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Abstract: The paper presents a new model of the thermal rotor protection 49R on synchronous
generators with self-excitation with the influence of generator negative sequence protection 46I2.
The purpose of the analysis is to solve the problem of simultaneous occurrence of rotor overload
due to excitation current and rotor overload due to the inverse component of the stator current. The
numerical protections are designed to operate independently of each other, and therefore the residual
thermal capacity of the copper windings is not defined with higher precision. A mathematical model
that integrates these two protections is given and described.
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1. Introduction

The purpose of this analysis is to solve the problem of simultaneous occurrence of rotor
overload due to excitation current and rotor overload due [1] to the inverse component
of the stator current [2,3]. We considered world-leading producers of electrical protection
and the results were the same [4-6]. They are using the same or similar principle for the
protected object.

The concept of classical electromechanical electrical protections is mainly copied to the
digital concept. The development of digital protection with a high possibility of integration
and interoperability between protection devices is not proportional to the development of
new physical models [7].

To prove our thesis, we decided to use the article [8] where the thermal processes in
generators are well described. It is the result of many people working on it for a long time.

The main reason for including this analysis was the results of the measured “hot spot”
points on the generator, which are important for generator protection and parameterization
of electrical protections. An air-cooled 350 MVA turbogenerator with self- excitation was
used for the test, and simulations confirmed the measurements of temperatures and airflow.

The presentation of these results is followed by the analysis of the simultaneous
occurrence and mutual interaction of the rotor current with the inverse component of
the stator current. The rotor is the part of the machine that is subjected to the highest
mechanical stresses, and due to the rotation, it is more difficult to obtain data on the state
of electrical parameters and, accordingly, timely shutdown from an operation. The article
encloses an excerpt of the thermodynamic analysis of rotor heating from the point of
view of electrical protection and describes the thermodynamic interaction of stator and
rotor windings.

The specific numeric relay considers the action of protection against negative sequence
protection 4612 which protects the winding and magnetic sheets of the rotor from heating
compared to the relatively new protection 49R, which appeared in the latest versions, based on
measuring the current of the excitation transformer and protecting rotor against overheating.
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The protections are designed to operate independently of each other, and therefore
the residual thermal capacity of the copper windings as a function of the sheet metal
temperature is not known.

2. Material and Methods
2.1. Temperature Distribution in the Stator of NOVEL 350MVA Generator

An important request for generators is to have continuous and in-range temperatures
of stator and rotor during service without big differences inside the construction. This
fact influences the quality of thermal protection. Temperature is an important physical
value in this part of engineering. It is responsible for the compression or expansion of all
mechanical and electrical parts that can be affected by temperature changes. A generator
can be affected by factors such as the following:

e  Isolation—the lifetime of isolation between lacquer plates or isolated cables depends
on temperature [9];

e  Rotating parts—vibration and deformation due to thermal discontinuity can damage
the machine [9];

e  Stator and rotor winding—resistance and change in the electrical characteristic of
the machine
Fixed parts—static stability depends on attachable points [9];
Fire—the possibility of fire in absence of electrical protection [9].

The results described in [8] will show the effects of the stator during operation and,
accordingly, give good input for creating a new rotor thermal model.

Air-cooled turbogenerators are suitable for combined dual-cycle gas—steam systems
due to advantages such as effortless operation and convenient maintenance. The analysed
air-cooled turbogenerator has an installed capacity of 350 MW (Figure 1) and is the largest
air-cooled turbogenerator in China and one of the largest air-cooled turbogenerators in
the world. The performance of ventilation and cooling of such a large generator is a great
challenge, and a description of this issue can rarely be found in the literature and reports.
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Figure 1. Multichamber cooling system of NOVEL 350 MVA generator [8].

The stator temperature field was calculated by the multiple reference frame method
(MRF method), and the cooling conditions were determined by flow-field analysis. The
highest temperature rise of the stator gaps was 76.1 °C, which is below the limit for the
insulation level E. The focal point of the groove location was in the centre of the first
chamber. The increase in temperature at the upper edges was higher than the increase
at the lower edges of the core by 4-7 °C in the same section. The temperature rise of the
insulation layer was lower than the average rise by 10 °C, and the highest value was 63.5 °C.
The peak temperature was higher than the temperature in other areas of the final winding,
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but the temperatures generally did not exceed the limits for the degree of insulation F
(Figure 2).
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Figure 2. Calculation of the amount of stator gap temperature by chambers [8].

