =(1-Rg-cosB-X-sin@)+ j(-Xg-cos0+Rg+sin) (3.20)

where X, is the unsaturated leakage reactance of the stator (Xg, = X, + Xgg). Using

Equation (3.20), the ratio of the imaginary to real parts of V’is

V! —X’-cos@+R,sinf

d

" "1-R,-cosf — X/-sin@ | (3.21)



Moreover, a new variable Xy is defined as

_(R./s,)-(cosB=R)
S sin @ — X! T | - (3:22)

X

where X = X, + Xy

After X' “;‘1 , and X are determined, new estimates for R, and X, are:
. d . .
| Vi v
R s X (R v+ X )
T v, (3.23)
R —-X_ - ﬁ o
X, =X, (X, - X)) o (3.24)

The new values of R, and X, are then compared to the old ones. If the differences are

Vg
Vi

larger than an acceptable tolerance, parameters Ry, Ry, Xo, X0, X', oL, X, Ry, and X

are recalculated. Typically, 5 steps are needed for these iterative improvements.

Referring to Figure 3.3, the per-unit torque at slip s is
T=(Re(Vip ") -111%2-Rg) / Tpye , (3.25)

is the rated machine torque, defined as follow:

rate

where T

Tre =N 08 0/(1-5.) - , (3.26)




" Care must be exercised in determining Iy used in Equation (3.25). Initially | I | énd Iy | are
predipted so that the DF(s) for both X, and X can be approximated. After the DF(s) have
been estimateci, the input impedance Z;, can be determined, which, in turn, leads to new
values of [ I land |1 1. Ij and I, are_iierated in this manner until the changes beco.me
negligibly small. After I; has been determined in this way, the torque at shp s can then be
calculated using Equation (3.25).

The breakdown torque for this set of machine parameters is then deteﬁnined. This
actu;ﬂ_ breakdov?n torque is c‘ompared to the fated breakdown torque. ‘If there is a
disagreement, the design ratio m is ;avdjusted [7] and parameters R;, Ry, X5, and X, are
reczilculated. This process is repeated untﬂfhe actﬁal and rated breakdoxyn torques are
reasonably close.

In [6]; the breakdown torque requirement is met by adjusting the saturation

threshold current Ig,,. However, the breakdown torque value is fairly insensitive to changes
n Ig,,, as shown in Figure 3.4. Thus, after the circuit parameters are calculated to satisfy the

'starting' and the full load characteristics, the breakdown torque Valtxe can only be adjusted
slightly. As a result, the breakdown torque requirement cannot always be met using this
approach. The breakdown torque value is very sensitive to changes ﬁl m, however, as
shown in Figure 3.5. Modifying m is therefore an effective way of meeting the breakdown
torque requirement. Moreover, since m is usuaﬂy unavailable from the manufacturer, it 1s

better to determine it using the rated breakdown torque, rather than assigning a typical

value to it.
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To conclude this chapter, the data conversion algorithm is summarized in a flowchart shown

in Figure 3.6.

Read Data.

v

Calculate Rs, Rr, Xm,
Xs0, Xss, Xrs, Xsu .

Calculate R1, R2, X2,
Xr0, Xs', Vq/vd, Xs,
New-Rr, New-Xm : Xm = New-Xm
Rr = New-Rr

| New-Rr - Rrl ~
&

I New-Xm - Xm |

< Tol

' . Re-calculate R1, R2,
Calculate Tmax 1

X2, Xro
Tmax = specified
* max lorque ? adjust m

Figure 3.6. Flowchart for the Data Conversion Algorithm




CHAPTER 4

STEADY-STATE REPRESENTATION AND INITIALIZATION

4.1 INTRODUCTION
For balanced steady-state operation, the three-phase induction motor can be
represented as three identical impedances Z,, in the three phases. There are several

but they all require that the operating slip s, be known a priori.

methods for obtaining Zpos,

The operating slip s, will be different from the rated slip, however, if the actual and rated

terminal voltages are noticeably different.

One way to obtain Z is to find the input impedance of the equivalent circuit in

Figure 3.3. Saturation of the leakage reactances can be neglected, since the current will be

close to its rated value under steady-state conditions. Another method of finding Zpos is to

use the following cqu@tion [8]:
Zipos = Ry +j 05 Loy - j 0 [Lagl { IR+ jso 0 Ll )7 5o 05 [Legl - (4.1)

where 00.S is the synchronous speed of the suppiy network and

—Lﬂl
Laa =Ls+ L, Ly 1= L } )

m

| 'R, 0
[Lllf] = [Lm Lm] b [R'] = L O R2 b

rr

L+L+L  L+L
(L,1= |

| L+L LA+L+L, (4.2)

19



~ In practice, s, is not known unless the motor is started from rest (s, = 1, speed = 0), |

but it can be found iteratively with a given torque-speed characteristic of the load.
In steady state, the motor is running at a constant speed. The net torque acting on
the rotor is therefore zero,

T

motor~ Lload = 0 | o (4.3) :
Since both T, ., and T),,q are functions of slip, Equation (4.3) can be used to find the
,operating‘sh‘p So Tioad Will be known as a function of speed or slip, but the machine torque-
slip characteristic T, (s) is strongly influenced by the machine terminal voltage, which in
turn depends on Zyqs and s, Hence, iterativa algorithms must be used to find s,. In this
section, two methods of finding s, will be discussed, namely, the Thavenhl equivalent based

method and thé compensation based method.

4.2 THE THEVENIN EQUIVALENT BASED METHOD

In the Thevenin equivaient based method, the netWork ta which the machines are
connected, is. repraseilted by a. Thevenin ,equivalent‘ pircuit. The operating slips of the
machines are then determined iteratively usiﬁg this equivalent circuit. The advantage of this
method is that it can be implemented . easily as a separated routine, thus, very minor
modifications are needed in the existing EMTP code. This method, however, works well
only in the cases where the motors are cdnnected to tﬁe .same; bus. In spite of this ]imiiation,

this method is quite useful in obtaining the operating slip(s) in single motor analysis and in
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motor-starting studies (i.e., the study of the influence of motor starting on other motors on

the same bus). This solution method is summarized as follows:

1) Obtain tﬁe positive 'sequence Thevenin equivalent circuit of the network to which -
the motoré are connected.

