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ABSTRACT

This thesis describes work that has been carried out to develop a scaled down laboratory test bed
for use in the optimisation of fan driven air ventilation systems found at the various Anglo Coal
South African mines. The present system involved in the movement of air underground
comprises a fixed speed centrifugal fan driven damper controlled system. National Power
Contractors (NPC) together with the University of KwaZulu-Natal (UKZN) proposed a variable
speed automated controlled system, but the costs of installing Variable Speed Drives (VSD) and
their impact on the energy consumption of a system prior to being installed are important. In
addition deliverables required by the industrial partner NPC was to develop a calibrated

simulation model where any fan system could be simulated showing potential energy savings.

A test bed was therefore constructed to evaluate the power usage of a VSD while driving a
simulated fan. The test bed comprised of two Field Oriented Controlled induction machines. A
ventilation system at Anglo Coal’s Vlaklaagte colliery was proposed to be simulated by the test
bed to develop the Measurement and Verification (M&V) methodology required to represent a
business case, but since data from this fan system was not available two other fan systems were
studied. One fan system was built at the UKZN whilst the other industrial fan system was at

Anglo Coal’s Greenside colliery.
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CHAPTER 1
OVERVIEW OF THESIS

1.1 Introduction

Anglo Coal, a subsidiary of Anglo American is South Africa’s largest coal producer with its 10
mines producing approximately 59 million tons [30] of coal out of the almost 244 million tons
[11] of coal produced throughout South Africa in the year 2006. Each mine extracts coal and
requires ventilation systems to remove the methane gas to provide a safe, healthy and
productive working environment underground. There are between 35 to 40 air ventilation
systems at Anglo Coal South Africa, each of which typically comprise three centrifugal fans as
shown in Fig. 1.1 and Fig. 1.2 below ranging between 700 kW and 1.2 MW. Fig. 1.2 shows an
existing fan ventilation system located at Anglo Coal’s Vlaklaagte colliery above ground level

and Fig. 1.5 shows this schematically with corresponding labels.

Mine

Duct

Fig. 1.1 Typical air ventilation system comprising of three centrifugal fans

Fan3

- Hes

Fig. 1.2 Existing air ventilation system at Vlaklaagte
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Fig. 1.3 Existing RVC damper (label 4 in Fig. 1.2 and Fig. 1.5) [12]

Saig o}

1.2 MW Motor

zarbo
Coupling Gearhox /

Coupling

Fig. 1.4 Existing equipment driving a single fan-Fan 3 in Fig. 1.2 (label 1 in Fig. 1.2 and Fig. 1.5)

______________________ 9
I Manual Fan Adjustments |
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I |
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6.6 kV I Liquid Starter Machine Centrifugal Fan
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Manual Measurements
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Feed Back
5
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Fig. 1.5 Schematic of the existing air ventilation system [12]
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1.2 Problem statement

The required underground ventilation is usually initially calculated for the lifespan of a mine. In
the initial stages of a mine the airflow required underground is minimal but as the size of a mine
increases the amount of air required underground increases to maintain a safe mining
environment. It is therefore important that in the design of the fan ventilation system a method
for dealing with the decrease in fan efficiency at flow rates that are lower than what the fan is
optimally designed for is taken into account. Lower flow rates can be achieved by varying an
inlet damper. Reference must be made to Fig. 1.3 and Fig. 1.5 above focusing on the Radial
Vane Controlled (RVC) inlet damper. The disadvantage of utilising a damper to vary the air
flow rate is that the power consumed by the fan is high, electronically uncontrolled and fairly

stable across the damping range.

An investigation conducted by an Energy Service Company (ESCO) National Power
Contractors (NPC) found most of the fan systems at Anglo Coal South Africa to be 45%
damped. Contributing further to the inefficiency are air leaks caused by fissures in the
underground rock face resulting in variable air flow rates and a loss of pressure throughout the
existing mine air ventilation system. Air flow is also restricted in certain sections of the mine by

regulators which divert the intake air into exhaust airways before it reaches the faces.

Previous research [1, 9, 23, 29] has shown that energy savings may be achieved through the use
of Variable Frequency Drives (VFDs). Based on the initial investigation by NPC together with
the knowledge that the ventilation systems are 45 % damped, NPC proposed considering the use
of VFDs to improve operational efficiency and control the air flow rate. The possible energy
savings through the use of VFDs are estimated in Fig. 1.6 using the universally known Fan
laws [9]. From the Fan laws [9] it is known that air flow rate is proportional to the speed of the
fan and the power drawn by the fan is proportional to the speed or air flow rate of the fan cubed

as shown in Fig. 1.6.
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100% Ad
90% - I A
CUILTNE EEPEE CEPEE ERRER BERRI BEEEE ] REE EEES -

P LTRNE Y EPPEE TR ERR BERE At St ST PP
B 60% fooooooodeoocbeeoo oo Rl B ] B / ----- !
Z gpuy Ao-e-qe-eodeeefoamidaao RNy R E—— RN (SRR |
o4 F----J----J-----f----1----- R [ / ----------
30% -] eopee oo - / ---------------

20%
0% +----1----1-----F---- oot i, - S BT VY Y i

0%

Percentage of rated motor
0

Percentage of rated speed/flow

Fig. 1.6 Power Vs (Speed/Flow)® of a fan

With reference to Fig. 1.6, considering the fan ventilation system to be 45 % damped would
result in the fan operating at point A. Now by reducing the speed of the fan with the use of a
VSD and by following the fan laws [9], the fan should operate at point B to produce the same
amount of air flow. This results in approximately 80 % saving of power. There are between 35
to 40 air ventilation systems at Anglo Coal South Africa each comprising typically three
centrifugal fans.

1.3 Scope of the investigation

NPC approached the University of KwaZulu-Natal (UKZN) to conduct an investigation and
develop the Measurement and Verification (M&V) methodology on the air ventilation system at
Anglo Coal’s Vlaklaagte colliery. This air ventilation system together with the equipment
driving one of the centrifugal fans at Vlaklaagte was shown pictorially in Fig. 1.2, Fig. 1.3 and
Fig. 1.4. The purpose of the M&V methodology is to test the feasibility of the project required

to represent a business case for Anglo Coal.

Previous research [1] at the UKZN showed that a test bed could be used to replicate the
operation of any pump or fan system. The UKZN therefore adopted this concept to develop the
M&V methodology by developing a scaled down test bed that could replicate the operation of
any fan ventilation system. The test bed is shown schematically in Fig. 1.7 comprising of two
VFDs and two induction machines coupled together. Induction Machinel represents the

machine driving the fan while induction Machine2 represents the simulated fan.
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230 V supply 230 V supply
VFD 1 VFD 2
7777777777777777777777777777 Coupling
Induction machine1 Induction machine2

O Fan

Fig. 1.7 Test bed

In addition to proving the energy savings achievable through speed control of the fan, NPC
requested the UKZN to determine whether variable speed operation might afford more
consistent air flow rates throughout the mine air ventilation system using a Programmable Logic
Controller (PLC) based air feedback control system. This setup is shown schematically in Fig.
1.8 below.

SCADA 6.6 kV 3-phase
Motor Speed Atmosphere
¢ Transducer
| VFD and
PLC : Centrifugal Fan
Machine 9
A 4 A \/
Pressure
Transducer
Flow
Transducer
Pressure
Transducer T
Flow
Transducer
5
Atmosphere —_— -

Fig. 1.8 Schematic of the proposed process controlled air ventilation system [12]
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The work performed in this thesis will be carried out in four phases:

e The first phase is to gain an understanding of the induction machine and Field Oriented
Control (FOC) required to simulate the test bed and to gain an understanding of the

operation of centrifugal fans.

e The second phase involves the design, construction and commissioning of the test bed.

kTM

e The third phase involves Simulin simulations of the test bed replicating the fan,

followed by the practical results gained from the test bed.

e The fourth phase involves simulations of an energy cost indicator. Air flow control

through speed control of a fan is also investigated.

The overall objectives of this research are to obtain the results of the Simulink™ simulations
and the practical results of the test bed. To then compare the results with the operations at the
mines and ensure that they correlate with one another and reveal a reduction in energy usage

through the intelligent use of VFDs.

1.4 Thesis outline

The thesis is structured as follows:

Chapter 1 discusses the problem statement, scope and objectives of the investigation to be

carried out.

Chapter 2 presents the theory of induction machines and the theory of FOC.

Chapter 3 presents the relevant information required to understand the operation of centrifugal

fans under damper control and speed control.

Chapter 4 involves the hardware and interfacing of the test bed.

Chapter 5 presents the commissioning of the test bed. This was carried out in two phases. The

kTM

first phase identified and verified using Simulin simulations the induction machine’s
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electrical and mechanical parameters required to simulate the test bed under FOC; the second
phase involved Simulink™ simulations of the test bed under FOC, followed by the practical

results gained from the test bed.

Chapter 6 presents the results obtained from the test bed simulating the characteristics of a
theoretical fan in Simulink™. The practical results gained from the test bed are then compared

k™ simulated results.

to the Simulin
Chapter 7 discusses the design and construction of a 1.1 kW fan system at the UKZN. The
characteristics of the fan system are determined and then simulated by the test bed in
Simulink™. The practical results obtained from the test bed are then compared to the

k™ simulated results.

Simulin
Chapter 8 discusses a 785 kW fan system tested at Anglo Coal’s Greenside colliery. The fan
system is simulated by the test bed in Simulink™. The practical results captured from the test

kTM

bed are then compared to the Simulink ™ simulated results.

k™ and in the PLC allowing for the

Chapter 9 presents energy cost simulations in Simulin
energy consumed by the replicated fans under a specific duty cycle to be determined. Air flow

control through speed control of the 1.1 kW fan is then presented.

Chapter 10 presents a summary and conclusion of the work performed in this study. The

progress at Vlaklaagte, a business case and future work is also presented.

1.5 Research publications

Certain material in this thesis has been presented at a national conference [12] and two national

conventions [13, 31].
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CHAPTER 2

MODELLING OF THE INDUCTION MACHINE AND THE
THEORY OF FIELD ORIENTED CONTROL

2.1 Introduction

In this chapter the 2-axis theory of the induction machine and the theory of FOC is provided.
This theory is necessary for the design of the controllers required to simulate the induction

machine under FOC in Chapter 5.

2.2 Hybrid model

In order to understand the principles of FOC and to illustrate how the controller design process
enables the non-linear dynamic structure of the induction machine to be decoupled into a linear
dynamic structure, the hybrid 2-axis model of the symmetric induction machine is used to
develop a block diagram representation of the induction machine. The voltage and flux linkage
equations representing the electrical model of the induction machine appear in Appendix A.2.
The hybrid model uses the stator currents (iu, i) and rotor flux linkages (44, 44 as the state
variables. The derivation of the hybrid model is presented in Appendix A.2 and the equations
describing the hybrid model in the synchronous reference frame are shown in Eq. 2.1. The

equivalent block diagram representation of the hybrid model is shown in Fig. 2.1.

— _ ; - - —
Vas R +Ljop -ol,0 —=p —-aL, Ls
L22
LVn LVn .
Vi =| olL,o R, +L;op O—— TP iy 2.1
2 2
L
_R, 2
0 Ly 0 2y —sw A,
LZZ
—R,
R
0 0 Ly s@ 22,
L q
22
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Fig. 2.1 Block diagram of the induction machine [8]
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The hybrid model represents the electrical dynamics of the symmetric induction machine. To
complete the induction machine’s model, the mechanical dynamics of the rotor needs to be

incorporated.

2.3 The mechanical model

The mechanical model of the induction machine is used to describe the mechanical dynamics of
its shaft and any load that may be coupled to it. For the purpose of this thesis the loads to be
considered are a centrifugal fan and another induction machine as shown in Fig. 2.2 and Fig.

2.3.

The electrical and mechanical dynamics of an induction machine are linked by the non-linear

electromagnetic torque equation given in Eq. 2.2.

Lm . .
T, = L (lqsﬂ’dr - ldsﬂ‘dr) (22)

em
22

The mechanical torque required to drive a load at a speed of , is given by Eq. 2.3.
T,...=Jpo, +Bo, +T, (2.3)

Induction Machine 1 Centrifugal Fan

(= )40

Fig. 2.2 Fan coupled to the machine

Induction Machine 1 Induction Machine 2

O r—r 0 )

Fig. 2.3 Machines coupled together forming the test bed

Referring to Fig. 2.2 and Fig. 2.3, the shaft of Induction Machinel is assumed to be rigidly
coupled to either the Centrifugal Fan in Fig. 2.2 or Induction Machine2 in Fig. 2.3 and the
moment of inertia of the machine (Induction Machinel) is combined with that of either the

Centrifugal Fan or Induction Machine2 of the test bed to produce a lumped moment of inertia.
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Therefore if we assume a completely rigid shaft we have at all times 7¢,=71ecn and for a

mechanical shaft speed of w, and shaft position of 8, the equations given in Eq. 2.4 and Eq. 2.5
hold.

po, == 24

po, =o, (2.5)

The electrical and mechanical models together describe the complete induction machine
dynamic model. The next section utilises the block diagram form of representation for the

induction machine to explain the principles of FOC.

2.4 Principles of FOC

The induction machine has a complex dynamic structure as shown by Fig. 2.1 making speed
and torque control difficult. FOC on the other hand is a method of control which enables the
complex dynamic structure to be decoupled into that similar to a separately excited DC

machine [8].

Referring to Fig. 2.4, FOC is achieved by controlling the g-axis rotor flux linkage (4,,) to be
zero and by keeping the d-axis rotor flux linkage (44 constant [8]. 4, will only maintain a zero
value by controlling the slip of the machine so as to force the angle (o) between the rotor flux
linkage vector (4,) and the stator current vector (i), such that under all conditions 4, is aligned

with the d-axis component of the stator current vector (iy) [8].

q axis

Fig. 2.4 Conditions of Field Oriented Control [8]
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For the conditions of FOC in Fig. 2.4 to be met, the q-axis component of the rotor flux linkage
(Aqr) must be zero (point A, Fig. 2.5) [8]. If A, equals zero then the input to the rotor transfer
function has to also be zero (point B, Fig. 2.5). For point B to be zero the two inputs C and D
must be equal (Fig. 2.5). This will only occur if the slip is held constant by some external
controller resulting in the removal of all the bold lines and their associated blocks (Fig. 2.5) as

they no longer contribute to the dynamics of the induction machine resulting in Fig. 2.6 [8].

L L
L, PLy +R,

L
— -t I
L, *
a—,
- D /1(1”
| Ln + Ly, 9 ?
l’ TuRZ ‘ ? ? PLy+R, ?
; C B A
qs 1
L + i
qr
—O
ol Lo -
- L,,

Fig. 2.5 Block diagram of the electrical dynamics of the induction machine [8]

With reference to Fig. 2.5, A, can be calculated as given in Eq. 2.6. Eq. 2.6 will be used at a

later stage to determine the condition that must be maintained to achieve FOC.