2.2. Temperature Distribution in the Rotor of NOVEL 350MVA Generator

The rotor also requests uniform temperature distribution during service without dif-
ferences inside the construction. This also influences the quality of rotor thermal protection.
The hot spot of the rotor is a critical point for preventing the faults and the results described
in [8] gives a good input for creating a new rotor thermal model.

Rotor of a turbogenerator has two fans, with oppositely oriented blades, which drive
air toward the centre of the rotor. The holes in the grooves that are part of the cooling
system enable cold air enters the groove

Figure 3 shows the temperature of the rotor windings as a function of the distance from
the end of the rotor. For nominal conditions, there is a maximum rotor surface temperature
at the position of 20% of the rotor length from the beginning, at the height of the first
chamber with the amount of 84 °C. This proves the discontinuity of the rotor temperature
for even such a well-designed cooling system. By comparing the results from Table 1, where
the measured mean rotor temperature of 64.5 °C is highlighted, a deviation of 19.5 °C can
be determined. These data can be used as a correction factor for parameterizing relay
protection functions.
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Figure 3. Comparison of measured and calculated values of temperature rise of the eighth rotor
winding during operation under full load [8].
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Table 1. Amounts of measured and calculated relevant values of NOVEL 350MVA parameters [8].

Parameters Unit Measured Calculated Guaranteed
Efficiency and full load % 98.75 98.72 98.72
Ventilation loss kW 1898 2060 /
Temperature rise Measured Calculated Guaranteed
RTD of winding slots K 64 63.5 <80
Surface of end winding K 69 67 <80
Rotor winding and average K 64.5 66.6 <75
Air through fans K 114 11.5 /
Airflow rate Measured Calculated Guaranteed
Main coolers m3/s 96 88 /
Auxiliary coolers m3/s 58 56 /

Figure 4 shows the red ed areas of the parts of the excitation winding that are on the
limit of the allowed temperature or exceed it. These parts have a high risk of potential faults.

. . ANSYS
Inlet of end winding slits LS

_ Imlet of branch slit

—  (windward side)

Figure 4. Thermal image of NOVEL 350MVA generator rotor winding for rated power [8].

3. Results with Theoretical Background
3.1. Analysis of the Physical Effects Which Cool down the Rotor

Before the analyses, it should be pointed out that we have analysed the turbogenerator,
not the silent pole generator. For the silent pole generator, the geometry of the system has a
greater influence on the thermal distribution within the machine and is currently not the
focus of our research.

If we consider the NOVEL 350MVA generator in the case of an overheated rotor,
two ways for rotor heat loss can be noticed [10].

The first way is contact between the surface of the rotor and the ventilation air. This
air has a constant temperature (Figure 2) after it passes through the stator gaps. This is
described by the convection heat transfer formula for fluids and solid materials:

Qeonv = K& (Trotor — Tyent )? with Tyoror > Toent (1)

a = heat transfer coefficient (Wm 2K ~1);
Geonv—density of the convection heat transfer (W/ m?);
Trotor—the rotor temperature;

Tyotor—the ventilation air temperature.

The next way for the heat loss of the rotor is the blackbody radiation effect according
to the Stefan—-Boltzmann law. The surfaces of the rotor and the stator can be treated as
blackbodies. Their surfaces are close to each other and are made of the same materials.
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In this case, the formula for the specific radiation is as shown in Figure 5. Both surfaces
emit energy:

Trotor N Tstutor 4 .
Jrad = C1° 100 —C2 1—00 ; with Tyotor > Tstator )

c=c; =c =100% o =5.67 W/(m?K*), o = Stefan-Boltzmann constant;
qrag—density of the radiation heat transfer (W/ m?);

Tyotor—the rotor temperature;

Tstator—the stator temperature.

Each surface emits energy to the other, which results in the differences in radiation
from the hot to the colder material (Figure 5).

Figure 5. Heat exchange by radiation between two parallel plates.

By summation of a convection expression (1) and a radiation expression (2) amount, we
obtain an expression for cooling, which depends on rotor, stator and ventilation temperature:

4 4
Tro tor _ Ts tator
100 100

(Trotor - Tvent)

qtot = Geonv + Jrad = (Trotor - Tvent)' a+c 3)

Simplification of Formula (3) is possible by including the results of temperature
measurement of stator chambers (Figure 2). These results display small differences between
ventilation air and the temperature of stator insulation layers. It is possible to equalize
Tvent = Tstator and limit expression (3) on two variables Tyt and Tyent.