2) Sets,{?) =5, for each motor.

3) Calculate the input impedance Zpyos for each motor.

4) Calculate .the bus voltage, using the voltage djvider equation.

5) Find the operating slip so( 1) for each antbr with the voltage‘ obtained from step A4,
by solving Equation (4.3) with Newton’svmet}llod.

6) Check whether | s,(1) - s,(1-1) ] is less than a gi_ven‘ tolerance for each motor. If
yes, stop.

7) Otherwise, assign s,{1) = so( i-1) for each motor and go to step 3.

A program was written to vdﬁdaté this solution method. This program contains four
sets of machine data and allows the user to obtain the oper.atin.g slip of each machine. The
user is'required to enter the number of machines on the bus and the Thevenin Voltdge and
ﬁnpedance of the supply network. The machine data and their definitions are provided,

respectively, in Table 4.1 and Figﬁre 4.1.
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Table 4.1 Machine Data [11]

% Motor #1 Motor #2 Motor #3 Motor #4
i | Ry 0.07 Q 0.25Q 0.191 Q 0.076 Q
‘ | R; 0.05 Q 02Q 00707 Q 0.062 Q
X1 02Q 12Q 0.75398 Q 0.195 Q
Xz 02Q" 110 0.75398 Q 0.195 Q
Xm 65Q 350 Q 16.8892 Q 6.386 Q
# of Poles 8 4 6 8
Rated Slip 0.0 002222 0.016667 0.03
Load Torque | T=15467® | T=3.081030? | T=244150 | T=0.11073 of

Note: rated line-to-line voltage = 460 V

Xm E R2/S

Figure 4.1 Definitions of the Parameters in Table 4.1
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Four cases have been studied using this program; the results are summarized as follows:

Case #1

Ry, =0.0 Q, Xy, =0.0 Q

Number of machines studied: ‘4
Number of iterations required: 1
Operating slip of motor #1: 0.040000
Operating slip of motor #2: 0.022220
Operating slip of motor #3: 0.016667
Operating slip of motor #4:  0.030000

~ Net torque on motor #1:  0.00450378 N -m
Net torque on motor #2:  -0.00006898 N -m

Net torque on motor #3:  -0.00208136 N -m
Net torque on motor #4:  0.00085635 N -m

Case #2
Ry =0.0 Q, Xy, =0.02 Q
Number of machines studied: 2

Number of iterations required: 3

Operating slip of motor #1: 0.040814
Operating slip of motor #2: 0.022620

Net torque on motor #1:  0.00837990 N -m
Net torque on'motor #2:  0.00062572 N -m
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Case #3

Ry, =0.0Q, Xy =0.02Q

Number of machines studied: 4
Number of iterations required: 4

Operating slip of motor #1: 0.041580
Operating slip of motor #2: 0.022993
Operating slip of motor #3: 0.017363
Operating slip of motor #4: 0.030986

Net torque on motor #1:  0.00149221 N -m

Net torque on motor #2: 0.00010812 N -m

Net torque on motor #3:  0.00029827 N -m

Net torque on motor #4:  0.00098647 N-m
Case #4 |

Ry, = 0.0 Q, Xy, = 0.06 Q

Number of machines studied: 4

Number of iterations required: 6

Operating slip of motor #1: 0.045712
Operating slip of motor #2: 0.024970
Operating slip of motor #3: 0.019215
Operating slip of motor #4: 0.033478

Net torque on motor #1: 0.00346631 N -m
Net torque on motor #2:  0.00025674 N -m

Net torque on motor #3:  0.00073395 N -m
" Net torque on motor #4: . 0.00227984 N -m

In Case #1, since Ry, = Xy, = 0.0, the rated'vbltage is directly applied to the

machines; hence, the machines are operating at their rated slips, and the program terminated

in one-iteration. The situations in Cases #2 and #3 are identical except for the number of
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machines inv'olved.. It is observed that the number of iterations increases with the number of
machines being studied; the increase is minor, however. Case #4 shows that this solutioh
method converges to a correct solution even if a large Theveniﬁ reactance is used. All these
results suggest that the Thevenin equivalent based method is an efficient way to obtain the

operating slips of motors connected to the same bus.

4.3 THE COMPENSATION BASED METHOD

The operating slips of induction motors can also be obtained using the compensation

based method. The advantage of this method is that it can be used to determine the

- operating slips of motors at different locations; however, its implementation requires more
changes in the existing EMTP code, compared to the Thev'enin equivalent based method.

The steddy—state solution in the EMTP is based on solving the linear nodal equations
[Y]-[Vl={1. . k : (4.4)

‘This solution can be modified for steady-state initialization of networks with induction

motors as follows:

1) Build the admittance matrix [Y] with Zy, assuming that all induction motors are
operating at their rated slips, or s,{) =, for each motor.

2) Triangularize the admittance matrix [Y].
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3) Find the Yoltages at each node by solving Equation (4.4) with downward operations
! _

and backward substitutions, using the elements of the triangularized admittance

matrix. ;
| 4) Find the (;perating s.lip sg' 1) for each motor with the voltages_from step 3, by
solving Eiquation (4.3) with Newton’s method.
5) éheck wlllether | so( . so( -1 s lesé than a givén tolerance for each motor.

i
If yes, stop.

6) Otherwise, add a correction term I to the k™ element of the current vector [I]

! COIT, (k)

if the slipfis not accurate-enough for the motor at node k,

where !

Icorr(k); = [ Yposy(Srate) - Yposk(so( D)1 v

t

Vi) = voltage at node k (at i

¢

|
] . . . : .
Yposk(]smte) = input admittance of the motor at node k at slip s,

'

% jteration) ;

Yposk(éo( 1)) = input admittance of the motor at node k at slip s,{ 1) .

7) Assign SO(; i-1) =5 (1) for each motor. Go to step 3.