L,R,i

/Idr(w - a)r ) =— .q‘Y (26)
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Fig. 2.6 Block diagram of the electrical dynamics of the induction machine when A, equals zero

Now from Fig. 2.6 it is seen that:

L R,i,
=T @.7)
Lyp+R,

Under steady state conditions iy is maintained and with the d-axis rotor flux linkage (A,,) being

constant, it results in L,;p = 0 allowing Eq. 2.7 to be reduced to Eq. 2.8.

ﬂ’dr :Lmidx (28)
R,i

w0=—2%" 4@ (2.9)
Lysiy

Eq. 2.9 represents the condition that must be maintained by a controller in steady state to

achieve FOC.

Although the model has been reduced, non-linear interaction still exists between the d-axis and
g-axis signal paths in the stator circuits [8]. To remove this non-linear interaction, appropriate

terms of equal magnitude but opposite sign are added, by the controller, to the input of the
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machine (i.e to vy, and v,,) as shown in Fig. 2.7. These pre-compensating terms further reduce
the model causing the signal paths shown in bold in Fig. 2.7 to be removed as they no longer
contribute to the dynamics of the machine resulting in the stator d and g-axis circuits to be

decoupled as depicted in Fig. 2.8.

L L
@ L,
+
Pre-compensator
i : 1 oL,
I
! A
I
777777777 A
-+ + 1 L, dr
—» —_— > iRz — 2 O
n ~ pol; +R, L, PLy+ R,
© ids
PL,
LJ_’
_ _ Pre-compensator _ _
i I
} oL, Ay } wolL [
r— I
} Lp |
,,,,,,,,,,, I
4
1 L, Tem
> - — o
v + poL,; +R, Ly,
qs s iqs

Fig. 2.7 Block diagram of the induction machine with the pre-compensating terms

Pl | o
L |
-I_ \ ] L L77 ldr
o—»@—> o> L., > 2 0
Vds polL,, +R, l L, ° PLy+R,
lds
Y
1 L Tem
o————————p ———— . > I B
vqs pol; +R, ) L,
lqv

Fig. 2.8 Block diagram of the induction machine after successful compensation

The control of iy and i, is necessary to ensure FOC, but these currents are internal to the

induction machine and are not directly accessible. External controllers have to be implemented
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to control the stator voltages such that the actual currents (iz and i) follow the reference

currents (iz+ and i) as closely as possible. These current controllers must be designed with a

sufficiently high bandwidth [8].

r

qs

pL,
LJJ <
Current T/ ] > o Ly
Controller vdso pol, +R, B PLy+R,
lds
\
Current Vqs % )i > _
Controller pol, +R, i

em

Fig. 2.9 Block diagram of the induction machine with stator current controllers

L L ldr
.O—b m ) ——p| 22 0}
lds » pLy+R,
\
M
o) |
lqs Ly

Fig. 2.10 Block diagram of the induction machine under FOC

Successful implementation of the current controllers results in a reduced model as shown in Fig.

2.10 enabling the induction machine to operate in the same manner as a separately excited DC
machine. The d-axis stator current (i;) which under successful FOC produces the magnetising
flux inside the induction machine is similar to the field current of a separately excited DC
machine and the g-axis stator current (i,) which is used to regulate the torque produced, is
similar to the armature current of a separately excited DC machine [8]. The electromagnetic

torque produced by the induction machine under FOC is now given by Eq. 2.10.

(2.10)
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In summary the requirements for FOC can be achieved through:

1. Maintaining a particular value of slip frequency so that Eq. 2.9 holds true.

2. The current controllers exercising control over the stator currents to enable the machine

to appear as if it is being supplied from a Current Source Inverter when it is actually fed

from a Voltage Source Inverter, since the currents iy and i, become controlled inputs to

the machine.

3. The d-axis rotor flux linkage (4,) being kept constant by keeping i, constant, thus

torque is controlled directly by the q-axis current (i,).

2.5 FOC controller design

Having described how FOC decouples the non-linear dynamic structure of the induction

machine, the controller design process is now described. This section presents a generic design

process of the stator current controllers, speed controller, voltage pre-compensating controllers

and FOC controller. The design procedure for these controllers has been adopted from [34].

2.5.1 The g-axis current controller

This current controller is designed utilising Fig. 2.9. The g-axis current control loop is taken

from Fig. 2.9 and is shown here as Fig. 2.11.

qs y Current
Controller

qs

1

A 4

poly +R,

lqs

Fig. 2.11 g-axis current controller blocks as in Fig. 2.9

PI CONTROLLER

1%

qs |

1/ol.,,

Olq—s;}_@_> k[’fi(p +kiq)
p

" p+R, /oL,

qs

Fig. 2.12 Block diagram of the g-axis current controller
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A Proportional and Integral (PI) controller is used to achieve a fast response with a zero steady
state error. Choosing k;,=R,/oL,, results in a pole zero cancellation, since the zero of the PI

controller cancels the stator pole so the g-axis current controller’s integral gain is:

ko= @2.11)

Now:

s+ k

Z - Pq

poL,, l

qs

Fig. 2.13 g-axis Ky, transfer function

The open loop time constant is given as z,; = 6L;; /R; Choosing the closed loop time constant z;

to be 1 ms results in the g-axis current controller’s proportional gain as given in Eq. 2.12.

- oLii
P Ix 107 x314.14

(2.12)

2.5.2 The d-axis current controller

This current controller is also designed utilising Fig. 2.9. The d-axis current control loop is

taken from Fig. 2.9 and is shown here as Fig. 2.14.

oL,
LJ!
. * -
lis” + Current +<:) 1 L, | L»
\ Controller A poL,, +R, L, PLy+R,
Lis

Fig. 2.14 d-axis current controller blocks as in Fig. 2.9
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PL,
Lz:
- PI CONTROLLER i
by ™ + bu(pthe) | I Ly , o Ln
A p Vds pol,, +R, L, ’ PLy+R,
Las

Fig. 2.15 Block diagram of the d-axis current controller

The d-axis transfer function (ids/ids*) is more complicated than the g-axis transfer function
(igs/igs ) therefore the transfer function has to be reduced and rearranged as shown in Fig. 2.16

and Fig. 2.17 using the standard rules of block diagram reduction [22].

PI CONTROLLER

. * .
o lds +< : ) ki (p+kya) Vds + 1 lds
p poL;; +R,

me2R2
pLzz2 R,

Fig. 2.16 Reduction of the block diagram in Fig. 2.15

o PI CONTROLLER .
s+ ko ptky) Vis ol (p+R,/Ly) Lis

[

p g PZ +p(R/oly + R,/ Ly, + RszZ /0L11L222) +RR, /ol Ly,

Fig. 2.17 Reduction of the block diagram in Fig. 2.16

The electrical parameters of the induction machine may now be substituted in the transfer
function appearing in Fig. 2.17. The resulting transfer function is shown in Fig. 2.18, where g,

b and ¢ represent constants.
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PI CONTROLLER

. * .
Lis™ + > kpa(P+kiy) Va’s> pta L
P oL, (p+b)(p+c)

Fig. 2.18 d-axis transfer function after the substitution of the machine parameters

Referring to the transfer function shown in Fig. 2.18, a zero should be located close to a closed
loop pole, thus the residue at the pole is small and the coefficient of the transient response term
corresponding to this pole becomes small [22]. This means that a closely located pole and zero
cancel each other out especially at high frequencies therefore the transfer function in Fig. 2.18

now reduces as shown in Fig. 2.19.

o PI CONTROLLER
lds + kpa(p+ky) VdS L ldS
g ™oL, (p+b/c)

Fig. 2.19 d-axis transfer function

The d-axis current controller may now be designed in a similar manner to that of the g-axis

current controller (Fig. 2.12) since the transfer functions are now similar.

Choosing k;; = b/c causes the PI controller zero to cancel the stator pole.

lds + K b Lis
poL,,

Fig. 2.20 d-axis K transfer function

The transfer function in Fig. 2.20 now looks identical to the g-axis current controller transfer
function shown in Fig. 2.13, therefore the proportional gain K,,;,can be chosen to be the same as

the proportional gain K.

Kpa= Kpq (2.13)
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2.5.3 Speed controller

Under FOC the induction machine has a dynamic structure similar to that of a separately excited
DC machine as explained in Section 2.4. The design procedure of the speed loop for a FOC
induction machine is therefore similar to the design procedure of the speed loop for a separately

excited DC machine. The transfer function in Eq. 2.14 may be obtained from Fig. 2.21.

Tem
} pJ + B

(2.14)

w,

In the design of this controller load torque 7; = 0.

lqs L, Ay T 1 a,

m em

L, ™ Bl

Fig. 2.21 Under FOC and current controllers the induction machine’s dynamic structure

A PI controller is added to the transfer function in Fig. 2.21 similar to that of a DC machine as

shown in Fig. 2.22.

*
0 a)r + Z > kps(p+Ks) > Lmldr Tem # (0},
B L, J(p+B/J)

Fig. 2.22 Speed controller

B
ky =~ 2.15

Choosing k;; = B/J results in a pole-zero cancellation.

Usually the closed loop speed time constant is chosen to be ten times larger than the time
constants of the d and g-axis current controllers, both of which are equal to 1 ms [34]. The speed

loop time constant is therefore equal to 10 ms.
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JL,,
Lmﬂ’dr (]0 x 10_3 )

Therefore: k,, = (2.16)

For maximum torque production it is advantageous to maintain the flux linkage A, at its rated

value of 1,*. Refer to Appendix B for the procedure to calculate the rated rotor flux linkage.

2.5.4 Voltage pre-compensating controllers

The d-axis and g-axis stator signal paths have cross coupling effects existing between them [8].
The purpose of the pre-compensating controllers is to cancel these cross coupling effects by
adding terms in the pre-compensator that have the same magnitude but opposite sign as the

terms that have to be cancelled.

2.5.4.1 The g-axis voltage pre-compensator

The g-axis stator signal path together with its pre-compensating controller is shown in

Fig. 2.23. Fig. 2.23 is reproduced from Fig. 2.7.

Pre-compensator

Induction
machine

Fig. 2.23 The g-axis voltage pre-compensating controller

2.5.4.2 The d-axis voltage pre-compensator

The d-axis stator signal path together with its pre-compensating controller is shown in

Fig. 2.24. Fig. 2.24 is reproduced from Fig. 2.7.
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Pre-compensator
-

Induction
machine

Fig. 2.24 The d-axis voltage pre-compensating controller

2.5.5 FOC controller

The main function of this controller is to ensure that Eq. 2.9 holds true at all times. Eq. 2.9 is

repeated here as Eq. 2.17.

R,i
0=—"" 4o, (2.17)
Lyiy

2.6 Conclusion

In this chapter the 2-axis hybrid model of the induction machine was used to explain the
principle of FOC enabling the induction machine to have a dynamic structure similar to that of a
separately excited DC machine. The design procedure of the controllers required to implement
FOC was then presented. This is necessary to simulate the two induction machines in the test

bed under FOC. The simulations are presented in Chapter 5.

The next chapter introduces the main aspect of this thesis, which is fans and their associated

characteristics.
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CHAPTER 3
CENTRIFUGAL FAN FUNDAMENTALS

3.1 Introduction

Chapter 2 presented the two axis theory of an induction machine and described the method of
FOC. Under FOC the induction machine behaves like a separately excited DC machine resulting
in superior torque and speed control of the machine. This is necessary to accurately and easily

control the machines in the test bed to replicate the various fan driven air ventilation systems.

/ Gearbox
Coupling Searbox /

Coupling

Fig. 3.1 Fixed speed slip ring induction machine at Vlaklaagte

Fixed speed induction machines are used by Anglo Coal at Vlaklaagte (Fig. 3.1) to drive
centrifugal fans due to their high reliability, low cost and low maintenance with the air-flow rate
being controlled via dampers or adjustable vanes resulting in large amounts of energy being
consumed. In other cases the air-flow rate is controlled by regulating the speed of the fan, in

which case energy savings may be realised.

The point of operation of any centrifugal fan is specific to the system in which it is deployed
and is determined by both the fan characteristic (Fig. 3.4) and the system characteristic (Fig.
3.7). The fan characteristic is supplied by the manufacturer in the form of fan characteristic
curves (Fig. 3.5). The system characteristic is a curve that represents the physical system (Fig.
3.6), which is dependant on the type of dampers or ducting used to transport the air. The fan and
system characteristics are overlaid on one another and the intersection of the two characteristic

curves represents the operating point (Fig. 3.8) of the fan. Varying a damper or adjusting the
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speed of the fan changes the operating point of the fan. Therefore whether any energy savings
are achievable through variable speed operation of the fan instead of fixed speed damper
operation is dependant on the operating point of the fan. This chapter presents centrifugal fans
and their associated characteristics showing the different operating points of a fan realised

through variable speed and fixed speed damper operation.

3.2 Characteristics of Centrifugal fans

Fig. 3.2 Centrifugal fan depicting, (1) air inlet, (2) impeller,
(3) spiral shaped casting, (4) air outlet

A centrifugal fan consists of an impeller (Fig. 3.3, wheel composed of a number of fan blades)
running in a spiral casting as shown in Fig. 3.2. The angle or pitch of the fan blades determine
the amount of work that the fan has to do in moving the air. The air enters parallel to the axis of
the shaft and is accelerated towards the discharge periphery by the blades. There are three forms

of impeller blades that a centrifugal fan can have as shown in Fig. 3.3 [9]:

— i — i —
0 0 0
0 <90° 0=90° 0 >90°
Backward curved Radial blade Forward curved

Fig. 3.3 Three forms of impeller blades [9]
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1. Backward curved blade - The blade tips incline away from the direction of rotation; the

blade angle 8 is less than 90°.

2. Radial blade - The blade tips are radial and the blade angle is equal to 90°.

3. Forward curved blade - The blade tips incline towards the direction of rotation; the

blade angle 8 is greater than 90°.

Forward curved fans are generally used in commercial buildings for ventilation [9]. Backward

curved fans are likely to be used for ventilation on a large scale (mines and tunnels) due to their

improved efficiency compared with forward curved and radial fans [9]. Radial fans are

commonly used as draught fans on large boilers [9]. The centrifugal fans used for ventilation at

Anglo Coal South Africa are backward bladed therefore only this type of centrifugal fan will be

considered.

The performance of a fan in terms of pressure, volume flow and power absorbed depend on a

number of factors [9]. The most important are:

e The design type and size of the fan.

e The point of operation of the fan.

o The speed of rotation of the impeller.

e The condition of

the air passing through the fan.

3.2.1 Fan characteristic

Pregsure [Pa)

Fan characteristic curves

Increasing

-
speed

Decreasing
speed

“olume (mSIs)

Fig. 3.4 Typical fan characteristic curves
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Fig. 3.4 shows typical fan characteristic curves at various speeds.
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Fig. 3.5 Manufacturers fan characteristic curve [21]

A backward curved blade fan characteristic supplied by the manufacturer [21] for an 8 kW
centrifugal fan is shown in Fig. 3.5. Numerous fan characteristic curves plotted at various
speeds are shown in Fig. 3.5, together with lines of constant power and constant efficiency
covering the expected range of operation of the fan. The relationship between pressure and flow
cannot be expressed as a simple mathematical function; however by considering points on the

manufacturer’s fan characteristic curve (Fig. 3.5), it is possible to identify relationships known




Chapter 3 Centrifugal fan fundamentals Page 3.5

as the Fan laws (Eq. 3.1 to Eq. 3.3) [9]. Eq. 3.1 represents the flow rate; Eq. 3.2 represents the

fan pressure and Eq. 3.3 represents the power as the speed of the fan is varied.