3.2. Comparison of a Cooling Model (3) with Actual Principles of the Thermal Electrical Protections

We can consider generator protection in numerical relays applied on two models of
machine protection.
These are the expression for the 4612 protection:

Bty = K @)

and the expression for the 49R protection (5):

2
to,,< ! ) —tyy =K1 )

Ibase
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Both of these two formulas have expression I 2-top or 122 top which is directly in corela-
tion with accumulated thermal energy, Ey,. This energy must be limited for time “f,,” in
the protected object.

On the opposite side, the cooling process is determined with expression (3).

We can use (3) and write the following:

qfOt'A'tcool = Ece (6)

e  “E.”—the cooling energy (J);
“A”—a surface of the rotor (m?);
“tco0"—the time of cooling (s).

Then, we can put these equations in the following relations:
cooling energy (E..) > thermal energy(Ey,) (7)

torJ > teool (8)

These equations are important for the service of the machine and the temperature
regulation. Then, Tyent, Trotor and Tsparor in (3) are key variables for normal service of the
generator considering 49R and 4612 protection. Otherwise, numerical protection should trip.

3.3. Application Measurement Results of the NOVEL 350MVA Generator to Numerical Relays of
Rotor Thermal Protection 49R

The numerical relay is used to protect the rotor winding from excessive temperature
caused by excessive current. In general, if one of the generator components exceeds the de-
signed temperature, it can be damaged. Damage to an individual generator component can
result in serious consequences, depending on the duration of the impermissible temperature.
Elevated temperature can cause undesirable expansion of the material. There are particularly
sensitive rotor components such as guide rails and mechanical and protective rings.

The function in the numerical relay calculates the direct current in the rotor wind-
ing based on the measurement of the RMS value of the excitation transformer current
(Figure 6) [4,7].

&
BUS-1 N

STEP UP TRANS

A

BUS-3

BUS-2 o cr-privary siE (D \
A

yA

Two alternative
measurment points for
the rotor overload
functions

BUS-5

GENERATOR ?f

Figure 6. Single-pole scheme of excitation current measurement system the temperature of the rotor
winding increases with current, so the inverse characteristic as in Figure 7 is suitable for protection.
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Figure 7. Rotor thermal protection curve.

The activation time of the thermal protection of the rotor is defined by the follow-
ing expression:
k1

2
I
(Ibase) -1

in which I represent the measured rotor’s current, I, is the rated rotor current and k; is a
constant factor.

The description of the variables and values in Table 2 according to standard IEEE-
C5013 is as follows:

top—operating time in seconds;

k1—a multiplier (it will have a value of 33.8 to obtain the operating points prescribed
by the standard);

I—the current measured by the function;

I yase—a base current (rotor winding rated current DC current is used as measured current).

©)

top =

Table 2. Operating time in accordance with IEEE-C50.13 standard [11].

Current (% of I ge) Trip Time (s)
113 120
125 60
146 30
209 10

The elaboration of expression (9) shows the remaining amount of thermal capacity
of the excitation winding caused by the appearance of the inverse component I; and the
intensity of additional ventilation.
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Expression (9) can be written as follows:

I 2
top <1b> ~1| =k (10)

Multiplying both sides of the equation by the square of the rotor current I7 _, and the
resistance of the rotor winding R, we obtain the following expression:

topI*R = I, R- (k1 + top) (11)

The power loss of the rotor winding is as follows (Po; = I 2.R represents actual losses
in the copper of the rotor winding):

Il%ase'R' (kl + top)
top

Prot = (12)

If we add to the losses due to the rotor current, the contribution of heating due to the
inverse component of the stator current and the contribution of additional ventilation, we
can write the following:

Il%use'R'(kl + top)

Prot + a1-Pipy — b1-Poent =

(13)

where the expression a;-P;,;, represents the contribution to rotor heating due to the inverse
component of the stator current (2; can be shown in the range from 0 to 1) and the expression
b1 Pyent represents the contribution of rotor cooling due to ventilation (b; can be shown in
the range from 0 to 1). In this consideration, the fact is considered that part of the heat of
the rotor iron is removed by ventilation and part is taken over by the rotor winding. From
expression (13), we obtain the following:

_ ki*IZ ., %R _ k1
top = 5 = 5 (14)
Prot + a1+ Py — b1+ Poent — I, R (II ) —1+ al‘Pimé_bl'Pvent
base Ibase'R
Then follows P
1
top = 15
o ( I )2 _ 1 _|_ “l'Pinvfbl'Pvent ( )
Tyase Ilgase'R

This is a new mathematical model that calculates the tripping time of thermal rotor
protection including the effect of the inverse current heating and additional ventilation as
an option.