In step '6,Ethe correction term to the k' element of [I] compensates for the fact that
the motor at node k is not operating at its rated slip. One can achieve the same effect by
actually updating! the [Y] matrix; this method, however, requires re-triangularization of [Y]

in'each iterative §tép, while the algorithm described here requires only one triangularization
| .

of [Y]. Only forward operations and backward substitutions have to be performed in re-




calculating the voltage vector in each iterative-step. For one induction motor, the solution
I i : .
usually convergéd within 2-3. iterations. For more induction motors, the number of

iterations may increase.
i v
In drder'tfo validate this solution method, a practical motor network is studied [9].
i -
This network consists of five interconnected motors, as shown in Figure 4.2. The machine

parameters and t}:16 relevant data of the network are provided in Tables 4.2, 4.3, and 4.4.

i
|
|
I
i
i
i
|
|

T1

V=10pu

L3

e
& | |
| D)

TS

Figure 4.2 Motor Network used to Validate the Compensation Based Method .
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Table 4.2 Machine Parameters of the Motor Network

Based on 345 kV, 100 MVA

M1, M3, M4 M2, M5
Srate 0.0179 0.0083
R> 0.408 p.u. 0.633 p.u.
R; 0.204 p.u. 2.25 p.u.
X1, X2 2.01 pu. - 7.0 p.u.
Xm 50.0 p.u. 157.5 p.u.
# of Poles ' 2 6

Load Torque for M1: T =100 +27.48737 w
Load Torque for M2: T =750 + 78.44743 o
Load Torque for M3: T =7.49709 -102 ?

Load Torque for M4: T =1250 + 6.58522-102 w
Load Torque for M5: T =0.677782 w?

Refer to Figure 4.1 for definitions of the parameters.

Table 4.3 Transmission Line Data

Based on 345 kV, 100 MVA

Series Resistance Series Reactance Shunt Admittance
Linel-4 0.001 p.u. 0.0055 p.u. 0.0008 p.u.
Line 5 0.002 p.u. : 0.0110 p.u. ~ 0.0016 p.u.

Table 4.4 Transformer Data

Based on 345 kV, 100 MVA

Transformer Reactance
Transformers 1, 3, 4 0.3773 p.u. -
Transformers 2, 5 1.2799 p.u.

Note : The transformer reactances are assumed to be 45% of the
corresponding machine rating.
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A program was written to determine the operating slips of these machinés using the
compensation based method. The results of this program are provided in Table 4.5. In order ‘
to test the convergence of this iterative algorithm, the transformer reactances are increased
to 2.5 times their nominal values. It is observe.d .that an extra if[eration is needed to obtain
the operating slips after the transformer reactances have been increased. These results

indicate that the compensation based method is efficient and robust.

Table 4.5 Operating Slips Obtained by Using the Compensation Based Method

_ Operating Slip Operating Slip
Rated Slip nominal transformer - 2.5 times nominal

- reactance transformer reactance
Motor #1 0.017900 0.01827689 0.01888605
Motor #2 10.008300 0.01045600 0.01091092
Motor #3 - 0.017900 0.01827924 0.01887615
Motor #4 0.017900 0.01828497 0.01888536
Motor #5 0.008300 0.01043090 0.01087720

Number of iterations for the case of nominal transformer reactance: 3

Number of iterations for the case of 2.5 times nominal transformer reactance: 4
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4.4 INITIALIZATION OF STATOR AND ROTOR CURRENTS

After the operating slip s, is determined, the stator currents in phases a, b, and ¢

can be calculated. Suppose thatthe stator currents are as follows:

iy(0) =1 11 cos(gt + 0)
in(0) = 1 11 cos(agt + o - 120°)

i.(t) =111 cos(agt + o - 240°) | 4.5
Then, the corresponding currents in the d,q,0- reference frame are

ig(t) = \/glllsin(so Wgt+ - 0)
. 3 |
lq(t.): \/;lllcos(sowswoc-?})

iH=0 | | R X0

where . is the angle between the position of the quadrature axis and the real axis. For -
induction motors, & can be set to any arbitrary value. After 8 is chosen, initial value for B

can be determined as follows:

By =8+~ | | @7
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The d- and q- axis stator currents can be represented by a complex phasor

_ 3 s
I, = /Eme“ %) | | (4.8)

with the understanding that

i,(=Re{l,e""")

i, ()=Im{I, """} (4.9)

As can be seen from Figure 4.3, the current phasors 1, ,, and I,,,, can be calculated using

current division techniques after I 4, has been determined. The real and imaginary parts of

these phasors, respectively, represent the corresponding g- and d- axis rotor currents.

~I

ridg . X2

X ' .
m% R]/S

Rz/S

Figure 4.3 Definitions of the Current Phasors



Another way to obtain the current phasors 7, 4 and I, 4q 1S 10 use the following equation

[8]:

I ' 7
[ljld‘l} =—{[R1+js, @, [L,1}" js, @, [L,] I, . (4.10)

r2dq
where [Ry], [Ly] and [Ly,] are defined in Equation (4.2).

In summary, the steady-state solution of an induction machine consists of two parts:
determination of the operating slip and initialization of the machine currents. The operating
slip is’determine.d using either the ,Thevenin. equivalent based method or the compensation
based method. After the operating slip is found, the stator currents can be determined.
These currents are then used to calculate the rotor currents using ¢ither the current division

techniques or Equation (4.10).
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CHAPTER 5.

TRANSIENT SOLUTION

5.1 INTRODUCTION

The minor modifications in the synchronous machine model to make it behave as an
induction motor modél have been implemented in UBC’s EMTP version MicroTran®. The
actual program changes were minor [10] and were done by Dr. H. W. Dommel because he
knows the details of the EMTP code better. In order to validate the EMTP resﬁlts;}an
independent simulation program, based on the 4th-order Runge-Kutta solution method, was
written. The purpose of this program 1S to- Study the inducﬁon motor behavior during start-
up. The supply network is represented by a Thevenin equivélent circuit, ie., a Voltége

source, V, behind a positive sequence inductance, Lgy;.