Law 1:Q=C,nd’ (3.1)
Law 2:P,=C,n*d’p (3.2)
Law 3:P=C, n’d’p (3.3)

Once the data of a single point on the fan characteristic curve are known at a specific speed, the
coefficients (C,, C,, C,,) in Egs. 3.1 to 3.3 become known; hence the operating point of the fan
at any speed may be determined. This concept of using the fan laws to determine new operating
points of the fan is explained further using the next example. If 20 % more air is required then
the fan speed needs to be increased by 20 % according to Eq. 3.1. The resulting static pressure
will be 44% higher according to Eq. 3.2 and the resulting power will be 73 % higher according
to Eq. 3.3. These laws only apply to the fan characteristic curve and not to the system as a
whole. The curve that represents the system is known as the system characteristic curve which is

discussed next in Section 3.2.2.

3.2.2 System characteristic

Fig. 3.6 Typical industrial air ventilation systems [24]

A system is any assembly of ducts, bends, dampers or any other equipment through which a fan
draws in and discharges air as shown in Fig. 3.6. A system characteristic or resistance curve

(Fig. 3.7) is a graphical representation of how the system reacts to a given air-flow. The system
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resistance is therefore the sum of all pressure losses which could occur through the ducts, bends,

dampers etc.

System resistance curves

Increasing
resistance

Pressure (Pa)

Decreasing
resistance

olume (m3fs)

Fig. 3.7 Typical system resistance curves

Referring to Fig. 3.7, a system resistance curve always starts where the flow and static pressure
are zero. In a system which is fixed, the pressure at a given flow varies as the square of the air-
flow [9]. When a system physically changes the coefficient of the square law changes (see Eq.
3.2), such as if a damper is opened then the coefficient of the square law decreases and the
system resistance is reduced resulting in a lower pressure. The closing of a damper or an

obstruction in the duct increases the coefficient of the square law and the system resistance

resulting in a higher pressure.

Paints of
operation

Points of
operation

Pressure (Pa)

System curve
Fan curve

“alume (mafs)

Fig. 3.8 Operating points of a fan

Once the system characteristic curve (Fig. 3.7) is determined, it may then be superimposed on

the fan characteristic curve (Fig. 3.4) to determine the operating point of the fan in that specific

system as shown in Fig. 3.8.
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3.3 Flow control

Although there are numerous ways of controlling the required air-flow rate, only damper control
and speed regulation are discussed for the purpose of this thesis. The manufacturer’s fan
characteristic curve shown in Fig. 3.5 is repeated in Fig. 3.9 having two system resistance
curves drawn on it. The system resistance curves shown by the solid red line and solid blue line
in Fig. 3.9 are assumed and drawn here to demonstrate the principle of a system resistance
curve and how the operating point of a fan changes as the flow rate changes. It must be noted

that the system resistance curve is drawn on the 70% efficiency line in Fig. 3.9 and is assumed

to be linear for the ease of understanding.
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Fig. 3.9 System characteristic curve superimposed on the manufacturer’s fan characteristic curve

showing the effects of damper control and speed regulation
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3.3.1 Damper control

Damper control is the simplest method of controlling the air-flow rate where the fan inlet or
outlet area is shut off or dampened by a shutter. Closing or opening the damper effectively

modifies the system characteristic curve.

Referring to Fig. 3.9 it is assumed that the fan is initially operating at point A where the green
line is the chosen fan characteristic curve and the solid red line is the chosen system
characteristic curve. Closing the damper effectively modifies the system characteristic curve
causing it to move from point A along the green line towards Point B. The flow rate reduces
from 2.38 m*/s to 1.3 m’/s and the new system characteristic curve is represented by the solid
blue line. With this form of flow control the fan characteristic curve remains constant and the
system characteristic curve changes. Between flow rates of 1.3 m’/s and 3 m*/s the chosen fan
characteristic curve follows the 1.5 kW constant power curve whilst at flow rates below 1.3 m’/s
the fan power reduces to almost 1 kW. This method of flow control is simple, however it
expends more energy compared to variable speed control of a fan and thereby incurs higher
operating costs, especially where a wide range of flow rates are required since fan power

remains almost constant over certain ranges of flow.

3.3.2 Speed regulation

Speed regulation is the most efficient method of flow control available for fans. This method of
air volume control dispenses with the damper system. The air-flow rate is varied by regulating
the speed of the VSD operated fan. The effect of changing the speed of the fan is depicted in
Fig. 3.9.

Referring to Fig. 3.9, it is assumed again that point A is the initial point of operation where the
green line is the chosen fan characteristic curve and the solid red line is the chosen system
characteristic curve. To change to a flow rate of 1.3 m’/s from a flow rate of 2.38 m’/s, the
operating point moves along the system characteristic curve towards point C. The power drawn
by the fan at point C is 0.25 kW. With this form of air-flow control the fan characteristic curve
changes and the system characteristic remains constant. The fan characteristic curve is now
shown by the purple line. As the fan speed is varied between 500 rpm and 1400 rpm, the power

of the fan varies in accordance with Eq. 3.3 and as depicted by the various constant power
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curves in Fig. 3.9 therefore as the air-flow rate decreases, the power consumed by the fan

decreases.

3.4 Torque-speed and power-flow representations

In Section 3.3 both damper control and speed regulation were discussed based on simplified
assumptions. A graphical representation of how the torque and speed of the induction machine
driving the fan changes and how the power drawn and air-flow rate produced by the fan varies
when both forms of flow control are implemented is shown in this section in Fig. 3.10 and Fig.
3.11. This is based on the same assumptions as stated in Section 3.3, system resistance curve on

the 70% efticiency line.
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Fig. 3.10 Torque-speed of the motor
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Fig. 3.11 Power-flow of the fan
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Fig. 3.10 shows that the torque remains significantly high as the air-flow rate (Fig. 3.11) of the
fan varies under damper control, while under speed regulation the torque reduces significantly.
The power utilised by the fan under variable speed and damper operation is shown in Fig. 3.11.
The saving of power through variable speed operation of the fan is clearly visible by this

graphical representation shown in Fig. 3.11.

3.5 Conclusion

The different characteristics of the backward curved centrifugal fan have been presented and
discussed since this type of fan is used at Anglo Coal South Africa. The manufacturer’s fan
characteristic curve for a backward curved centrifugal fan was shown and the effect of varying
the air-flow rate of the fan through speed control and damper control were presented based on

theoretical assumptions.

The next chapter describes the hardware and interfacing of the test bed.
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CHAPTER 4
TEST BED HARDWARE AND INTERFACING

4.1 Introduction

Chapter 2 presented the two axes theory of the induction machine, the theory of FOC and the
controller design process. Chapter 3 presented the characteristics of backward curved
centrifugal fans and both damper and variable speed operation of these centrifugal fans were

presented based on assumptions made on the manufacturer’s fan characteristic curve.

A test bed that could replicate the operation of any fan ventilation system was required to
develop the M&V methodology. Before any simulations could be performed, the test bed
hardware and interfacing were required. This chapter describes the hardware and interfacing of
a 3 kW test bed.

4.2 Test bed Hardware and Interfacing

SCADA /
. RS 485/
P
rogramming RS 232
> I TEthernet
A ] Ld]
Power ey Encoder | RS 232C | Analogue
meter S;fslly ARG module | Comm. module
230 V supply | (n]
* TSpeed T
o <<
VFD 1 - PROFIBUS » viD2 | |35
Speed* Torque* KB
Speed Speed DC link Torque [~ ¥
»1 controlled in controlled
_____________________________ A Coupling || —
Induction machine1 Induction machine2

Fig. 4.1 Block diagram representation of the test bed
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Fig. 4.1 depicts the test bed schematically. The narrow lines linking the components of the test
bed represent communication and signal lines and the thick bold lines represent power lines.
Hardware manufactured by Siemens was specified by NPC for use in the development of the
test bed since similar hardware is used at Anglo Coal South Africa. The purpose of each
component in the test bed is discussed below.

4.2.1 Programmable Logic Controller (PLC) and associated hardware

e PLC

Fig. 4.2 Programmable Logic Controller

A Siemens S7-315 2PN/DP PLC shown in Fig. 4.2 performs some of the supervisory logic and
control in the project. The module has 256 kB of working memory and a micro memory card to
store the user defined programmable software. The PLC has two ports available, one being a
Multi Point Interface (MPI)/Distributed Peripheral (DP) port while the other is an Ethernet port.
The MPI/DP port is used for PROFIBUS communication. PROFIBUS is an international, open
field bus communication profile used for high speed data transmission using low cost
connections [16]. It is a bus which allows several automation, visualisation or engineering
systems with field devices to operate together [16]. PROFIBUS is used to communicate with the
two FOC Drives as shown in Fig. 4.1. The Ethernet port is used for programming the PLC and
for linking the test bed to a SCADA program. PROFIBUS and Ethernet were chosen as the
communication mediums in the test bed since the same communication media are used at Anglo
Coal South Africa.

e High Speed Counter module

The High Speed Counter (HSC) expansion module of the PLC is used to read the speed signals
(pulses) received from the incremental encoder attached to the shaft of Machine2 in the test bed
as shown in Fig. 4.1. The HSC module calculates speed by counting the number of pulses per
encoder revolution within a dynamic measuring time [17].
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e RS 232C module

The RS 232C serial expansion module of the PLC is used to provide the communication link
between the power meter and the PLC as shown in Fig. 4.1. The serial expansion module

enables all the quantities measured by the power meter to be accessed by the PLC.

e Analogue module
The analogue module shown in Fig. 4.1 is a 4 input/2 output 8 bit module. The module allows
for both voltage inputs/outputs and current inputs/outputs. The torque calculated by VFD2 in the

test bed is sent to the PLC via the current interface of the analogue module as shown in
Fig. 4.1.

4.2.2 Variable Frequency Drive and associated hardware

e VFD

The main objective of a VFD is to provide a variable frequency output. The main hardware

components which assist in achieving this objective are shown schematically in Fig. 4.3.

Power out1
Converter DC link Inverter

D1 D3 IC [N ~ pN
Power in T T j& _'\9 j& _'ngji HL5

—> + J —f/l
&
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— | -
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Fig. 4.3 Schematic of the VFD

Referring to Fig. 4.3, the supply is rectified to DC via the diodes labelled D1-D4. The capacitor
(C1) assists in maintaining a constant DC link voltage and also ensures a near sinusoidal current
output for superior torque performance of the machine. The transistors Q1-Q6 are intelligently

gated to produce the variable frequency output.
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w =L
“indicator
PROFIBUS
module

Supply DC link Motor
terminals terminals terminals

Fig. 4.4 3 kW Micromaster 440 VFD

The two VFDs used in the test bed are identical and are commercially available
MICROMASTER 440 3 kW VFDs manufactured by Siemens as shown in Fig. 4.4. The input
voltage of the VFD is 230 V 50 Hz single phase. The output voltage of the VVFD is three phase
with an output frequency range of 0 Hz to 650 Hz [14].

PWM

PWM

Fig. 4.5 Software integration

The MICROMASTER 440 VFDs are used to control Machinel and Machine2 of the test bed
under FOC. Referring to Fig. 4.5, the required speed and torque setpoints are calculated in the
PLC and sent via PROFIBUS to VFD1 and VFD2 respectively. VFD1 operates Machinel under

Speed Control using speed feedback from the incremental encoder discussed in Section 4.2.3
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and VFD2 operates Machine2 under Torque Control enabling Machinel to represent the

machine driving a fan and Machine2 to represent the fan.

e Power flow in the test bed
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230V | Power out1 |
| Converter DC link Inverter |
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Powerlin t f %L AL AL I
N & %\ Power out1
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Fig. 4.6 Power flow in the test bed

The power flow in the test bed is described using Fig. 4.6. Machinel of the test bed operates as
a motor while Machine2 operates as a generator. The DC links on both VFD’s of the test bed
are connected enabling the power generated by Machine2 to be fed back into the system as
shown in Fig. 4.6. The power flowing into the DC link of VFD1 from VFD2 has to equal the
power flowing out of the DC link of VFD1 for the voltage across the DC link capacitor of
VFDL1 to remain constant. The power drawn from the mains supply is therefore only used to
replace electrical and mechanical losses in the test bed. Referring to Fig. 4.6, the power (Power
outl) flowing out of VFD1 therefore comprises the power (Power in from the mains supply)
required to replace the losses in the test bed and the power (Power in 2) flowing in the DC link
of VFD1 from VFD2. The power drawn from the supply to replace these losses is measured

using the power meter discussed next.
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e Power meter

A Satec single phase AC power meter shown in Fig. 4.7 is used to measure the input power of
the test bed. Due to Machinel operating as a motor, Machine2 operating as a generator and
having the DC links linked on both VFDs, the power meter only measures the power required to

replace losses in the system.

Fig. 4.7 Satec power meter

The electrical connection of the power meter to VFD1 is shown schematically in Fig. 4.8 [19].

Line >
VFD1

@ @ @ @ Voltage|
\Y VN

-

+

j:] Current

RS 485 4 l/\l + »0 %) > )Relay
Comm. <] > (0 %) > Joutput
s m Q-
= % %: N Power supply
1 230VAC

120 VAC

Fig. 4.8 Schematic of the power meter terminals and connections [19]

Referring to Fig. 4.8, using the power meter’s RS 485 serial port all the measured quantities are
accessed and made available by the PLC via its RS 232C serial communication module.
Additional Moxa hardware shown in Fig. 4.9 was utilised to convert the RS 485 signal
transmitted from the power meter to RS 232. The electrical connection of the power meter to the
RS 232C serial module via the Moxa is shown in Fig. 4.10.
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Fig. 4.9 RS 485 to RS 232 signal converter

Moxa Communication
Power meter RS 485/ module of the PLC
RS 232
signal
converter
RS 232C

RS 485
W—» +| RXD
> +| TXD —D
»! -| RXD

-| TXD

- |+
Y

Fig. 4.10 Connection diagram for the serial port conversion

e Control terminals

The MICROMASTER VFD has a set of control terminals as shown in Fig. 4.11. The control
terminals provide the analogue output (Terminals 12 and 13) required to send the torque
calculated by VFD2 of the test bed to the PLC via its analogue module as shown in Fig. 4.1

ADC1
OFF =0-10V
ON = 0:20mA 18 19 20 21 29 23 74 D0

ADC2
OFF =0-10v
ON = 0-20mA

12 13 14 15 NFIENA26 27

Fig. 4.11 Control terminals available on the VFD [14]
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¢ PROFIBUS module

To enable the PLC to communicate with each VFD of the test bed, an additional PROFIBUS
module is attached to each VFD. A picture of this PROFIBUS module is depicted in Fig. 4.12.

t PROFIBUS

cable

Fig. 4.12 PROFIBUS module for the VFD

4.2.3 Incremental encoder

The incremental encoder used to provide speed feedback from the test bed is a 24 V 50 mA
encoder (Fig. 4.13). The maximum counting frequency of the encoder is 300 kHz. Single
evaluation (1024 pulses per revolution) of the encoder signals are enabled, since the HSC
module does not support both double evaluation (2048 pulses per revolution) and quadruple
evaluation (4096 pulses per revolution) of the encoder signals. The incremental encoder is
connected directly to VFD1 and the HSC module.