Existing variable description is as follows:

top—operating time in seconds;

ki1—a multiplier (it shall have a value of 33.8 in order to obtain the operating points
prescribed by the standard);

I—the current measured by the function;

I p,c—the base current.

New variable description is as follows:

R—ohmic resistance of the rotor;

P,s—actual rotor copper losses;

Pj,,—rotor losses in the iron caused by inverse current I»;
Pyen—additional power of cooling;

a;—power factor transfer efficiency caused by inverse current;
bi—additional cooling transfer efficiency factor, Py
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The variable Pyt was used as an additional power to the existing cooling to cancel the
heating power of the inverse stator component P;,,,, regarding expression a; - Pj;;, — b1-Pypent = 0.
If this equation is 0, thermal protection of rotor circuit returns to basic, as in expression (9).

Expression (14) provides a mathematical model for regulated ventilation that measures
the inverse component of the stator current I, or Pj,,,. The aim of this regulation is to keep
top independent of I, or P;,,. Additional power Pyt can be achieved by a certain oversizing
of the cooling system.

3.4. Change of Equivalent Rotor Current DI, with Inverse Component Ip

The previous consideration was dedicated to the calculation of the time t,y, i.e., the trip
time that takes into account the contribution of the inverse component. The dependence
of the amount of currents of the two variables, i.e., the rotor currents and the inverse
component of the generator currents, is given below.

Let us equalize the times for the rotor current and the inverse component because these
times are equal by definition of the rotor protection. Iy, is the rated current of the rotor.

e  The trip time for rotor current overload is given as follows [4-6]:

= (16)

2
I
<Ibase) -1

e  The trip time for rotor overload from inverse component I is given as follows [4—6]:

= (17)

52
I‘Vl
The expression (17) is defined in standard IEEE C50.13.
Here, variable description is as follows:
I,—negative sequence current expressed per unit of the rated generator current;
t—operating time in seconds;

K—constant which depends on the size and design of the generator;
I,,—the nominal current.

These times are equal by definition; thus,

ky _ K as)

2 2
I L
( Ibnse ) o 1 (ﬁ)
Let us consider the expression for rotor current I = I + DIy, where I, is the real rotor
current and DI, is the contribution generated by the inverse component I,. The aim is to

express the influence of the inverse component I, through the increase in the equivalent
current of the rotor DI,,. By transformation, we obtain the following;:

k K
: 2 = 2 (19)

(1,+A1m,) _1 (Il)

Ibase IPl

Thus,
ki (L\?
Aot = Ippee 1<1<12> +1 — I, (20)
n

After normalization and equalization with I, = I;;s,, we obtain the following:

AIroz,‘ kl (12)2
=1/=(2) +1 -1 21
Ibase K\ I, ( )
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Variable description is as follows:

ki—rotor thermal constant, depends on generator type;
K—inverse thermal constant, depends on generator type;
DI, ,;—an increase in rotor current;

Ipase—nominal rotor current;

I,—nominal generator current;

I,—inverse current of the generator.

Expression (21) displays the dependence of the equivalent increase in DI,y on the
inverse component for the rated current of the Iy, rotor. The graph shows the values for
the generator listed at the beginning, i.e., k1 = 33.8 and K = 10.

Figure 8 shows the increase in rotor current for the given coefficients k; and K with
a change in the inverse component of the stator current. The parameters k; and K in
Equation (21) give a group of curves, each of which has its own sensitivity to the change of
the variable I,. The sensitivity to changes in current I, depends on the power and type of
generator, i.e., the parameters k; and K. Furthermore, a higher sensitivity to rotor heating
can be observed with the increasing inverse current. Equation (21) can also be a control
equation for determining the allowable maximum change in rotor current.