The behavior of an induction machine is governed by two sets of equations, namely,
the electrical equations and the mechanical equations. These two sets of equations are not-
independent from each other; in fact, they are.‘closely related to each other through the
following three variables: speed, angle position, and the ne; torque acting on the rotor. In
this chapter, the details of solifiﬁg; these two sets of equations jusing the 4th-order Rungé-

Kufta method‘ will be discussed.
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5.2. THE ELECTRICAL EQUATIONS

The voltage and current relationships of an induction motor are governed by the

following voltage equations:
. d
_ [Vabc] : -[R] [labc] - E D‘abc] - (51)

where [ V] =[Vy, Vi, Ve Ve Vg Vi Vool '
(1= Ly iy e By i i)
(2] = Dy My A A gy Ay ] T
[R]= diag [R,, R,, R;, Ry, Rg, Rp, RQ]‘(subscript “a’ for armature).

The generator convention is used in Equation (5.1), i.e., positive currents are going out

from the machine terminals.

In order to simplify the calculations, the voltage equations are solved in the 'd-g-o

reference frame, which is a reference frame attached to the rotor. The phase quantities are

transformed to d-g-o quantities through the transformation matrix [T]". That is,

[Vagol = [T17 [Vael
[igqo) = [TT" [iype]

Magol = [T17 [apc] (5.2)

'
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where

cos B cos(f —120°) cos(f +120°) 0 0 O O

sin B sin(f —120°) sin(B +120°) 0 0 0O 0

[T] = Sl 0 0 0 1 00 0
0 0 0 010 0 (53)

0 0 0 00 1 0

L0 0 0 000 1]

and where B is the angular position of the rotor relative to Fhe stator, ineasured in electriéal
radians.

In this transformation, the stator variables m phase quantities are projected onto the
rotating reference frame, while the rotor Vziriables are unaffected. Moreover, this

transformation matrix is orthogonal, that is
TI=Cm) " (5.4)

To include the inductance of the supply network, an extra term is added to the

voltage equations,

3 d . ) o d : B ‘
. [Vabc].: - [Lext] ; [labc] - [R] [labc] - ; [}“abcj ‘ (55) }

where [Lgyl = diag[Ley Lexp Lexe 05 0, 0, 0],
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Expressing the a, b, ¢ - quantities as d, g, o- quantities, Equation (5.5) becomes

[T [Vagel = - (Ll = { [T ligge] ) - [RT [T] figg] - = ([T [hgqol ) (5.6)

[Vago) = - ITI [Lexd [T] [TI { im lidgo) + [T] di[idqo] } - [TT R [T] [iggo)

41

TP T Dgge] +1T0 hagol ) 5.7)

d
Since [T]' — [T] = [w], where
dt :

0 w 0 0 0 0 0

~w o 0 0 0 0 0

0 o o0 0 0 0 0

[w]=] O o o0 0 0 0 0
0 o 0 0 0 0 0 (5.8)

0 O 0 0 .0 0 0

0 o 0o 0 0 0 0]

and

[Maqol = Lgo] Hago] - (5.9)
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where

L, 0 0 M, 0 My

o L 0 0 M, 0

0 0 L, 0 0 0

[quo]‘ M 0 0 Ly 0 M g
0 M, 0 0 L, 0

My 0 0 My, 0 Lp,

| 0 My, 00 My, o 0

with

Lff:ng =L1 +Lr+Lm
LDD = LQQ = L2 +’Lr + Lm
MfD = MgQ: Lr + Lm ‘

Mgs = Mgp = Mgg = Mgq =L
the voltage equations can be expressed as

[Vago) = - [TI" sl [T] ( (0] Tiggol + %ﬁdqo] ) - IR] [iggol

- { 0] Lago] liagel +[Liago) ~ liagel )
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(5.11d)
(5.11e)

(5.119)
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Let [M]=[T]7« [Leg * [T

Then
[Vagel =~ ( IM1 [0] + [R] + [0] [Lgq] }ligge] - { M+ [Lagol }  liggel (513
Define
[A] = [M] [0] + [R] < [0][Lygo]
and
[(B] = [M] + [Lygo]
then
[Vagol =~ [A] liggol - [B] * ligge] (5.14)
% lidgo] = - [BI [A] [iggo] - [BI™ [Vago] (5.15)

Equation (5.15) is a set of first order ordinzujy differential equations, which can be solved
using 4th-order RLlllgeTKlltta method. In each time étep, O ;(md B must be known in order to
evaluate the right-hand side of Equation (5.15). These two variab'les, however, are not
known until the mechanicﬁl equations, which also depend on [i(iqo], are solved. As a result,
at the beginning of each time step, B and  are first predicted using Equations (5.16) and

(5.17), respectively.
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B(t) =B(t- At) + 0.5 At [ o(t - At) + o(t) ] (5.16)
and

o(t) =2 o(t - At) - o(t- 2At) B | , : (5.17)

After B(t) and w(t) are predicted, [idqo(t)] is then determined, which, in turn, enables the

mechanical equations to be solved. Upon solving the mechanical equations, new values of
B(t) and w(t) are obtained. These values are compared with the ones predicted earlier. If
they are reasonably close, ‘the program will proceed to the next time step. Otherwise,

[igqo(D)] are rg—calculated using the new values of 3 and .

Alternatively, the mechanical equations [Equations (5.18)A.and (5.19)], could have
been added to ;hé electripal equations [Equation (5.15)] to form a system of nine ordinary
differential equations. These equations can then be solved simultaneously without using the
prediction formulas. However, the method described here resembles the EMTP solution

method more closely, and is therefore used to solve the two sets of differential equations.

5.3 . THE MECHANICAL EQUATIONS

The mechanical variables of an induction motor are governed by the following

differential equations:

dw-

net , 5.18
It , . (5.18)

and
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a8

dt '

(5.19)

where J is the moment of inertia of thé rotor and mechanical load, and Ty is the net torque

acting on it. Using the generator convention, Ty, is defined as

Tyee=T

mech ~ Tclec

(5.20)

net —

where T

ech 1 the mechanical torque of the mechanical load and T is the electrical

torque defined as:
Tejee = M ig - Xq iq ' ' (5.21)

| Equations (5.18) and (5.19) can be solved using the trapezoidal integration rule:

At : - o ‘
o) = = [ Thei(t) + Tpe( t- AD T+ o(t - At) (5.22)
and
At ' ' A
B = - [ @) + w(t - At ]+ B(t- A (5.23) .
All the quantities in Equations (5.18) - (5.23) are referred to the electrical side;-however,

these equations are also valid for mechanical quantities, provided that the following

conversions are used:
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vJelec = Jmec:h_/ (P/2)? ‘ - (5.24a)

Betec = (P/2) Brnecn , (5'.2_4b)
Tetec = Tmecn / (P12) : . (5.24¢)
Oetec = (P/2) Omec . (5.24d)

where P is the number of poles.