Fig. 4.13 Leine and Linde speed transducer
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4.3 Earthing strategy

Large currents are switched through the power electronic devices in each VFD; therefore the
generation of Electromagnetic Interference (EMI) is very high. The EMI generated can manifest
itself in two ways: the first is noise being induced into the signal wires (signals of the speed
transducer); and secondly is ground loops. Ground loops result in circulating currents flowing in
the signal cable shielding and system framework. Ground loops may cause damage to

equipment due to volt drops generated between ground points in the loop.

The problem of EMI induced in the signal cables (speed signal) was addressed with the use of
screened cables. The screened cables were only earthed on the return side of the signal cable to

avoid ground loops.

Test bed
equipment housing

Machine1 Machine2

[ .
VFD1 VFD2 l —I—— T%E ‘Llﬂ'

. T .

Fig. 4.14 Earthing strategy

The problem of ground loops was addressed by earthing the VFDs, housing box, test bed
machines and encoder shielding individually, employing a ‘tree’ like earthing structure as
shown in Fig. 4.14. All earth leads used were kept as short as possible to limit the resistance in

the earth paths, in order to limit the volt drops generated by any earth currents.

4.4 Complete test bed

The two induction machines shown schematically in Fig. 4.1 are shown stiffly coupled together
in Fig. 4.15. The framework which holds both induction machines together was made out of
iron. Both induction machines are identical, therefore no special modifications had to be done

on the framework since the shafts of the machines lined up perfectly for direct coupling.
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Induction machine1 Induction machine2

Fig. 4.15 Induction machines coupled together

The control and monitoring components of the test bed that were discussed in Section 4.2 are
shown below in Fig. 4.16.

Fig. 4.16 Equipment housing

The induction machines shown in Fig. 4.15 and the equipment shown in Fig. 4.16 together

form the complete test bed.

45 Conclusion

This chapter described the hardware and interfacing of the components required to operate and

monitor the test bed.

The next chapter discuses the commissioning of the test bed.
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CHAPTER 5

TEST BED COMMISSIONING

5.1 Introduction

In Chapters 2 and 3 the theory of the induction machine, the principles of FOC and the
characteristics of centrifugal fans were presented. This was followed by the hardware and

interfacing of the test bed in Chapter 4.

This chapter presents the commissioning of the test bed. The commissioning was carried out in
two phases. The first phase involves the calculation and verification of the electrical and
mechanical parameters for the induction machine model. The machine’s parameters are first
calculated by doing manual tests and are then calculated by the VFD. The parameters are then
verified by simulating the response of the machine and comparing it to the actual measured
response of the machine. The machine parameters are necessary because they are used in the
second phase of commissioning which involves a computer simulation of the test bed under
FOC. The parameters are therefore required in the design of the controllers utilised to
implement FOC. The practical results gained from the test bed are then presented. The two
induction machines of the test bed have the same nameplate data therefore for Phase 1 of the
commissioning process the results of only one machine is shown to avoid repetition. The

differences in the electrical and mechanical parameters of the two machines are negligible.




Chapter 5 Test bed commissioning Page 5.2

PHASE 1

5.2 Manual tests

Three manual tests were performed to determine the electrical and mechanical parameters of the
induction machine using the IEEE Standard Test Procedure for Polyphase Induction Machines
and Generators (Std 112-1984) [6]. These tests are briefly described below stating the final
results obtained from each specific test. Refer to Appendix D for the full calculations and results
obtained from testing the machine. The stator windings of the machine were connected in delta
for the tests described in Sections 5.2.1 to 5.2.3 since the VFDs in the test bed are connected in

delta.

5.2.1 No load test

The no load test was performed to measure the parameters R,, (core losses) and L, (mutual
inductance). The rated voltage (230 V) of the machine was applied while the machine ran on no
load. The measured data is shown in Appendix D, Fig. D.3 resulting in a R,, of 605.55 Q and L,,
of 0.187 H.

5.2.2 Locked rotor test

The locked rotor test measured the parameters R, (stator and referred rotor resistance) and L,
(stator and referred rotor inductance). A reduced voltage was applied to the machine until the
rated current flowed in its stator windings as shown in Appendix D, Fig. D.5. The results
showed R, to be 3.74 Q and L, to be 0.0222 H at the rated current (11.1 A) of the machine. L,

may decrease at higher currents especially during a DOL start-up due to the machine saturating.

5.2.3 Windage and Friction loss test

Some of the losses present in an induction machine are:

e copper losses in the stator and rotor windings.
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e mechanical losses due to bearing friction and the cooling fan.

e hysteresis and eddy current losses.

The no load loss due to friction and the cooling fan at synchronous speed of the machine as

shown in Appendix D, Fig. D.6 is 22.975 W.

A rundown curve of the machine under no load presented in Fig. D.7 and Fig. D.8 (Appendix
D) showed the rate of change of speed to be -31.751 rad/s>. This enabled the machine’s inertia
(/) and frictional damping coefficient (B) to be calculated; J was found to be 0.00459 kg.m2 and
B 0.00093 Nms/rad.

Measured parameters

Parameter name Parameter symbol Value
Stator resistance R; 23Q
Referred rotor resistance Ry 1.440199 Q
Stator leakage inductance L, 0.01111 H
Referred rotor leakage inductance Ly 0.01111 H
Magnetising resistance R, 605.55 Q
Mutual inductance L, 0.187 H
Inertia J 0.00459 kg-m*
Frictional damping coefficient B 0.00093 N.m.s/rad

Table 5.1: Measured machine parameters

5.3 VEFD calculated machine parameters

The MICROMASTER VFDs used in the test bed are commercially available Siemens VFDs
that may be programmed to perform a number of functions. One of the functions that the VFD
can perform is to determine the electrical and mechanical parameters of the induction machine
connected to it. Specialised software called Drive Monitor available for use with the
MICROMASTER VFDs is used to display the measured data from the VFD and set the various
available programmable functions. A screen captured from Drive Monitor is shown in Fig. 5.1
displaying the electrical and mechanical parameters of the induction machine that were
determined by the VFD. The extreme left of the screen shown in Fig. 5.1, the green and yellow
blocks, show the parameter number of a specific parameter. The second last column from the

left displays the value of a specific parameter.
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} Rated motor power | +]000 1st. Dnve data set (DDS) |3.00
Rated motor cosPhi |+/000 1st. Dive data set (DDS) 0.620

 Riated motor efficiency [+1000 st Drive data set [DDS) [825 %
Rated motor frequency |+/000 13t Drive data set (DDS) 50.00 Hz
Rated motor spead |+ {000 1st. Drive data set [DDS] 1428 mirt !
Motor pole pairs |+1000 1st. Drive data set [DDS] |2
Motor pole pair number |+1000 1st. Dnve data set (DDS) |0

.~ Motor magnetizing current 41000 1st Drive data set ([DDS) 0.0 1%
Rated motor slip #1000 1st Drive data set [DDS) 15.00 %
Rated magnetization current |+/000 1st. Drive data set (DDS) 13188 A
Rated power factor L+ {000 st Drive data set [DDS) 0.820
Rated motor torque |+1000 1st. Drive data set [DDS] |2010 Nm
Motor cooling |+/000 1st. Drive data set [DDS) |0 Sel-cooled

" Calculation of motor parameters [+]000 st Drive data set [DDS) 10 No calculation
Motor inertia [kg'm"2] |+ 000 1st. Drive data set [DDS) 10,0055
Tatal/mator inertia ratio |+1000 1st. Drive data zet (DDS) |1.000

~ Motor weight |+ {000 13t Drive data set (DDS) 25.0 ka
Motor start-up time _+ 1000 13t Drive data set [DDS] 0.073 ]
Magnetization time | +1000 1st. Drive data set [DDS] _0.145 |s

- Demagnetization time |+{000 1st. Dnve data set [DDS) |0.362 $
Stator resistance [line-to-ine) #1000 st Drve data set (DDS) 1281051 Ohm

- Cable resistance |+]000 15t Drive data set [DDS) 10.40836 |Ohm
Rotor resistance |+/000 13t Drive data set (DDS) |[1.5m72 Ohm
Stator leakage inductance +|000 13t Drive data set [DDS] 10.46875

. Fotor leakage inductance |+1000 1st. Drive data set [DDS] |11.00000

© Main inductance .+ 000 1st. Dnve data set [DDS) | 203.500

Fig. 5.1 Parameters of the machine calculated by the VFD

Referring to parameter P0350 and parameter P0352 in Fig. 5.1 the machine’s stator resistance

is calculated as shown in Eq. 5.1:

R, = P0350 — P0352 (5.1)

R, =R, -R

line cable

R, =2.81051-0.408
R, =240

With reference to Fig. 5.1, the induction machine’s parameters are repeated in Table 5.2.

VFED calculated parameters

Parameter name Parameter symbol Value
Stator resistance R; 24 Q
Rotor resistance R, 1.51172 Q

Stator leakage inductance L, 0.010469 H

Rotor leakage inductance L, 0011 H
Mutual inductance L, 0.209 H
Inertia - Method 1 J 0.0055 kg-m”

Table 5.2: VFD calculated machine parameters
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5.4 Direct On Line start-up current and speed

For the purposes of verifying the induction machine’s parameters calculated by doing manual
tests and by the VFD, the Direct On Line (DOL) stator current and speed responses of the
induction machine were captured on an oscilloscope and imported to Matlab. The machine’s
terminals were connected in Star for this test with a reduced voltage of 300 V to prevent the

machine’s iron parts from saturating during start-up since saturation of the machine will not

occur with the simulation model.

Stator curent (4]

A rapid rise in the stator phase A current is shown in Fig. 5.2 which accurately describes an
induction machine since the start-up current of an induction machine during a DOL start-up is

approximately 5 to 8 times greater than the rated current (6.4 A, Appendix A.1) of the machine.

DOL stator phase A current
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Fig. 5.2 DOL start-up current peaking at 40 amps

The maximum current at the first peak of the current signal is 40 A.
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. 5.3 DOL start-up speed with a final speed of approximately 157 rad/s
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Fig. 5.3 depicts the DOL speed response of the machine. The machine reaches no load speed in

approximately 0.05s.

5.5 DOL start-up Simulink™ simulation of the machine using the measured and

VFD calculated parameters

The parameters of the machine have been determined by doing manual tests and by the VFD.
The measured DOL start-up of the machine has been presented in the previous section. In this
section the DOL start-up of the machine using the two sets of machine parameters is simulated
using software called Simulink™. The simulated DOL start-up is then compared to the

measured DOL start-up to verify the accuracy of the machine’s parameters.

Fig. 5.4 shows the Simulink™ model comprising a 300 V three phase source, connected to a
circuit breaker, connected directly to a star connected induction machine. The speed and current

responses of the machine are viewed via the scope connected to the machine output in Fig. 5.4.

Continuous
pawergL 1
Constant
=Rotor speed (wm)= P
A—____,
@ l"| A | #——————————n =Stator current is_a (&)= v
ol Scope
hachingl P

Three-Phase Source Three-Phase Breaker

Fig. 5.4 Simulink™ model for a DOL start-up

The DOL start-up of the machine is first simulated using the manually measured parameters and
compared to the actual DOL start-up responses (Fig. 5.2 and Fig. 5.3) as shown in Fig. 5.5 and
Fig. 5.6.
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Actual and Simulated (Measured pararmeters) stator phase A current responses
50 T T T T T T T T T T

40

Actual measured
Simulated measured parameters
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Statar curent (A)
]

-20

i

Time (=)

Fig. 5.5 Comparison of the stator phase A current response

Fig. 5.5 compares the simulated DOL start-up response to the measured DOL start-up response

(Fig. 5.2). The stator phase A currents shown in Fig. 5.5 follow one another accurately.

Actual and Simulated (Measured parameters) speed responses
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Fig. 5.6 Comparison of the speed response

The simulated DOL start-up speed response of the machine is compared to the measured (Fig.
5.3) DOL start-up speed response in Fig. 5.6. There are oscillations in the simulated speed

response causing the machine to reach no load speed after approximately 0.3s.

The simulated DOL start-up responses of the machine using the VFD calculated parameters as

shown in Section 5.3 and the measured frictional damping value given in Section 5.2 are now
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compared to the actual DOL start-up responses (Fig. 5.2 and Fig. 5.3). These comparisons are

presented below in Fig. 5.7 and Fig. 5.8.

Actual and Simulated (WFD parameters) stator phase A current responses
50 T T T T T T T T T T

Actual measured
Simulated wFD parameters

Stator current (A)

Time (=)

Fig. 5.7 Comparison of the stator phase A current response

The simulated and measured DOL start-up stator phase A current responses are compared in

Fig. 5.7. The stator phase A currents follow each other accurately.

Actual and Simulated (WFD parameters) speed responses
180 T T T T T T T T T T
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140 oo
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Actual measured
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Fig. 5.8 Comparison of the speed response

Fig. 5.8 compares the measured DOL start-up speed response (Fig. 5.3) to the simulated DOL
start-up speed response of the machine. The simulated speed response also has oscillations
causing the machine to reach no load speed after approximately 0.3s similar to when the
measured parameters of the machine were used as the input data for the Simulink™ model

shown in Fig. 5.4.
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5.6 Identification of the machine’s parameters using the Optimisation toolbox

for Simulink™

Two sets (Measured and VFD calculated) of parameters were used to simulate the machine
starting up DOL. The Simulink™ simulations were then compared to the measured DOL
responses which showed discrepancies in the speed response of the machine. The next step was
to try and get better correlation as it was obvious the parameters were incorrect. This was done

using the Optimisation toolbox for Simulink™ in Matlab™™.

Cantinuaus

nowergui

Startup spead

| R
<Rotar speed (wm)=

I =Etatar current is_a (&)

1
@ ".\ B
C
Three-Fhage Source

Wachinet

Three-Phase Breaker

Startup current

Fig. 5.9 Setup of the machine with signal constraints connected to the machine’s output

To try and achieve better correlation between the measured and simulated DOL start-up
responses, the measured DOL start-up responses were imported to Simulink ™. The DOL start-
up stator phase A current and speed responses were imported to the signal constraint blocks
shown in Fig. 5.9 labelled ‘start-up speed’ and ‘start-up current’ as shown in Fig. 5.10 and Fig.
5.11. The measured DOL start-up responses are shown in grey and the black lines around the
grey curves are the signal boundaries which I have set. At the bottom of the signal constraint
figures shown in Fig. 5.10 and Fig. 5.11 there are two boxes which have been ticked, namely
‘enforce signal bounds’ meaning restrict the simulated response to within the black lines and

‘track reference signal’ in other words, try and follow the grey curves as closely as possible.
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Fig. 5.10 Current constraint window of the model
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Fig. 5.11 Speed constraint window of the model

The parameter identification process starts by simulating the current and speed responses
of the induction machine using the initial measured parameters from Section 5.2. The
parameter identification process then adjusts the machine’s parameters Rr, Lr, St, Lm, Ls, B
and J until there is a better correlation between the actual and simulated responses. The various

simulated response curves are shown by the different colour curves in Fig. 5.12 and Fig. 5.13.
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) |Block Parameters: Stariup current HEET
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Signal *=Stator current is_a (A)="

Ampltude

Time (sec)
Enforce signal baunds Track reference signst

Fig. 5.12 Optimisation of the current response as shown by the various different colour curves
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Fig. 5.13 Optimisation of the speed response as shown by the various different colour curves

Referring to Fig. 5.12 and Fig. 5.13, the blue curve represents the first simulation of the
machine with the initial parameters and the last simulation is depicted by the solid black curve.