7.00
6.00
5.00
4.00

3.00

AL, (%)

2.00
1.00

0.00
0 2 4 6 8 10 12 14 16 18 20

12 (%)

Figure 8. Equivalent rotor current Al for the change of inverse component I; k; = 33.8; K = 10.

3.5. Vector Analysis of Magnetic Flux in the Generator

This analysis describes the physical process that causes heat inside the rotor during
operation. It is important to analyze vectors that cause iron losses in the rotor. To obtain
a physical model, a simplified representation of the flux in a three-phase generator is
presented below. For turbogenerators, the flux vector ®; is due to the direct current
component I; and the flux @, is due to the inverse current component I, of the magnetic
flux, while wq and w are their angular velocities that are opposite in direction and equal
amounts. In Figure 9, the initial position of the vector is on the A-axis, while the angles
of the vectors are ®; = 40° and ®; = —40°, and the resulting flux ®” = 19°. In the case of
generators with salient poles, there is a phase shift of the flux &’, i.e., induction B (T), with
the current causing them I’. This model will not be analysed here.
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axis A

NANNN
INNNNN

axis B axis C
Figure 9. Vectors of direct flux component @1, inverse flux component ®; and resultant flux compo-
nent ©’ in the rotor.

According to Figure 10 follows a diagram of the elliptical magnetic flux [2] whose
causes may be different. It occurs under the following conditions:

When current amplitudes are not the same amount per phase;
When the phase angle between the currents is not the same;
When the angle between the axis of the windings is not the same;
When the number of turns is not the same.

Elliptic flux, p.u.

1.50

-1.50 1.50

-1.50

Figure 10. Resultant diagram of asymmetric (elliptic) flux ®” and symmetric flux @; in the rotor.
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Such a system is asymmetric. Adding the vectors of direct and inverse flux will give
a flux whose trajectory is an ellipse. The diagram in Figure 10 was made for the ratio of
current components Ip/I; = 0.2.

The sum of the total flux for an asymmetric system gives the equation of an ellipse in
a radial system (coordinates ©, a) [2]:

e = \/[@1 sin (oc+ g) + @, sin (foch g)rJr [@1 cos (vc+ %) + @, cos (fzx+ g)]z (22)

Variable description is as follows (Figure 9):
©1—flux direct component;

©,—flux inverse component;

©’—flux resultant component;

a—angle of flux direct component .

Equation (22) refers to Figure 10. The angle 7t/2, i.e., in degrees 90°, is the starting
point of the analysis, i.e., the place where the ellipse is widest. Vectors I; and I, have the
same circular speed but opposite directions, so the angle « has a “-” argument. The diagram
in Figure 10 is made for the ratio of current components I,/I; = 0.2.

If « = w = t is taken into the equation, the amplitude diagram in the time domain
shown in Figure 10 is obtained.

Let us look at the amplitude of the elliptical flux vector from Figure 11 in real time.

1.40

N NEA VA VA WA

5
© 0.80 N\
[J] o'
S 0.60 01
=
£ 0.40
<

0.20

0.00

0 0.01 0.02 0.03 0.04 0.05 0.06
t (sek)

Figure 11. Resultant flux component ©” and flux direct component @, applied (22) with & = w*t.

Asymmetry produces oscillations in the amplitude of the magnetic flux in the genera-
tor, both in the stator and in the rotor. Oscillations of the amplitude cause an increase in
hysteresis losses in the rotor.

Figure 12 shows the difference between the angles of the resultant flux vector ® and
the same vector when I,/I; = 0, i.e., a system without asymmetry. The diagram in Figure 12
is made for the ratio of current components I/I; = 0.2. It can be seen that in the case of
asymmetry, the flux oscillates with a frequency of 100 Hz and an amplitude of an angle
of £12° around the reference speed of rotation of the flux, i.e., around a rotor that rotates
synchronously. Equation (23) is derived from Equation (22), showing the angle of ®” during
elliptical flux:

. O sin (a+ %) 4+ O, sin (—a + §)
arce O cos (x+ %)+ O cos (—a+ %)

(23)

o =
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Influence of the total magnetic flux @’ on rotor during rotation

15.000
10.000
5.000

0.000

.03 0.035 0.04

-5.000

-10.000

Deviation angle, Aa (deg)

-15.000

t (sek)

Figure 12. Application of (23) and (24) with & = w * t.
The angle of @1 during elliptical flux is as follows:

Oy sin (a+ F)

= tg ————=~ 24
arcg@lcos (x4 %) 24)

X1

The difference of the flux angles &’ — «; = Ax is shown in Figure 12.
Oscillation of the flux angle causes eddy currents in the rotor iron, raises the overall
temperature of the rotor and causes additional mechanical stress on bearing construction.