5.4 SATURATION IN THE LEAKAGE PATH

In the previous eciuations,ﬁaturaﬁon effects were ignored. With minor modifications
in some of the equations, it is possible to include the léakage saturation effects. Instead of
having two nonlinear leal<ége inductances, as shown in Fig.ure 3.3, the nonlinear inductances
L and L, are represented by a single nonlinear inductancé Lsa‘t outside. the macﬁine
terminals. In fact, the nonlinear effects of the stator leakage inductance canﬂot be modeled
in the d,q,0 - reference frame, since the currents in the d,q- circuits ﬁre at slip freduency,
which is quite different from the supply frequency in the stator coils. For the rotor leakage
inductance, the situation is different,. but rotbr saturation is usually small compared to stator
saturation. Modeling the.leAkage saturatibn outside thé machine terminals resuﬁs in the

following modifications in [Ley,] and in some elements of [quo]:

[Lext] = diag[L(‘EX[ + Lsat(ia)7 Lext + LS‘(lt(ib)’ Lext + LS'(lt(iC)’ O’ O’ O’ O] (525)




Lg=Lg+ Ly

Lge=Lgp - Lm

Lip =Lg=L; +Ln

Lpp =Ly +Lo+Ly (5.26)

and analogous equations for the g-axis quantities.

The flux and current relationship of Ly, is defined as follows:
A=(Lg+L,) DF@) -1 (5.27)

This nonlinear relationship can be represented fairly accurately by a piecewise linear

inductance with five slopes, as shown in Figure 5.1.

03 4| ‘ T T L T |. T T

0.25 :
0.2} _- i

0.15}F : 1

0.1 ' ' .

Flux Linkage in V*sec

0.05

0 1 1 ! 1 | 1 1 1
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
: Currentin A

Figure 5.1 Saturation Characteristic and its Piecewise Linear Representation
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Lgae in each phase may have different values, depending on the magnitude of the

phasé current flowing. through it. In each time step, it is therefore necessary to check
whether the phase current is still in the region in which the inductance is vﬁlid. If not, the
inductance must be adjusted before pfoceeding to the next ti}ne step. This suggests that
overshooting pr';)blems, may occur at change-over points. In order to minimize the

overshoot, a small time step At should be used. It was found that At in the range of 0.1 ms

to 0.5 ms is appropriate for this type of transient analysis.
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CHAPTER 6

OPTIMIZATION ALGORITHM FOR FINDING THE BEST
PIECEWISE LINEAR A -i CHARACTERISTIC

6.1 INTRODUCTION

In the previous chapter, it'was shown that the nonlinear A - i characteristic can be

represented by a piecewise linear inductance with five slopes.'In the EMTP, the nonlinear
inductances are also represented by piecewise linear segments. In this chapter, an
optimization algorithm is discussed for finding a best-fit piecewise linear representation of

the A -1 curve
A(i)=L-DFG)-i - 6
Moreover, two examples are given to illustrate this optimization algorithm.

6.2 OBJECTIVE FUNCTION

A nonlinear A - i characteristic and its piecewise linear representation with five

~ slopes are shownin Figure 6.1.
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Figure 6.1 X - i Characteristic and its Piecewise Linear Representation

One possible criterion for selecting an optimal piecewise linear characteristic is to minimize

the total aréa between the exact and the fitted curve (Figure 6.1). The equation for each line

segment is as follows:

sgment1” A=L-i | - 6.2)
sgment2: A= { (M) - M) 1+ + [ A - Ty A T 1) /[ -1y ] (6.3)
segment3: A= {[A0p) Mg 1+i +[ M-I, . M)+ To1) /[Ty -Ty] (6.4)
segment4: A= {[M09- M1+ ;[mq)-ld Ml Ig 1} /- Tg ] - (6.5)

‘ segments: A

{IAMI)-Mp1-i+[AIy - II.mlx Y N(RRES PR R RAR S Py (6.6)
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Define

ML) - I
My = X ;) ?( )
_ ‘ 2 4
and
ML) L, = ML) T
c,, L) = 1/ 1 2/ 4
I 2 11
Then Equations (6.2) - (6.6) become
segment 1: A=L-i
scgment2: A=M(L) i + CUpl)
segment 3: A= M(IO,IP) -1+ C(IO,Ip)
segment 4: CA=Mgly) i + Cayly
segment 5: A =M1 1 + Clg, %)
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(6.8)

(6.9) ’
(6.10)
(6.11)
6.12)
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Using Equations (6.9) - (6.13), the total area between the exact and the fitted curves can be

formulated as follows:

I ] 1,
A = Jl [Lei-AG)]di + Jl [ ML) * i + Clply) - AG) 1 di

sat

+

-1 1,
J; [AG) - Ml * i - Cply) 1di + Jl [ M, 1) * i+ Clly) - AG) 1 di

m n

+

1, . . 1, . . .
Jlb [ M(IO,Ip) i+ C(IO,Ip) -AMD]di + JI [ AG) - M(IO,Ip) °i - C(IO,Ip) 1di

o

I X 1
+ _[Ip [ Mgl * i +Clglp) - A 1di- + qu [Mdglg) i +Clglg) - A1 di

d

1 I ‘
+ J-Id[X(i)-M(Iq,Id)'i‘-C(Iq,Id)]di + J-I [AD - MgL,.0) " i - Clglpo1di (6.14)

The goal of the optimization is to find optimal values for independent variables I, Iy, I, I,

I

me s Lo I‘p., and I, such that the objective function A becomes a minimum.