These black curves are shown in Fig. 5.14 and Fig. 5.15 for clarity purposes.
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Fig. 5.14 Final current signal solution obtained by optimisation
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Fig. 5.15 Final speed signal solution obtained by optimisation

The final parameters of the machine obtained at the end of the optimisation identification

process are shown in Fig. 5.16.
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Fig. 5.16 Identified machine parameters as shown by the optimisation window available during the

optimisation identification process

5.7 DOL start-up simulation of the machine with the Optimisation toolbox

identified parameters

The same Simulink' ™ model of the machine (source supplying 300 V for a star connected
machine) as depicted in Fig. 5.4 was used to simulate the machine starting up DOL using the
Optimisation toolbox identified parameters as the input data for the machine model. The
simulated stator phase A current and speed responses of the machine are compared to the

measured DOL start-up responses as shown in Fig. 5.17 and Fig. 5.18.
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Actual and Simulated (Optimised parameters) stator phase A current responses

.
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Fig. 5.17 Comparison of the stator phase A current response

Actual and Simulated (Optimised parameters) speed responses
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vl ]

120 — Simulated optimised parameters |- 4
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Speed (rad/s)

02 02 03 035 04 045 05
Tirme (s)

Fig. 5.18 Comparison of the speed response

Fig. 5.17 depicts the stator phase A currents tracking each other accurately. Fig. 5.18 shows the
measured DOL start-up speed response ‘approximately’ matching the simulated DOL start-up
speed response. The simulated speed response is still oscillatory unlike the actual response of
the machine; however the oscillations are not as large as compared to the previously simulated

responses of the machine shown in Fig. 5.6 and Fig. 5.8.
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5.8 Parameter discrepancies

Parameter Measured VFED calculated Optimisation
Symbol toolbox identified

Ry 23Q 24Q 235Q
R, 1.440199Q 1.51172 Q 1.49 Q
L, 0.01111H 0.010469 H 0.01 H
L, 0.01111H 0.011H 0.009987 H
Lm 0.187H 0.209 H 0.199 H

J (method 1) 0.00459 kg-m” 0.0055 kg-m’ 0.0046 kg-m”
B 0.00093 N.m.s/rad - 0.0008926 N.m.s/rad

Table 5.3: The various sets of machine parameters

Referring to Table 5.3, there are small differences between the measured, VFD calculated and
Optimisation toolbox identified parameters. The differences in the actual speed response of the
induction machine compared to the simulated speed responses of the induction machine are due
to using a digital encoder (Fig. 4.13) to capture the speed signal. The digital speed signal from
the encoder is passed through the PLC which converts the signal to analogue to be displayed
and captured on an oscilloscope. The active filters on the digital to analogue converter and the

slow sampling rate of the PLC could not capture the fast true start-up response of the machine.

The next section discusses the second phase of commissioning.
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PHASE 2

5.9 Test bed simulation

The measured, VFD calculated and Optimisation toolbox identified parameters of the machine
have small variances. Any set (whether VFD calculated, measured or Optimisation toolbox
identified) of the electrical and mechanical parameters of the induction machine could therefore
be used to design the controllers and simulate the test bed under FOC. The Optimisation toolbox
identified parameters were used to design the controllers and to simulate the test bed machines
under FOC. All the variables are plotted in physical units and not on a per unit based system of

units.

Following the design procedure outlined in Chapter 2, Section 2.5 the controller gains were
calculated as shown in Appendix C and are provided in Table 5.4 below. The inverter is
assumed to be ideal and has an input voltage of 220 V AC. The DC link voltage of the inverter
is 311 V DC but the DC link voltage in the d-q reference frame is 311*V(3/2) V DC. The
inverter is neglected in the simulations therefore the gains of the current controllers are

increased by a factor of 311*V(3/2).

Controller gains
Kiq 120.9
Koq 0.062*311*(3/2)
Kig 193.1
Kpd 0.062*311*V(3/2)
Kis 0.194
Kos 0.662

Table 5.4: Controller gains calculated using the optimised machine parameters

To show the decoupling of the induction machine under FOC and to verify the accuracy of the
controller design process, the test bed is simulated under FOC using the above controller gains.
Fig. 5.19 and Fig. 5.20 show the Simulink™ block diagrams of Machinel operating under
Field Oriented Speed Control and Machine2 operating under Field Oriented Torque Control
respectively. The machines in the test bed are coupled therefore the block diagrams shown in

Fig. 5.19 and Fig. 5.20 are combined to represent the test bed as shown in Fig. 5.21.
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Fig. 5.19 Simulink™ block diagram representation of Machinel operating under speed control
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Fig. 5.20 Simulink™ block diagram representation of Machine2 operating under torque control
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Fig. 5.21 Simulink™ block diagram representation of the test bed

Referring to Fig. 5.21, a step input (157 rad/s) to the speed reference (w,*) is applied to
Machinel after Is and a time varying, stepped torque load is commanded from Machine2 after
1.5s. A torque load of 5 Nm was demanded at time = 1.5s, 7 Nm at time = 1.7s and finally 3 Nm
at time = 2s. The simulated responses of Machinel and Machine?2 are presented and discussed in

Section 5.9.1 and Section 5.9.2 respectively.

5.9.1 Machinel-Speed controlled

The responses of Machinel under speed control are presented and discussed in this section

whilst subjected to a step input to the speed reference after 1s as shown in Fig. 5.22.
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Fig. 5.22 Speed response of Machinel

The speed response of Machinel shown in Fig. 5.22 has no oscillations in it as the speed (w,) of

both the test bed machines increase from zero to the reference speed (w,*) of 157 rad/s

demanded due to the uniformity of torque (see Fig. 5.27) that is produced.

The d-axis stator transient current response is depicted in Fig. 5.23 when subjected to a step

change of 3.68 A in the d-axis current reference (i *) producing the required rated rotor flux

linkage of 0.73 Wb as shown in Fig. 5.24. Refer to Appendix B for the calculation of the rated

rotor flux linkage.

ids (A)

Stator d-axis current

368 |----4

Tirme (=)

. 5.23 d-axis stator current (iz) of Machinel
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Rotor d-axis flux linkage
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Fig. 5.24 d-axis rotor flux linkage (A4,) of Machinel

Fig. 5.25 and Fig. 5.26 depict the g-axis stator current response. During an initial period of one
second the machine is pre-fluxed by holding the g-axis stator current reference (i, ™*) to zero.
This allows for the d-axis rotor flux linkage (44) to build up to its rated value of 0.73 Wb; the
machine will now be able to respond with full torque if required. A step in the speed (w,*)
reference is applied after the pre-fluxing period as shown in Fig. 5.22 causing the g-axis
reference current (i, *) and the actual g-axis current (i) to rise rapidly reaching its limit of
12.24 A. The induction machine is protected by limiting the g-axis current until the actual speed
(,) of the machine reaches the specified reference speed (w,*) demanded. After 1.5s torque is
again produced by the machine due to the load applied by Machine2 therefore the stator g-axis
current changes according to the amount of torque required to match the load. The torque

response of the machine is shown in Fig. 5.27.

Stator g-axis current
14 T T T

12.24 g N N S
see Fig. 5.33

(1=l [ —
igs

10 B R

g5 (A)
1]

0.5 \\1/,/ 1.5 2 2.5
Time (=)

Fig. 5.25 g-axis stator current (ig) of Machinel
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Fig. 5.26 Enlarged view of Fig. 5.25 from 0.99s to 1.007s

Time (=)

1.005 1.006

1.007

The torque response shown in Fig. 5.27 has a similar shape to that of the g-axis stator current

response clearly illustrating the relationship between the two as given in Eq. 2.10 in Chapter 2.

The decoupled structure of the induction machine gives rise to a linear torque response. After 1s

the torque rises rapidly and settles down to almost 0 Nm once the reference speed demanded

shown in Fig. 5.22 is reached. After 1.5s torque is applied by the machine to match the load

applied by Machine2. According to Eq. 2.10 which is repeated here as Eq. 5.2, 0.695 A of

current produces 1 Nm of torque. This relationship is verified by the g-axis stator current

response shown in Fig. 5.25 and the torque response shown in Fig. 5.27; 12.24 A of current

results in a torque of 8.5 Nm.

T, =0.695i,

Torque (M.rm)

8.5

Torgue

(5.2)

_____________________________

u] 025 05 0.75 1 1.25 1.5

Tirmne (=)

Fig. 5.27 Torque response of Machinel

25
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The g-axis rotor flux linkage (A,) response shown in Fig. 5.28 is zero.

Flu linkage (¥Wh)
]

0.5

-0.5

w10 Rotor g-axis flux linkage
= ¢ § & ©§ =@ § 3§ B
i i i i i i
1.75 2 225 2.5

i 1 1
8] 0.25 05 075 1 1.2 1.5
Tirme (s)

Fig. 5.28 g-axis rotor flux linkage (,,) of Machinel

The linear torque response, A, being maintained at its rated value and A, equalling zero shows

the correct applicat

ion of FOC.

5.9.2 Machine2-Torque controlled

The responses of Machine2 under torque control are presented and discussed in this section

whilst subjected to a time varying, stepped torque input as shown in Fig. 5.29. A torque load of

5 Nm was demanded at time = 1.5s, 7 Nm at time = 1.7s and 3 Nm at time = 2s.

Torgue (M.m)

Torgue
T T ! T T ! ! T
Targue™
___________ Torgue | oo s fooe o a
T T isee Fig 837V
i i i i
o 0.3 06 0.9 1.2 W 1.8 21 2.4
Tirme (=)
Fig. 5.29 Torque response of Machine2
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Torgue

_________________________________________________

Time (=)

Fig. 5.30 Enlarged view of Fig. 5.29 from 1.4995s to 1.5046s

Fig. 5.31 depicts the d-axis stator transient current response when subjected to a step change of

3.68 A in the d-axis current reference (i *) producing the required rated rotor flux linkage of

0.73 Wb as shown in Fig. 5.32. Refer to Appendix B for the calculation of the rated rotor flux

linkage.

ids (4)

Flut linkage (W)

Stator d-axis current

Time (=) -F

Fig. 5.31 d-axis stator current (igs) of Machine2

Rotor d-asxis flux linkage

Time (=)

Fig. 5.32 d-axis rotor flux linkage (Aq,) of Machine2

1
1 1.25 1.5 1.75 2 2.25 2.5
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The g-axis stator current response is depicted in Fig. 5.33 and Fig. 5.34. After 1.5s a step in the
torque reference (Torque®) causes the g-axis reference current (i,*) to rise rapidly until the
actual torque (Torque) of the machine reaches the specified reference torque (Torque*). The g-
axis stator current changes depending on the torque demanded. To produce 5 Nm of torque,

7.2 A of current is required as shown in Fig. 5.33. The ratio of torque to current is the same as

that defined in Eq. 5.2.

Stator g-axis current

12 T T T T T T T T
|
igs
L R Foooooee e
' see Fig. 5.41:
T : : :
=
YU i e
i s Sl E
i]
) 1 1 | | | | 1 1
u} 0.3 0B 0.9 1.2 1.5 1.8 2.1 2.4
Time (=)
Fig. 5.33 g-axis stator current (igs) of Machine2
Stator g-axis current
8 T T T ! T T T
N R L e e LR ELEEEEEES
I i
] S |
T T :
P :
= || :
] S :
T
o e
_ i i i | i i i
1.499 1.5 1.501 1.602 1.503 1.504 1.505 1.506

Fig.

The speed response of Machine?2 is shown in Fig. 5.35. Due to Machinel being stiffly coupled
to Machine?2 the speed response of Machine2 corresponds to the speed response of Machinel.

The speed response of Machinel and Machine?2 is therefore the response of the test bed and not

the individual machines.

Time (s}

5.34 Enlarged view of Fig. 5.33 from 1.499s to 1.507s




Chapter 5

Test bed commissioning

Page 5.26

Speed (rad/s)

Flux linkage (Wh)

R=i=] 1 1.01 1.02 1.03 1.04 1.05 .06 1.07 1.08

Time (s)

Fig. 5.35 Speed response of Machine2

w100 Rotor g-axis flux linkage

Fig. 5.36 g-axis rotor flux linkage (1) of Machine2

The g-axis rotor flux linkage (A,) equals zero as depicted in Fig. 5.36 showing the correct

application of FOC.

5.10 Practical results gained from the test bed

Following the Simulink ™ simulations of the induction machine under FOC, the test bed VFDs

were programmed. VFDI1 and VFD2 were configured such that both Machinel and Machine2

operate under FOC. The various internal control loops of each VFD which allow speed and

torque control of the induction machines are shown in Fig. 5.37 to Fig. 5.39. The inputs and

outputs to the blocks presented in Fig. 5.37 to Fig. 5.39 show the parameter name, parameter

number and the defined range of the parameter to be set using the Siemens Drive monitor

software. Note that Fig. 5.37 to Fig. 5.39 have been reproduced from the ‘MICROMASTER

440, Parameter list’

manual [15].
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Fig. 5.37 Overview of the speed controller [15]
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Fig. 5.38 Overview of the torque controller [15]
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Fig. 5.39 Current control Observer model [15]
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Referring to Fig. 5.37 through to Fig. 5.39, the main control loops blocked in blue form the
heart of FOC and correspond to the control loops designed in Chapter 2, Section 2.5. All
additional blocks provide improved control of the machine resulting in a technologically
advanced VFD. The actual d-axis stator current (Parameter r0075 in Fig. 5.39) and g-axis stator
current (Parameter r0078 in Fig. 5.39) responses of Machinel and Machine2 were output to an
oscilloscope using the analogue outputs available on each VFD. 50 ms filters were active on the
analogue outputs of each VFD when the stator current responses shown in Fig. 5.40 to Fig.

5.43 were captured.

A step input (1450 rpm) to the speed reference (w,*) was applied to Machinel to obtain the d-
axis stator current response of Machinel. Once this response was obtained, a step torque input
(7 Nm) to the torque reference (7*) was applied to Machine2 to obtain its d-axis stator current
response while Machinel continued to operate at 1450 rpm. The d-axis stator current responses

of Machinel and Machine?2 are shown in Fig. 5.40 and Fig. 5.41 respectively.