4. Discussion

The article offers the derivation of an equation for a new model of rotor thermal
protection that includes influences of negative sequence protection 4612 and, as an option,
additional influence of ventilation Py

The result is the new trip time of 49R protection:

k1

top =
4
1 2 -1 + a1-Piyy—b1 - Poent
Ibase 12 R

base

(25)

Simplified and written in the fundamental form without added ventilation, i.e.,
Pyent =0, the result is as follows:

ky
2
( 1 ) 71+a%‘Pinv

Tpase Ihuse'R

(26)

top =

In the beginning, we described physical processes regarding temperature distribution
in the stator and the rotor of turbogenerator NOVEL 350MVA using measurement results
of [8]. After these considerations, we displayed magnetic relations in the generator during
asymmetrical load. We used vector calculation to create the next new variables:

e  Pj,,—losses in the rotor, caused by inverse current I, depends on geometry and type
of the rotor, should be calculated or measured,;
Pyeni—additional power of cooling, should be determined;
a;—power transfer efficiency caused by inverse current, should be calculated or
measured;

e  bj—additional cooling transfer efficiency factor of Pyt should be calculated or measured.

Variable a; is the power transfer efficiency factor caused by existing ventilation. It
means that all P;,, power is not absorbed by the rotor because some parts are absorbed by
the stator and some parts are blown out by ventilation.
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Variable b; is the additional cooling transfer efficiency factor of Pyey;. It means that
all additional Py, power is not used for cooling because some parts are lost inside the
generator’s ventilation system and some parts pass through the ventilation system with a
decreased amount of temperature.

The previous consideration will depend on the design and geometry of the rotor
and stator.

Resistance of the rotor R should not be ignored and should be included in the calcula-
tion because the temperature deviations can be exceptionally large for copper windings
during start-up after a long-lasting shutdown.

Amount Pj,, is the sum of two losses, hysteresis loss and eddy current losses, both
caused by vector ©’. Changes of amplitude ©” (Figure 11) cause hysteresis loss in the rotor
(Pg), and changes of angle @’ (Figure 12) cause eddy current losses in the rotor (Prg).

Thus,

Piny =Py + Prg (27)

This formula does not apply standard calculation of total losses when the flux is
parallel with layers in the iron core.

Vector @’ oscillates around vector ®; with frequency 100 Hz with deviation angle
(Figure 12) and amplitude + (©” — ©1) (Figure 11).

It is assumed that Py in rotor depends on frequency “f”, induction “B”, width of
rotor’s plates “d”, total length of rotor “L”, actual excitation current “I”, inverse component
“I,” and geometrical cross of rotor defined by a function of the section of radius and angle f
(ra).

Py=fIf B L 11, f(r,a),dl (28)

Prg is a function of the following:
Prp=f[f, B, L, I, f(r,a),d] (29)

To calculate function P, it is necessary to know the type of the generator and all
variables in (28). This work demands a greater effort to obtain the correct expression, and it
could be the topic of the next paper.

Another solution is to obtain the experimental amount of P;,, with the “in time”
measurement temperature of the rotor and compare it with the “in time” measurement of
I, for a specific generator.

5. Conclusions

The article presents the examples of measurements and the analysis of the operation
of the NOVEL 350 MVA turbogenerator [8] and the same measurements and conclusions
used to comply with the new rotor thermal protection 49R on a specific numerical relay.
The possibility of simultaneous exceeding of the allowed constant amounts of excitation
currents and inverse components are considered, and it is presented that the described
situation is not foreseen in the protection device. The consequence of the described case is
an uncontrolled overheating of the machine drive parts, with missing input data and loss
of control over the temperature model. Namely, the protection relay uses mathematical
process models while the input variables are current and voltages of the generator. In
addition, the parameters used to describe ventilation (a1, b1) should be known for each
machine, calculated and experimentally determined. The development of a definitive
expression for Pj,, is a job to be done in the next papers, and then the model can be used
for the exact determination of t,p.
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