6.3 METHOD FOR FINDING THE OPTIMAL SOLUTION

At the minimum point of A, the partial derivatives of A with respect to all

independent variables must be zero. That s,

IA N () |
_ a_i = L-I, - M(I,.I) T, - C(IpL) =0 (6.15)
I, : , ,




Jd A . .
= [MlInly) - MU T 1+ Ty + Cllgly) - CllpTy) =0 (6.16)
b
A o -
S = [MUGT) - Mgl T+ e + Clolp) - Cllgly =0 (6.17)
2 05-(212-12-12) 2 ML)+ (2L - -1 = C(I1y)
I, : q ¢ ~d a1, qrd’ q-c”d a1, q"d

. | d
-Tg- M{g.Ig) - Cg.Ig) - 0.5+ (Ipay® - 1g?) - — M1y, Inax)

1,

B v
+1g - Mg Inax) - Ipax - 19) - '37 ClgImax) + Clg.lnax)

d

(6.18)

=0
5 A ,
o, C 0.5-(21,2-L2-2 L2+ %) - — ML) + 2 Iy - ML 1)
1 ar
(21 -1 - 2L + 1) -~ Cpky) +2 Cly) - 2 A0Ty)
: a1 . .
=0 (6.19)
.
=050 (2012 212 4 I - ML) - 21, - ML)
21, o1, |
F (20, - L - 2L + ) - = Cll ) - 2 Ty + 2 Aly)
: JI . .
(6.20)

=0
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J
ol , oI

0. o

JdA '
=05 (217 - P - 2 2+ 1D - — ML) + 2 1y - M(I, 1)

#(21y-Ty- 2L, +19) - ai Clolp) +2 CUuly) - 2 M)

ID
=0 - ‘ (6.21)
)4 2 1.2 2 2., 9 -
a_I_= ().5'(210 -Ib —ZIp +'IC)-9—IM(IO,IP)—ZIP°M(IQ,IP)
p ' p )
. J
+(21,-T,,-2L. +1)- — C{UI,I.)-2CI,L) +2 A1
( 0 b‘ p‘ c) z?Ip (o p) . (0 p) (p)
=O (6.22)
J A 2 12 2N, 9 ; " .
a_z = 0.5-(21q -Ic - Id )°;;— M(Iq,Id)+ZIq-M(Iq,Id)
q ' q

(2111 - -;7 C(Iyl) +2 Clg ) - 2 Ay

q

=0 . o (623

This system of nonlinear equations can be solved with the Newton-Raphson method. The

procedure for using this method can be summarized as follows:

1) Setn=0.
2) Estimate the initial current vector I® =[1,, I, I, Iy, Iy, Iy, L, I, Iq]T
3) Evaluate the derivative vector F® using I®,

" where
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F® =[ Fy, F), F3, Fy, Fs, Fg, F7, Fg, Fg 17

Jd A

Jd A

_|oa 3 A J A dA . IA: JA J A
...8Ia a1, o1, al, o1, I, al, JI, II,
4) Evaluate the Jacobian Matrix J® using I® .
where
[0 F, JF OF
0 _
91, R VA D A
J 1, 91, 91, a1, 91,
0 0 dF, OJF, 0 0 JdF, JF F3
d I, Jd I, 3 1, Jd Ip 8 Iq
OF, 0 ' o
0 0 4 ki, 0 0 0 0 Fy
o1 JI, 4 1,
= O 0 0 0 0
[J] 8 Ia (9 Ib' a Im a'In
JF JF, " JF, OJF, -
= £ 0 0 : £ 0 0 - 0
a Ia a Ib a Im 3 In ‘
JF, OJOF JdF OJF
0 7 7 O O 0 7 7 0
I, 91 J1, 91,
JF, d JdF, OJF
0 . Fs 0 0 0 il £ 0
' 0 I, d I, . J I, J Ip
JdF, OJF : O F
0 0 2 : 0 0 0 0 :
i 91, 91, J 1,

and where the elements of J are defined in Appendix A.
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.5)

6)

7)

8)

Estimate the correction current vector AI® by solving the linear system
JO o AT = p(w)

Check whether the absolute value of each element in AI® s less than a given

tolerance. If yes, stop.

Otherwise, adjust the current vector I™ as follows:

[(+D) 2 () - AT

Increment n by 1 and go to step 3.

6.4. Examples

Two examples are given to illustrate this optimization algorithm.

Example #1

L =9.08840-10° H, Tpue=1137.565A, Iy =15pu, Ipy=150pu.

Using the above data, the optimization program yields the following results:

L = 9.08840-105H I, = 1853.75 A

L,= 1.80852-10° H I, = 2898.83 A
L,= 3.18004-10°H I, = 521453 A
L,= 3.63107-10"H Iy = 10077.05 A

Ls= 8.84719-10%H
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where Ly, ..., Ls are the slopes (inductances) of the linear segments, and L, ..., I are the
current points -at which the piecewise linear curve changes from one segment to another. A
comparison between the "actual nonlinear characteristic and its piecewise linear

representation is shown in Figure 6.2.

0.2

Flux Linkage in \V*sec
[ow]

0 1 I 1 1 L 1 1 1
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Current in A

Figure 6.2 Comparison of the Saturation Characteristic and its Piecewise Linear Representation (I, =1.5 p.u.)

Example #2 :
L =9.08840-10° H, Ipue=1137.565 A, I =3.0pu, I =15.0p.u.

- Using the above data, the optimization program yields the following results:

L, = 9.08840-10° H I,

= 3639.39 A
L,= 243524105 H. I, = 5087.09 A
L;= 6.50988-10°H I, = 7773.70 A
L,= 1.41785-10%H | Iy = 12036.04 A

Ls= 5.38722-107H
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Again, Ly, ..., L are the slopes (inductances) of the linear segments, and I, ..., Iq are the
current points at which the piecewise linear curve changes from one segment to another. A
comparison of the actual nonlinear characteristic and its piecewise linear representation is

shown in Figure 6.3.