AX = 308,000000000ms | 1/AX = 3.2468Hz || AY(1) = 3.800A
~ Mode -~ Source X Y Y1 Y2
Normal J 1 J e J[ 50mA IO 3.850A I Yiyz J

Fig. 5.40 d-axis stator current response - igs of Machinel

AX = 304,000000000ms | 1/AX = 3,2895Hz | AY(1) = 3.760A
- Maode -~ Source x b 2 X1 X2
Normal 1 2 ‘[ -2.77600s I -2.47200s l sl v

Fig. 5.41 d-axis stator current response - iz of Machine2
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The d-axis stator current response of Machinel is shown in Fig. 5.40 rising to 3.8 A in 308 ms

while for Machine?2 the d-axis stator current rose to 3.75 A in 304 ms as shown in Fig. 5.41.

To obtain the g-axis stator current responses of Machinel and Machine2 a load of
approximately 4 Nm was applied to Machine 1, while a load of 4 Nm was demanded from

Machine2. These responses are shown in Fig. 5.42 and Fig. 5.43.

AX = 184.000000000ms | 174X = 5.4348Hz | AY{l) = 2.850A

- Mode -~ Sowurce * Y X1 - H2
Normal I 1 ] - ][ -3.48400s l -3.30000s l Kix2 ]

Fig. 5.42 g-axis stator current response - ig; of Machinel

AX = 140.000000000ms | 1/AX = 7.1428Hz | AY(1) = 2.9008
- Mode | - Source x h i E] x1 w2
Mormal | 1 J - J[ -3.27800s [ -3.13800s l x1 2 I

Fig. 5.43 g-axis stator current response - iq; of Machine2

The g-axis stator current response of Machinel is shown in Fig. 5.42 reaching 2.85 A in
184 ms. The g-axis stator current of Machine2 reached 2.9 A in 140 ms as shown in Fig. 5.43.

With reference to Section 5.9, the Simulink™

simulated d-axis stator current responses of
Machinel and Machine2 each rose to 3.68 A in 4 ms. The Simulink™ simulated q-axis stator
current response of Machinel peaked at 12.24 A in 4 ms when a step input to the speed
reference was applied and for Machine2 the Simulink™ simulated g-axis stator current response
peaked at 7.2 A in 4 ms when a step torque input to the torque reference was applied. The actual

d-axis and g-axis stator current responses are much slower than the simulated responses of the
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machine due to the time constants in the d-axis and g-axis current controllers being slow. The
time constants could not be changed in the VFDs due to the restricted access of these parameters
and safety limitations implemented by Siemens. Nevertheless the slow response of the test bed
machines is not significant in the context of the test bed being used to replicate the

characteristics of centrifugal fan systems.

The stator d-axis and g-axis currents of both Machinel and Machine2 were then monitored and

captured while Machinel was loaded by Machine2 as shown in Fig. 5.44 to Fig. 5.47.

1.004/ B 2.00v/ —+ 0.0s 10.00s/ Stop

-Actual d-axis current

-Actualitorque

38A
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Normal ] 1 ] & ” -100.000s I 0.0s X1 X2 ]

Fig. 5.44 d-axis stator current - ig of Machinel under various loads

The d-axis stator current of Machinel remained at approximately 3.8 A while the machine was
subjected to various loads as shown in Fig. 5.44. The minimum and maximum d-axis stator
currents recorded were 3.55 A and 3.9 A respectively. The d-axis stator current is not constant
due to the ineffectiveness of the pre-compensator shown in Fig. 5.39 resulting in cross coupling

between the d-axis and g-axis stator signals.

e 3 N 1 1
10 Nm — i 10 Nm

7 INm’
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-  Source += Select: Measure Clear Thresholds
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Fig. 5.45 g-axis stator current - is of Machinel under various loads
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With reference to Fig. 5.45, the g-axis stator current of Machinel changed according to the

torque the machine had to produce to match the load applied by Machine2.
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Fig. 5.46 d-axis stator current - iz, of Machine2 producing various loads
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Fig. 5.47 q-axis stator current - is of Machine2 producing various loads

With reference to Fig. 5.46, the d-axis stator current of Machine2 is shown equaling
approximately 3.7 A while the machine was applying various loads. The pre-compensation
implemented by VFD2 is also not as effective as shown by the varying d-axis stator current. The
g-axis stator current of Machine2 changed according to the amount of torque demanded as

shown in Fig. 5.47.

The speed response of the test bed (Machinel coupled to Machine2) was captured on an
oscilloscope and is shown in Fig. 5.48. The ability of the test bed to maintain the speed

demanded under various loads is then shown in Fig. 5.49 and Fig. 5.50.
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Fig. 5.50 Speed (1000 rpm) response of the test bed under various loads
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The speed response of the test bed from 0 rpm to 700 rpm and 1000 rpm while being subjected
to various step torque loads is shown in Fig. 5.49 and Fig. 5.50 respectively. In both cases the
disturbances in the speed responses are due to the speed controller taking a finite time to
readjust to the new condition each time local torque changes. This proves speed control has

been applied correctly.

-Reference torque 15 Nm 15 Nm

[ '3Nm
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Fig. 5.51 Torque response of Machine2
The demanded torque and actual torque responses produced by Machine2 are shown in Fig.

5.51 displaying variances which are negligible between the two torque signals. This shows

torque control has been applied correctly.

5.11 Conclusion

Three different methods were used to identify and verify the machine’s electrical and
mechanical parameters required for the design of the controllers necessary to implement FOC.
The results have shown similarities in the machine’s parameters. The simulated DOL start-up
stator phase A current responses using all three sets of parameters matched the measured DOL
start-up stator phase A current response accurately. The DOL Simulink™™ simulation of the
machine using the measured and VFD calculated parameters displayed oscillations in the speed
responses of the machine. Using the Optimisation toolbox identified machine parameters for the
DOL simulation of the machine resulted in a speed response that had less oscillation causing the

measured DOL start-up and simulated DOL start-up speed responses to approximately match.
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The optimised machine parameters were therefore used in the designing of the controllers

required to implement FOC.

The machines of the test bed were first simulated under FOC in Simulink' ™ which displayed
torque control and improved dynamic characteristics of the machine. The machines of the test
bed were then programmed to operate under speed control and torque control. The actual
responses of both Machinel and Machine2 of the test bed have been shown proving the correct
application of FOC. The speed response of Machinel showed the machine trying to maintain a
constant speed under various loads and the torque response of Machine2 showed the reference

and actual torque signals approximately matching each other.

The next chapter presents Simulink ™ simulations of the test bed replicating a theoretical fan,

followed by the practical results gained from the test bed replicating this fan.




Chapter 6 Simulation of a theoretical fan by the test bed Page 6.1

CHAPTER 6
SIMULATION OF A THEORETICAL FAN BY THE TEST BED

6.1 Introduction

The test bed was constructed as discussed in Chapter 4 and commissioned as in Chapter 5.
Commissioning showed that Machinel could be accurately speed controlled and Machine2
could be accurately torque controlled so as to act as a configurable load to Machinel. The next
step was to control Machine2 to act as an arbitrary fan load since the data from Vlaklaagte was
not available at this time. For this purpose the torque-speed and power-flow curves from
Chapter 3 are used.

kTM

This chapter presents Simulin simulations of the test bed replicating the arbitrary theoretical

fan followed by the practical results gained from the test bed.

6.2 Simulink™ simulation of the test bed replicating the theoretical fan

To simulate the test bed replicating the theoretical fan, the torque-speed and power-flow curves
from Chapter 3 need to be replicated. These torque-speed (Fig. 3.11) and power-flow curves
(Fig. 3.12) are repeated here as Fig. 6.1 and Fig. 6.2 respectively. The Simulink™ block
diagram used to simulate the test bed replicating the theoretical fan is presented in Fig. 6.3 and
is similar to the Simulink™ block diagram shown in Fig. 5.21. The torque-speed and power-
flow curves of the theoretical fan are programmed in the Simulink™ block labelled ‘Fan model’
shown in Fig. 6.3. Refer to Appendix E.1 for the contents of the block labelled ‘Fan model’.
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Fig. 6.1 Torque-speed of the theoretical fan
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Fig. 6.3 Simulink™ block diagram for the test bed simulation of the theoretical fan




Chapter 6

Simulation of a theoretical fan by the test bed

Page 6.3

6.2.1 Simulink™ simulation results of the test bed replicating the theoretical fan

To simulate the test bed replicating the theoretical fan under variable speed, the speed of the test

bed was ramped through the speed range shown in Fig. 6.4. To simulate the test bed replicating

the theoretical fan under damper operation, the speed of the test bed remained fixed (Fig. 6.4)

as the flow rate was ramped through the range from 0 m%/s to 2.4 m%s as shown in Fig. 6.5.
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Fig. 6.4 Simulink™ simulated torque-speed curves of the test bed replicating the theoretical fan
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Fig. 6.5 Simulink™ simulated power-flow curves of the test bed replicating the theoretical fan

under both damper operation and speed regulation

The Simulink™ simulated responses of the test bed replicating the theoretical fan are shown in

Fig. 6.4 and Fig. 6.5. To verify the accuracy of the Simulink™ simulation

s, the operation of
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the theoretical fan as discussed in Chapter 3 is compared to the Simulink™ simulations as

shown in Fig. 6.6 and Fig. 6.7.
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Fig. 6.6 Comparison of the theoretically calculated and Simulink™ simulated torque-speed curves
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Fig. 6.7 Comparison of the theoretically calculated and Simulink™ simulated power-flow curves

The theoretically calculated fan responses and the Simulink simulated test bed responses shown
in both Fig. 6.6 and Fig. 6.7 correspond closely, therefore the Simulink ™ simulation of the test
bed replicating the theoretical fan is correct. The actual test bed was then programmed and the
practical results gained from the test bed are shown in the next section.
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6.3 Test bed practical results-replication of the theoretical fan

With reference to Fig. 6.8, the torque-speed and power-flow curves shown in Fig. 6.1 and Fig.
6.2 were programmed in the PLC and the calculated speed and torque setpoints sent to VFD1
and VFD2 of the test bed via PROFIBUS. The speed transducer mounted on Machine2 of the
test bed provided speed feedback from the system. Torque feedback from the system was
calculated by VFD2 and sent to the PLC via a 4-20 mA current interface.
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Fig. 6.8 Test bed hardware and software integration

To replicate variable speed operation of the fan, the speed of the test bed was ramped up to

1400 rpm. To replicate the damper torque-speed characteristic of the fan, the torque reference
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was ramped from 8.8 Nm to 10.8 Nm and to replicate the damper power-flow characteristic of

the fan the flow rate reference was ramped from 0.8 m*/s to 2.4 m%/s.

The actual output signals obtained from the test bed were output to an oscilloscope and

imported to Matlab as shown in Fig. 6.9 and Fig. 6.10.
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Fig. 6.9 Torque-speed for both speed regulation and damper control of the fan
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Fig. 6.10 VFD power-flow for both speed regulation and damper control of the fan

The practical results from the test bed shown in Fig. 6.9 and Fig. 6.10 are compared to the
theoretically calculated responses of the fan and the Simulink™ simulated responses of the test
bed replicating the theoretical fan in Fig. 6.11 and Fig. 6.12 to verify the accuracy of the test
bed.
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Fig. 6.12 Comparisons of the theoretically calculated, Simulink™ simulated test bed and actual test

bed power-flow responses

The torque-speed results shown in Fig. 6.11 and the power-flow results shown in Fig. 6.12
correspond closely and show that the actual test bed is able to correctly replicate the operation

of the theoretical centrifugal fan.
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6.4 Conclusion

This chapter showed how a fan’s characteristics can be simulated. The theoretically calculated
torque-speed and power-flow curves of the theoretical fan were simulated by the test bed in both
Simulink™ and practically. The results gained from the simulations were then compared to the
theoretically calculated results showing the responses corresponding closely. This proves that

the test bed is operating correctly and will be able to replicate any fan system accurately.

The next chapter discusses the construction and testing of the 1.1 kW fan system at the UKZN.
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CHAPTER 7
SIMULATION OF A 1.1 kW FAN BY THE TEST BED

7.1 Introduction

After commissioning the test bed in Chapter 5 an arbitrary fan load was simulated by the test
bed in Chapter 6. The data from Vlaklaagte was still not available at this stage therefore a
smaller 1.1 kW centrifugal fan system having a similar characteristic to the fan system at
Vlaklaagte was setup in the laboratory as shown in Fig. 7.1. A 3 kW induction machine similar
to the induction machines used in the test bed was used to operate the centrifugal fan. Refer to
Appendix A.1 for the nameplate data of the induction machine. The centrifugal fan shown in
Fig. 7.1 is referred to as a 1.1 kW fan system throughout this thesis for the simple reason being

that at approximately 1500 rpm the fan draws approximately 1.1 kW of power.
This chapter presents the hardware of the 1.1 kW fan system and the results obtained from

testing the fan system. The results gained from the test bed simulating the 1.1 kW fan system in

Simulink™ are then discussed followed by the practical results gained from the test bed.

7.2 1.1 KW fan construction and components

Velocity pressure Static pressure
transducer transducer

Velocity
meter
adjuster
Centrifugal fan

Velocity
meter

Inlet duct

Fig. 7.1 Centrifugal fan with measurement transducers
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The centrifugal fan with aluminium ducting attached to the inlet and outlet of the fan, together
with pressure and air-flow transducers is shown in Fig. 7.1. The ducting allows for a more

uniform flow of air at the inlet and outlet of the fan for the purpose of measurements.

Fig. 7.2 (a) Inlet damper open

Fig. 7.2 (b) Inlet damper closing

An inlet damper mounted in the inlet duct of the fan is shown in Fig. 7.2. Fig. 7.2 (a) and Fig.
7.2 (b) show the inlet damper in an open and in a partially closed position respectively. The
closing action of the inlet damper is similar to that of a hinged door. The inlet damper allows for
variable air-flow rates to be achieved without an adjustment of the fan speed. The control

mechanism of the inlet damper is shown in Fig. 7.3.
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Fig. 7.3 Control mechanism of the inlet damper

The entire fan system is shown schematically in Fig. 7.4. It comprises the centrifugal fan with a
speed encoder attached to the shaft of the fan, VFD (VFD1), power supply for the PLC, the
PLC, high speed counter module, analogue input module for the velocity and pressure
transducers, RS 485 to RS 232 signal converter, RS 232C communication module and power
meter to monitor VFD1’s input power. The velocity and pressure measurement transducers are
discussed in Section 7.2.1. The remaining control and monitoring equipment utilised in the fan
system are not discussed, since the test bed also utilised the same equipment. This equipment

was discussed in Chapter 4.
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Fig. 7.4 Schematic of the fan system
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7.2.1 Measurement transducers

e Velocity transducer

Fig. 7.5 Safdy air velocity transducer
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Fig. 7.6 Connection diagram for the velocity transducer

A Safdy air velocity transducer was mounted in the outlet duct of the fan as shown in Fig. 7.1.
The air velocity transducer shown in Fig. 7.5 was not mounted in a fixed position but rather an
adjustable bracket was made so that the air velocity transducer could be positioned where
optimum air-flow occurred. The transducer measures air velocity in meters per second with a
measuring range of 0-15 m/s [26] and an accuracy of +-1 % [26]. The measured air velocity is
transmitted in the form of a 4-20 mA signal into the analogue module of the PLC as shown in
Fig. 7.6.
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Fig. 7.8 Electrical connection diagram for the pressure transducers

Two Magnesense differential pressure transducers were mounted on a plate attached to the fan
as shown in Fig. 7.1 and Fig. 7.7. One measures the static pressure across the fan whilst the
other measures the velocity pressure in the outlet duct of the fan (see labels in Fig. 7.9). The
plastic pipes going into both transducers were kept as short as possible to prevent additional
resistance and losses in pressure. The two transducers measure air pressure in Pascals having a
measuring range of 0-1250 Pa [27] and an accuracy of +-1 % [27]. The measured pressures are
transmitted in the form of 4-20 mA signals into the analogue module of the PLC as shown
schematically in Fig. 7.8. The maximum pressure that the transducers can handle is 6.9 kPa
before bursting [27]. To measure the velocity pressure, a pitot tube was designed out of a copper
pipe and bent in a ‘L’ shape as shown schematically in Fig. 7.9. The connection of the pipes
from the pressure points of measurement into the pressure transducers are shown schematically
inFig. 7.9.
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Fig. 7.9 Schematic displaying the pressure transducers and pressure points of measurement

7.3 Operating characteristics of the 1.1 KW fan system

Once the fan system had been designed, commissioned and found to be operating as expected,

the next step was to conduct tests under both damper and variable speed operation.