04 , , . . . . - [
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w
T

L

o
-
T

1

" Flux Linkage in Vesec
o
N

0 L L 1 1 I 1 1 1
0 2000 4000 6000. 8000 10000 12000 14000 16000 18000
: Current in A C '

Figure 6.3 Comparison of the Saturation Characteristic and its Piecewise Linear Representation (I, = 3.0 p.u.)

- Figures 6.2 and 6.3 show that the piecewise linear curves approximate the nonlinear

characteristics very well.
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CHAPTER 7
CASE STUDY

To show the usefulness of the proposed induction motor modeL the start-up of a
large induction motor is simulated. The supply network of the motor is represented as a
Thevenin equivalent circuit, with a voltage of 6797.33 V (RMS, line-to-line), behind an

 inductance of Lpos = 0.5305 mH. The machine specifications are listed in Table 7.1.

Table 7.1 Specifications of the 11 000 HP Induction Motor [6]

Line-to-Line Voltage: 6600V

Full Load Specifications:
Efficiency = 0.985,
Power Factor = 0.906,
Rated Slip = 0.00622.

Starting Specifications:
at V=10p.u, 1=8.0p.u,
at V=0.758p.u., 1=6.03pu,
Starting Torque = 1.457 p.u.

Other Information:
Maximum Torque = 3.5 p.u.,
Number of Poles =4, .
" I =2.0p.u,
Moment of Inertia = 50 590 Ib+ft?,
Mechanical Load : T, .o, = 1.21-w?, where o is the
‘ machine speed in rad/sec.
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Using the data conversion program described in Chapter 3, the following equivalent circuit

parameters (in p.u.) are obtained:

R, = 4.586:103, X, = 6.009-10%, X = 3.616-107,
Xp= 3.094-10°, X, = 5229102, X, = 3.616-107,
Ry = 2.485-102, R, = 8.756-10%, X, = 6.054-102

With the above data and I, = 15.0 p.u., the optimization program (described in

Chapter 6) yields a piecewise linear curve with the following parameters:

L = 9.08840-105H . I, = 2454.10 A

L,= 203003-10°H . 1, =367T175A
Ly= 4.22453-10°H I, = 618343 A
L,= 633421-10"H Iy =

10869.55 A
L= 1.86161-107H :
L, . Ls are the slopes (inductances) of the linear segments, and I, ..., I are the current
points at which the piecewise linear curve changes from one segment to another. The actual

characteristic and its piecewise linear representation are shown in Figure 7.1. It is seen that

the piecewise linear representation approximates the continuous characteristic very well.
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Figure 7.1 Comparison of the Continuous Saturation Curve and its Piecewise Linear Representation

The simulation results for the 11 000 HP induction motor during start-up are shown

in Figure 7.2.

Currentin A

0 2 ‘ 4 6 8B 10 - 12 14
Time in sec

Figure 7.2(a) Current Envelope
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The current envelope in Figure .7.2(a) shows the large inrush currents which exist
during a motor start-up. The amplitudes ‘of these currents remain practically unchanged until
the motor has reached its rated speed. In addition, hd..c.' 6ffset currents are present in the
beginni'ng of the start-up process. The torque curve, on the other hand-, shows that the
motor torque has large oscillations immediately after the motor is energized. Comparing
Figufes 7.2(a) and 7.2(b), it is‘ seen that the oscillatory torque decays with the d.c. offset
currents. Finally, the speed curve shows that the rotor speed climbs up steadily to its rated
value. A small overshoot is observed before the rotor speed settles down to its rated value.

The results of Figure 7.2 have been obtained with MicroTran, and have been verified
with an independent program, which uses a 4th-order Runge-Kutta solution method, as
discussed in Chapter 5.

Figure 7.2 shows that the linear model overestimates the starting time of the motor,
thus giving a pessimistic result. The saturable inductances are much smaller than their

unsaturable counterparts (Lg/Lgs = L;o/Lys = 15.0); hence, the saturation effects are not

very pronounced in this motor, as illustrated by the differences between the linear and
noniinear models. The saturation effects may be more noticeable in other motors.
To show the correctness of tﬁe proposed steady-state initialization methods, the
behavior of this motor is simulated using the steady-state solution as initial condi_tions.
Using the Thevenin equjvalenth based method, the operating slip of this motor is

found to be 0.005906. Using 6 = 15° ( 0.2618 in rad), and the procedures outlined in

Section 4.4, the following steady-state solution is obtained:
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Iy = 934.9506 A I, =-975.2451 A

I,= 0.0 A I;=-126.7777 A
I, = 297.8980 A v Ip =-393.6692 A
IQ: 829.3784 A o = 374.7645 rad/s (electrical quanﬁty)

B(0) = 1.83260 rad (electrical quantity)

This steady-state solution is then used as initial conditions for the transient simulation. The

simulation results are shown in Figure 7.3.
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Figure 7.3(a) Current Waveform
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Figure 7.3 Steady-State Behavior of an Induction Motor
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Smooth transitions from the steady-state solution to the transient solution are 6bserved in

Figure 7.3. This indicates the correctness of the proposed initialization method.




CHAPTER 8
CONCLUSIONS

Induction motérs fofm a considgrable portidn of industrial loads; hence, the analysis
of their performance 1s often required in system studies. The Electromagnetic Trgnsients
Program (EMTP) is a computer program which can be used to simulate inZiuction motor
behavior. This thesis pfesents a method of (1sing the EMTP synchronous machine model to
Shnulate indUcfion motor transien£s. This approach aﬂows simulations of both machine _
types using essentially the same program code, making program maintenance easier.

A data com)ersidn program which converts standard motor specifications into
equivalent circuit parameters is explained. In this pro gfam, the design ratio is adjusted to
meet the breakdown torque requirement. Thié approach is more effecti.v'e than the one using
_the saturation threshold current [6]. |

Procedures for steady-state initialization are also discussed. Iterative algorithms for
finding the operating sh’ps_'of induction motors are presented as well. Examples of using
these algorithms are giveﬁ. The results suggest that the‘proposed algorithms converge very
quickly to the solution. |

Furthermore, the start-up of an induction motor is simulated using the proposed
model. The simulation results from MicrbTraﬁ agree very well with thc results from the
independent program discussed in this the's.'is.

Finally, an optﬁnization algorithm for finding thé best piecewise linear representation

of the nonlinear saturation characteristic is discussed. Examples of using this algorithm are
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given. The results show that the piecewise linear curves approximate the nonlinear

characteristics very well.
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APPENDIX A

Definitions of the Elements in

the Jacobian Matrix
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The Jacobian matrix J in Section 6.3 is symmetric, and its elements are defined as

follows:

j—i - L-M(,L) | | (A1)

j_IFL 1 ai M(L,,.1L,) - i Ca,,L) - | -(A2>

Z-i— . 511 ML) - a—i:cam,m (A3)

j L M(Ijy 1) - M. 1) o (Ad)
I, .

g? =1 ail ML) + ';—[mC(Im,In) . o | (A5)

’;:2 =1, a—aj— M(I@,In) + f;C(_Im,In) | | (A6)

4%%: “Tp- ai] M(Io1,) - ;—IOC(IO,IP) (AT)

j—? = M(Io.1p) - Mg 1g) - | (A9)

AN M(Iq,i(o S cugly S (A10)-

d1, al, o1, '

% = I a—a[— M(I, L) + ;—IOC(IO,IP) (A11)




A e~ ML 7 LT Al2
of 2 s e
a1, ¢ al, o Ip) a1, o Ip) ‘ . (Al2)
JF, ? ;
=l M(Iq,Id) C(Iq,Id) , (A13)
q 91 q
JF. OF
o= (A14)
I ol
f 2. 72_7.2 o 2
5 =0.5(2132- g -Id)~aTd2M(I ol + (21, -1 -Id) C(Iq,Id)

d 7 _ d
-2 =—Cg 1) +2 Iy T Mglyao) - 2 Ig* T Mgl - M(IgIy)
1, a1 a1,

d

2

J
+M(Id7 max) 0.5 (Imax 'Id ) R — M(Id’ max)+2 C(Id’ max)
d rI
2* o , '
- (Iax - o) * Iz Clg.Imax) (A15)
d
Al DT~ MLT) +0.5 (212 -12- 1,2 2 M(L.,I
e o ——— . + 0.5 - - . ,
o1 4 51 Igla) (217 L7 - 1g7) oI 91 Igla)

q d q d .

d d d
+2—_CII + 21 -1 -1 CI,I Iy —M{J,,I
a1, IgIg) + ( Q- Y (glg) - d’ (Ig:1a)

q q
E
- 7 Cgly | (A16) -

Iq
25 24 (A17)
a 1(1 B 8 Im
or_on At
oI, I,
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a5 AT 2 12 2 2 2’ ?
=05 (2157 - 17 - 21y + 1) —— ML) + 4 Ty 5~ M Ty)

m m m

9 7
F (21 -1, - 21, + 1) —C(,, o) +4 == CllI) - 2 X (I
2172

m Sm

+2 M L) | (A19)

i 2 2 2 2 ? J
=05 (217 - 17~ 217 + 1) —— Ml L) +2 Iy ~ M1y

n n n II

a- d
+(2T, -1, -2 1, +1b) ~ = Clp ) +2 —C(Im,In)

Il Hi

9 9

-2 3_1,: Clm:Ip) -2 1y ;1: M(IpIn) 4 (A20)

dF, JF
=T (A21)
o1, 91,
OF, JF
2% 22 (A22)
a1, IJI,
IF,  JF .
o= - (A23)
J Im J In '
hi 212 RTINA K
a1 =052, -L~ -2+ ;") _a—z,?M(Im’I“) -41, a—InM(Im’I“)
2? J

+(21,-L,-2 In + Ib) C(Im,In) 4 - C(Im,In) +2 NI

-2 ML, L) o (A24)
oF 28,

(A25)

or, I,




JF

7 (9 F3
= (A26)
oI, I,
JF, 2' ) s, 2 P
= 0.5(212-1,*-21, + I.2) M—ZM(IO,IP) +41, I M1, L)
PR P) ,
+(21,-Tp-2 1, + 1) I Cl,Ip) +4 o ClplIp) - 2 ()
+2 M(I, 1) : (A27)
I 2 12 2 | 2 o*
= 0.5(21,2- Ty -2 L2 + 1) = M(IO,Ip) +21, M(IO,Ip)
14 P 0 _.v
!32
+(21,-Tp- 215+ IC) C(IO,I ) + 2 C(IO,Ip)
. p I,
7 J
-2 o C(loLp) - 21, o M1, 1) | (A28)
dF, JF
o2 "(A29)
ar, I1I,
JF JF.
— _— (A30)
a1, al,
oF, JF
Lo —t (A31)
21, a1,
Jd Fy PR
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J [17 P . ,p
2
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P P
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IF, JF,

v (833)
dF, JF,
- = (A34)
Sor, A,
ﬂ ' 2 2 2 82 | i |
” =0.5(21,2- ch - 14 )aqu M(IgIg) +4 1, » M(I,.Ig)
N P
+(20- 1 Ig) ;f CIg Iy +4 Z Clglg)
2 Mgl - 2X(0) 4, o (A35)
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; |
- Myl = [l - My - M) - (T - 1) 1/ (T - Ty) 2 (A36)
2 , L | |
M) = [0 - M + M0+ (- I (T - 1) 2 (A37)
2 ‘ . :
7 Cul) =L (M) (-1 1- M) + M }/ (I - 1) ? - (A38)
O =l (N - [Ty - T 1 - Ay + M) }/ (T - 1) ? - (A39)
2
PR ‘
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2

2

2

1

0 . A :
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Since

where

with

where

and

where

with

where

A=L-DFG)-i | (A48)
A =L { DFG) + DF'G) - i }

if 1<1

n
<

DF'(ij

sat
DF(@) = (2m)-[A+B] it i>Ig
A:‘Isat/(R‘i2)
B=-I, R/iZ+I, 3/ (R-i*)
R=[1-(Ig/i)?1% - (A49)
A’ =L {2-DF'G)+ DF”@)-i}
DF"(I) — 0 . . 1f 1 S Isat
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