In order to determine whether the ducting increased the work (hence an increase in torque and

power) done by the fan, the torque and speed of the fan were first measured with and without

the ducting present.
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Fig. 7.10 Measured torque and speed of the fan with and without ducting present

Fig. 7.10 shows the torque-speed characteristic of the fan with and without the inlet and outlet

ducts mounted on and as can be seen there is minimal difference. It is therefore safe to assume
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that the ducting has no effect on the work that the fan had to do. This was due to the fact that the
ducting had no bends or obstructions in it resulting in no significant new additional restrictions

in the air-flow path.

7.3.1 Characteristic curves

To determine the characteristic curves of the 1.1 kW fan further tests were conducted which are

discussed next.

Fan characteristic

The fan characteristic curves were determined by adjusting the inlet damper (Fig. 7.2) from a
fully open position to an almost fully closed position while the fan operated at a certain fixed
speed. Referring to Fig. 7.11, the blue blocks indicate the results that were recorded as the
damper position was changed at a certain fixed speed. The fixed speeds shown in Fig. 7.11

range between 500 rpm and 1500 rpm.

System characteristic

The system characteristic curve was determined by keeping the damper in a fixed position while
the speed of the fan was varied. The damper was first set to 100 % open while the speed of the
fan was varied between 500 rpm and 1500 rpm as indicated by the purple triangles in Fig. 7.11.
To then show how a system characteristic curve changes when a system physically changes, the
damper was set to 50 % closed and again the speed of the fan was varied between 500 rpm and

1500 rpm as shown by the red circles in Fig. 7.11.
Operating points of the fan
Referring to Fig. 7.11, the fan would operate at points where the fan characteristic curve

intersects the system characteristic curve. For the test bed to later on simulate the 1.1 kW fan,

the test bed will need to replicate the operating points of the fan.
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Fig. 7.11 Operating points of the fan

The torque-speed characteristic of the fan under damper operation and variable speed was then
determined. For the damper control torque-speed characteristic of the fan, the speed of the fan
remained at 1400 rpm while the inlet damper was adjusted from a fully open, to a fully closed
position. For the variable speed torque-speed characteristic of the fan, the inlet damper was then
left fully open while the speed of the fan was increased from 300 rpm to 1400 rpm. The torque-

speed characteristic of the 1.1 kW fan system is shown in Fig. 7.12.
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Fig. 7.12 Measured torque-speed curves of the fan using both damper control and speed regulation
to vary the air-flow rate
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Fig. 7.12 shows the torque remains high as the air-flow rate is varied when using damper
control as compared to variable speed operation of the fan. This concludes that the power drawn
by the fan should also be high since the torque is high (P =T *®).

The speed of the fan was then maintained at 1500 rpm while the inlet damper (Fig. 7.2) was
again adjusted from a fully open, to a fully closed position. In this case, the power and air-flow
rate of the fan were measured and plotted as shown in Fig. 7.13. The outlet damper was then
left fully open and the speed of the fan was increased from 500 rpm to 1500 rpm whilst the
power and air-flow rate of the fan were captured.
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Fig. 7.13 Measured VFD power-flow curves of the fan using both damper control and speed

regulation to vary the air-flow rate

Fig. 7.13 shows the power drawn by the fan is significantly lower when speed regulation is
used to vary the air flow rate of the fan.

7.4 Simulink™ simulation of the test bed replicating the 1.1 kW fan

The measured torque-speed and power-flow curves of the 1.1 kW fan were shown in Fig. 7.12
and Fig. 7.13 respectively. These curves need to be simulated by the test bed for the operation
of the 1.1 kW fan system to be replicated. Before the test bed could be programmed to replicate
the 1.1 kW fan system, the test bed was first simulated in Simulink™. The same Simulink™
block diagram that was used to simulate the arbitrary fan in Chapter 6 is used to simulate the 1.1
kW fan system. The contents of the block labelled ‘Fan model’ shown in Fig. 7.14 are different

and is presented in Appendix E.2.
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Fig. 7.14 Simulink™ block diagram for the test bed simulation of the 1.1 kW fan

7.4.1 Simulink™ simulation results of the test bed replicating the 1.1 kW fan

The results obtained from the Simulink™ simulation of the test bed replicating the 1.1 kW fan
system are shown in Fig. 7.15 and Fig. 7.16.
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Fig. 7.15 Simulink™ simulated torque-speed curves of the test bed replicating the 1.1 kW fan

under both damper operation and speed regulation

The test bed was ramped up to 146 rad/s as shown in Fig. 7.15 to simulate the variable speed
torque-speed characteristic of the replicated fan, while under damper operation the reference
torque was ramped to 8.8 Nm.
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Fig. 7.16 Simulink™ simulated power-flow curves of the test bed replicating the 1.1 kW fan under

both damper operation and speed regulation

To simulate the variable speed power-flow characteristic of the replicated fan, the reference
speed was varied up to 157 rad/s. Under damper operation the speed of the simulated test bed
remained fixed at 157 rad/s while the air-flow rate was ramped to 2.2 m%s as shown in Fig.
7.16.

kTM

To verify the accuracy of the Simulin simulations, the simulated data is compared to the

measured data as shown in the next section.
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7.4.2  Simulink™ simulation verification

The measured torque-speed (Fig. 7.12) and power-flow (Fig. 7.13) curves of the fan are
compared to the Simulink™ simulated results shown in Section 7.4.1 to verify the accuracy of

the simulations as shown in Fig. 7.17 and Fig. 7.18.
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Fig. 7.17 Comparison of the actual measured and Simulink ™ simulated test bed torque-speed

responses

The actual and Simulink™ simulated torque-speed curves shown in Fig. 7.17 match justifying
the replication of the 1.1 kW fan system as correct.
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Fig. 7.18 Comparison of the actual measured and Simulink™ simulated test bed power-flow

responses




Chapter 7 Simulation of a 1.1 kW fan by the test bed Page 7.13

kT M

Referring to Fig. 7.18, the actual measured and Simulink™™ simulated power-flow curves match

proving the simulation of the test bed.

The next section shows the practical results gained from the test bed that had been captured on
an oscilloscope and imported to Matlab.

7.5 Test bed practical results-replication of the 1.1 kW fan system

With reference to Fig. 7.19, the measured torque-speed and power-flow curves shown in Fig.
7.12 and Fig. 7.13 respectively were programmed in the PLC enabling the actual test bed to
simulate the 1.1 kW fan system. The calculated speed and torque setpoints were sent to VFD1
and VFD2 of the test bed via PROFIBUS. The speed transducer mounted on Machine2 of the
test bed provided speed feedback from the system while torque feedback was calculated by
VFD2 and sent to the PLC via a 4-20 mA signal.

-

Fan model L

Fig. 7.1 Fig. 7. |
ﬁ Oscilloscope

Torque
Power

| Speed Flow J 4
HE
220V I ‘% §
su :
PPy Power/Torque/Flow/ ¥
o -
3
[$)
o %)
)
o
L
o
o
o gl
o)
o)
Qo
w

DC Link

=4

=k
Machinet' o =i

- I._ﬂ\IAachlner ”

.

Fig. 7.19 Test bed hardware and software integration
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Simulation of a 1.1 kW fan by the test bed

Variable speed operation of the fan was replicated by ramping the test bed up to 1400 rpm for
the torque-speed characteristic replication and up to 1500 rpm for the power-flow characteristic

replication. To replicate damper torque-speed operation of the fan, the reference torque was

ramped from 4 Nm

the air-flow rate was ramped from 0.7 m%s to 2.2 m%s. The practical results gained from the test

bed were captured on an oscilloscope and imported to Matlab as shown in Fig. 7.20 and Fig.

7.21.
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Fig. 7.20 Torque-speed of the replicated fan under both damper operation and speed regulation
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Fig. 7.21 VFD power-flow of the replicated fan under both damper operation and speed regulation

to 8.8 Nm. To replicate fixed speed damper power-flow operation of the fan,
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The actual simulated torque-speed and power-flow curves of the fan are shown in Fig. 7.20 and
Fig. 7.21 respectively. To verify the accuracy of the actual test bed, the results shown in Fig.
7.20 and Fig. 7.21 are compared to the previously shown actual measured and Simulink™

simulated test bed results. This verification of data is shown in Fig. 7.22 and Fig. 7.23.
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Fig. 7.22 Comparisons of the actual measured, Simulink™ simulated test bed and actual test bed

torque-speed responses
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Fig. 7.23 Comparisons of the actual measured, Simulin simulated test bed and actual test bed

power-flow responses

The torque-speed results shown in Fig. 7.22 correspond to each other and the power-flow
results shown in Fig. 7.23 correspond to each other displaying the accuracy of the test bed.
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7.6 Conclusion

A 1.1 kW fan system was constructed and tested. The results gained from testing the fan clearly
show that variable speed operation instead of damper control utilises less power, hence less
energy. The 1.1 kW fan was accurately simulated by the test bed as shown by the Simulink™

responses and the actual data gained from the test bed.

The next chapter discusses the hardware and operating characteristics of the 785 kW fan system.
The ability of the test bed to mimic this fan system is first simulated in Simulink™, followed by

the practical results gained from the test bed.
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CHAPTER 8
SIMULATION OF A 785 kW FAN BY THE TEST BED

8.1 Introduction

Both a theoretical fan system and a 1.1 kW fan system were successfully replicated by the test
bed in Chapters 6 and 7 and both showed that variable speed operation of a fan will utilise less
power compared to damper operation. At this stage the data from Vlaklaagte was still not
available. Anglo Coal South Africa’s Greenside colliery commissioned a centrifugal fan driven
air ventilation system in 2008 which may be either damper controlled or speed controlled. The
new ventilation system replaced two other centrifugal fan units which were 164 kW and
190 kW respectively with three centrifugal fan units driven by induction machines having a
power rating of 785 kW each. During Nov 2008 one fan unit operated at 85 % of its full
potential comfortably meeting the colliery’s needs. Only one centrifugal fan was tested by me at
this site, hence the Greenside colliery fan system is referred to as a 785 kW fan system

throughout this thesis.

This chapter describes the hardware and operating characteristics of the 785 kW centrifugal fan

driven air ventilation system at Greenside. This 785 kW fan is then simulated by the test bed in

kTM

Simulink ™™ followed by the practical results gained from the test bed.

8.2 785 kW fan system hardware

The 785 kW air ventilation system located at Anglo Coal Greenside is shown schematically in

Fig. 8.1 and pictorially in Fig. 8.2. Fig. 1.1 is repeated here as Fig. 8.1.

Mine

Duct

Fig. 8.1 Schematic of the air ventilation system at Greenside
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Fig. 8.2 Air ventilation system at Greenside

Fig. 8.3 (a) and Fig. 8.3 (b) depicts the control mechanisms of the inlet RVC damper (Fig.
8.2).
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Fig. 8.3 (a) RVC damper closed
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:

1. | Damper
| Open

Damper
arm

Damper
roller

Fig. 8.3 (b) RVC damper open
Fig. 8.3 (a) shows the control arm attached to the damper ring in an almost 90° shape resulting
in the inlet RVC damper being closed, whereas in Fig. 8.3 (b) the control arm is straight

indicating that the inlet RVC damper is open.

Fig. 8.4 shows the mechanical equipment involved in driving a single centrifugal fan.

Fig. 8.4 (a) Hardware driving the fan-left view
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Gearbox

Fig. 8.4 (b) Hardware driving the fan-right view

Referring to Fig. 8.4, a 785 kW, 690 V delta connected Sinamics machine is coupled to a
Flender gearbox. The gearbox ratio is 4:1. The gearbox is coupled to a shaft which fits onto the
impeller of the fan.

Power module

Fig. 8.5 800 kW Sinamics VFD

An 800 kW Sinamics VFD shown in Fig. 8.5 operates the fan under Sensorless Field Oriented
Speed Control. The drive operates at a voltage of approximately 690 V. The display panel
shown in Fig. 8.5 displays the actual power consumed by the machine, speed of the machine,
current and frequency output of the drive.
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Fig. 8.6 Control equipment

Fig. 8.6 displays the control equipment of the 785 kW fan system. The PLC communicates with
the VFD via PROFIBUS. The temperature modules are used to measure the temperature of the
machine and gearbox. The Ethernet modules link the fan system to a Supervisory Control And
Data Acquisition (SCADA) program; this was not commissioned during the time of the site visit
(May 2008).

8.3 Operating characteristics of the 785 kW fan system

This section presents the results obtained from testing Fan 2 shown in Fig. 8.2. The 785 kW fan
system is new as previously stated and during the time of testing only the power and speed of
the machine and the air-flow rate of the system were available. Pressure transducers which were
setup to measure only the static pressure at a point in the inlet duct of the fan system were not
commissioned during the time of testing.

Torque Vs Speed See Fig 8.8
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2000 A
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Fig. 8.7 Measured torque-speed of the fan under variable speed and damper control
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Fig. 8.8 Exploded view of Fig. 8.7 showing damper control data only

Fig. 8.7 depicts the torque speed response of the 785 kW machine under speed regulation and
damper control. The speed of the machine was only varied between 800 rpm and 1435 rpm due
to safety limitations that were implemented. Below 800 rpm there were doors that were
mounted in the inlet duct which automatically shut preventing the fan from creating air flow
through the mine and preventing the fan from becoming unstable due to any of the other two
fans (Fig. 8.2) that would be on. Under damper operation only a few measurements of speed,
power and air-flow rate were obtained due to the dislocation of the damper ring from its guides;
see Fig. 8.9. This caused the doors in the inlet duct to shut and the fan was stopped. This was a
mechanical problem which prevented further testing of the fan system.

Damper
ring

Damper
ring guide

Fig. 8.9 RVC damper ring detached from its guide
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Fig. 8.10 Measured VVFD power-flow of the fan using both damper control and speed regulation to

vary the air-flow rate

Fig. 8.10 depicts the power drawn by the machine and the air-flow rate produced by the fan
whilst operating under damper control and variable speed. The fan operates (Nov 2008) at 85 %
of its full potential resulting in an air flow rate of 365 m*/s and power of 484 kW under variable
speed as shown by the operating point line in Fig. 8.10. Under damper control the machine
would utilise 768 kW of power at the same air flow rate of 365 m?/s. This results in a power
saving of 284 kW.

8.4 Simulink™ simulation of the test bed replicating the 785 kW fan

This section presents the Simulink™

simulation of the test bed replicating the 785 kW fan
system. The test bed has an operating range of up to 3 kW, therefore for the test bed to simulate
the 785 kW fan system, certain variables from the measured fan system data needs to be scaled
down. The 785 kW fan system has a speed range of 0 rpm to 1500 rpm which matches the speed
range of the test bed therefore this variable is not scaled. The785 kW fan systems flow rate is
not scaled because this variable is not measured by the test bed. The torque and power of the
785 kW fan system has to be scaled down to match the operating range of the test bed. By
simply scaling down the measured torque and power of the 785 kW fan system by 300 as shown
in Fig. 8.11 and Fig. 8.13, the test bed should now be able to replicate the 785 kW fan system.
The efficiency of a large fan system is much higher than the efficiency of a small fan system. It
is assumed that the test bed is 78 % efficient and the 785 kW fan system is 85 % efficient
therefore the test bed will use more electrical power to simulate the 785 kW fan system. The test

bed power therefore has to be reduced by 7 %.

The same test bed Simulink™ simulation model that was used in Chapter 6 (Fig. 6.3) and

Chapter 7 (Fig. 7.14) to simulate the theoretical and the 1.1 kW fan systems is used to simulate
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the scaled down 785 kW fan system. The test bed Simulink™ simulation model is repeated here

as Fig. 8.14. The contents of the block labelled ‘Fan model’ in Fig. 8.14 are different and are
presented in Appendix E.3.

Torque Vs Speed See Fig 8.12
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Fig. 8.11 Fig. 8.7 is repeated here showing the torque of the 785 kW fan scaled down by 300
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Fig. 8.12 Exploded view of Fig. 8.11 showing damper control data only
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Fig. 8.13 Fig. 8.10 is repeated here showing the VFD power of the 785 kW fan scaled down by 300
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Fig. 8.14 Simulink™ block diagram for the test bed simulation of the scaled down 785 kW fan

8.4.1 Simulink™ simulation results of the test bed replicating the 785 kW fan

kTM

The results obtained from the Simulin test bed simulation of the scaled down 785 kW fan

under damper control and speed regulation are shown in this section.

The torque-speed and power-flow responses of the simulated scaled down 785 kW fan are
shown in Fig. 8.15 and Fig. 8.16 respectively. The speed of Machinel in the test bed
Simulink™ model was ramped up to 1435 rpm to replicate variable speed operation of the
scaled down fan, while under damper control the speed of Machinel remained fixed (1435 rpm)

while the air-flow rate was varied from 256 m*/s to 454 m*/s as shown in Fig. 8.16.
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Fig. 8.15 Simulink™ simulated torque-speed curves of the test bed replicating the 785 kW fan

under both damper operation and speed regulation
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Fig. 8.16 Simulink™ simulated power-flow curves of the test bed replicating the 785 kW fan under

both damper operation and speed regulation

To verify the accuracy of the Simulink simulations, the simulated data (Fig. 8.15 and Fig. 8.16)
are compared to the measured data (Fig. 8.11 and Fig. 8.13) as shown in the next section.

8.4.2 Simulink™ simulation verification

The actual measured scaled down torque-speed (Fig. 8.11) and power-flow curves (Fig. 8.13)
are compared to the Simulink™ simulated test bed replicated torque-speed and power-flow

curves to verify the accuracy of the simulations as shown in Fig. 8.17 and Fig. 8.18.
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Fig. 8.17 Comparison of the actual measured and Simulink™ simulated test bed torque-speed
responses
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Fig. 8.18 Comparison of the actual measured and Simulink ™ simulated test bed power-flow

responses

The actual measured and Simulink™ simulated scaled down data correspond closely, justifying
the Simulink™ simulations as correct. The actual test bed was then programmed and the results

gained from the test bed are shown in the next section.

8.5 Test bed practical results-replication of the 785 kW fan system

k™ as shown in the

The test bed accurately simulated the scaled down 785 kW fan in Simulin
previous section. The measured torque-speed and power—flow curves of the scaled down

785 kW fan were then programmed in the PLC and the relevant speed and torque setpoints were
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sent to VFD1 and VFD2 via PROFIBUS respectively as shown in Fig. 8.19. Speed feedback
was received from the the speed transducer mounted on Machine2 of the test bed and torque
feedback was calculated by VFD2 and sent to the PLC via a 4-20 mA signal.
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Fig. 8.19 Test bed hardware and software integration

The practical results gained from the test bed while it replicated variable speed and damper
operation of the scaled down 785 kW fan were captured on an oscilloscope and imported to
Matlab as shown in Fig. 8.20 and Fig. 8.21. The actual test bed replication data from Fig. 8.20
and Fig. 8.21 are then compared to the actual scaled down measured fan data (Fig. 8.11 and
Fig. 8.13) and Simulink™ simulation data (Fig. 8.15 and Fig. 8.16) to verify the accuracy of
the test bed as shown in Fig. 8.22 and Fig. 8.23.
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Fig. 8.20 Torque-speed of the replicated scaled down fan under both damper operation and speed

regulation
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Fig. 8.21 VFD power-flow of the replicated scaled down fan under both damper operation and
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Fig. 8.22 Comparisons of the actual measured, Simulink™ simulated test bed and actual test bed

torque-speed responses
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Fig. 8.23 Comparisons of the actual measured, Simulink™ simulated test bed and actual test bed

power-flow responses
The torque-speed results shown in Fig. 8.22 correspond to each other and the power-flow

results shown in Fig. 8.23 correspond to each other justifying the replication of the scaled down
785 kW fan system as correct.

8.6 Conclusion

This chapter described the hardware and operating characteristics of the 785 kW fan system
located at Anglo Coal Greenside. This fan system was then successfully replicated by the test
bed.

The next chapter presents an energy cost indicator which is then simulated in Simulink™ and in

the PLC. Air flow control through speed control of the 1.1 kW fan is also presented.
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CHAPTER 9
ENERGY COST INDICATOR AND AIR FLOW CONTROL

9.1 Introduction

The test bed was commissioned in Chapter 5. A theoretical fan, 1.1 kW fan and 785 kW fan
were then replicated by the test bed as shown in Chapters 6, 7 and 8. All three fan systems
showed from their power-flow curves that variable speed operation of the fans will consume
less power compared to damper operation of the fans. To then calculate the cost of energy
consumed by the replicated fans a tariff structure was simulated in Simulink™ and in the PLC.
In addition to proving the energy savings achievable through speed control of fans, NPC had
also requested the UKZN to determine whether variable speed operation might afford more
consistent air flow rates throughout a mine air ventilation system based on an air flow feedback
control system. The VFD at Vlaklaagte was not installed therefore this air flow feedback control
system could not be implemented. However to demonstrate the principal of trying to achieve
more consistent air flow rates through speed control of a fan, air flow control through speed

control of the 1.1 kW fan was implemented.

In this chapter energy cost simulations are presented followed by the results gained from

implementing air flow control of the 1.1 kW fan system.

9.2 Energy simulations in Simulink ™

Once the test bed was fully operational an energy cost indicator was simulated in Simulink™

following Eskom’s Megaflex weekday tariff structure; Anglo Coal South Africa follows the
same tariff structure. There are three time periods which exist in the tariff structure; off peak,
standard and peak periods as shown in Fig. 9.1. Fig. 9.1 and Table 9.1 show the equivalent cost

of energy of each specific time period.
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Fig. 9.1 Timing diagram for Eskom’s Time Of Use Megaflex structure
Hour in the day Time period Cost
00-06 Off peak 9.06 c/kWh
06-07 Standard 16.67 c/kWh
07-10 Peak 63.04 c/kWh
10-18 Standard 16.67 c/kWh
18-20 Peak 63.04 c/kWh
20-22 Standard ladK:y(
22-24 Off peak 9.06 c/kWh

Table 9.1: Megaflex weekday tariff rates for a specific time period [20]

The energy cost indicator runs for 24 hrs which in simulation time is equivalent to 2 min; hence

1 hr is equivalent to 5s. This is accomplished by accelerating the energy usage of the system as

shown by Eqg. 9.1.

energy = f Power% x Gain

(9.1)

Referring to Table 9.1 based on the time of day, the energy is individually accumulated for each
time period. There are seven time periods according to Table 9.1.

For the first off peak time period, from 00:00 am to 06:00 am which in simulation time is 0s to
30s, the energy is accumulated according to Eq. 9.2 for 30s.

kWh1 = energy

(9.2)
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For the second standard time period from 06:00 am to 07:00 am which in simulation is 30s to

35s, the energy is accumulated according to Egs. 9.3 and 9.4 for 5s.

energy2 = energy 9.3)
KWh2 = %(energyz _ Kwhi) 0.4)

For the remaining four time periods the energy is accumulated according to Egs. 9.3 and 9.4
where only the variables energy2, kWh2 and kWh1 change. Please refer to appendix E for the

remaining time period energy algorithms.
The cost of energy for each individual time period is then calculated according to Eq. 9.5.
Cost = kWh * Unit price of energy of a specific time period (9.5)

The total cost is then calculated by adding the individual costs calculated in each time period as

shown in Eq. 9.6.
Total Cost = Costl + Cost2 + Cost3 + Cost4 + Costs + Cost6 + Cost7 (9.6)

The cost of energy Simulink™ model shown in Fig. 9.2 is similar to the test bed Simulink™
models used to replicate the theoretical fan (Fig. 6.3), 1.1 kW fan (Fig. 7.14) and 785 kW fan
(Fig. 8.11). The algorithms (Egs. 9.1 to Eq. 9.6) were implemented in the Simulink™ block
labelled ‘Cost calculation” shown in the block diagram in Fig. 9.2. Refer to Appendix E.4 for
the contents of the ‘Cost calculation’ block. The results gained from simulating the 1.1 kW fan

system and the 785 kW fan system using the Simulink™ model in Fig. 9.2 are shown next.
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Fig. 9.2 Simulink™ model used to calculate the cost of energy per weekday

9.2.1 Energy simulations of the 1.1 kW fan system in Simulink™

The energy usage and cost of energy of the 1.1 kW fan system are simulated in this section in
Simulink™. To enable energy usage and cost of energy comparisons based on a particular air
flow rate to be made between damper operation and variable speed operation, consistency with
regard to choosing the operating point of the fan from its power-flow curves is maintained.
Considering the 1.1 kW fan system, an operating point that resulted in the fan system to be 45 %
damped was chosen since most of Anglo Coal’s mines were found to be 45 % damped by NPC.
The operating point of the 1.1 kW fan whilst having its damper 45 % closed is shown in Fig.
9.3. Fig. 7.13 is repeated here as Fig. 9.3.
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Fig. 9.3 VFD power-flow of the 1.1 kW fan

With reference to Fig. 9.3, the equivalent air-flow rate and power of the 1.1 kW fan under

damper operation at the operating point is 1.21 m%s and 0.973 kW respectively. Under variable

speed operation of the fan, the equivalent power at the same air-flow rate of 1.21 m¥s is

0.543 kW.

Fig. 9.4 and Fig. 9.5 show the Simulin

kTM

simulated cost of energy results for variable speed

and damper operation of the fan. Only part of the full Simulink™ model (Fig. 9.2) is shown in

Fig. 9.4 and Fig. 9.5 for clarity purposes. The outputs and inputs labelled ‘Machinel’ and

‘Machine2’ shown in Fig. 9.4 and Fig. 9.5 correspond accordingly to the same outputs and

inputs shown in the full simulation model (Fig. 9.2).
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Fig. 9.5 Damper control Simulink™ model and results

Referring to Fig. 9.4, under variable speed operation of the 1.1 kW fan at a speed of 88.6 rad/s,
the power drawn by the fan at an air flow rate of 1.213 m%s is 545.1 W. The simulated energy
accumulated for the day is shown in Fig. 9.6. The cost of energy is shown in Fig. 9.4
amounting to R 3.12. Referring to Fig. 9.5, under fixed speed damper operation of the 1.1 kW
fan at an air flow rate of 1.21 m%/s the power drawn by the fan is 973.9 W. The simulated cost of
energy per weekday at a power of 973.9 W is R 5.55. The monetary savings per day through

variable speed operation of the fan at an air flow rate of 1.21 m%/s is R 2.43.

Energy
= : ; : ;
ol Speed regulation-Povwer 0545 kW | 7 _|
Damper control-Power 0.973 ki
g N e e R T et —
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=
]
e 1 e T —
L T LT R T T —
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Time thr)

Fig. 9.6 Simulink™ simulated energy accumulated for the day
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The Simulink™ simulated cost of energy per weekday while the fan was simulated under
variable speed is clearly lower compared to when the fan was simulated under damper operation
as shown in Fig. 9.6. The energy savings per day through variable speed operation of the fan at
an air flow rate of 1.21 m%s amounts to 10.272 kWh.

9.2.2 Energy simulations of the 785 kW fan system in Simulink™

The energy usage of the scaled down 785 kW fan system is simulated in this section in
Simulink™. To show comparisons based on a particular air-flow rate between damper operation
and variable speed operation, the operating point of the scaled down 785 kW fan is maintained.
The measured power-flow data of the scaled down 785 kW fan was shown in Fig. 8.11 and is

repeated here in Fig. 9.7.

Power Vs Volume
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o 25 + Speed
g 5 1 ragulation
= m Damper
E 1.5 contrel

5 1 I == == Qperating
= i point

g 0s !

0O

[T -

~ 190 290 390

Volume (m"3/s)

Fig. 9.7 VFD power-flow of the scaled down 785 kW fan

Referring to Fig. 9.7, the fan operated at 85 % rated speed of the machine in Nov 2008 resulting
in an air flow rate of 365 m*/s at a scaled down power of 1.613 kW. At the same air flow rate of

365 m®/s under damper control the scaled down power drawn by the fan is 2.56 kW.

Fig. 9.8 and Fig. 9.9 show the Simulink™ results obtained from simulating the energy
consumed by the scaled down fan per day under variable speed and damper control. The outputs
and inputs labelled ‘“Machinel’ and ‘Machine2’ shown in Fig. 9.8 and Fig. 9.9 correspond

accordingly to the same outputs and inputs shown in the full simulation model (Fig. 9.2).
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Fig. 9.9 Damper control simulink™ model and results-power scaled down by 300

The simulated cost of energy for the scaled down fan operating under variable speed producing
an air-flow rate of 364.9 m%s is shown in Fig. 9.8 costing R 9.24. Under fixed speed damper

control the cost of energy for the scaled down fan at an air-flow rate of 365 m*/s is R 14.57 as
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shown in Fig. 9.9. Under variable speed operation the monetary savings per day for the scaled
down fan is R 5.33.
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T T T

7o T

= n ] I Damper control-Power 2,856 kv | __ __________ |
Speed regulation-Power 1.618 kW

B0 frem e L R e e EEEEEEEE Ry ettt —

A0 e ms e o RRECEEET Ry PP CEEERE R e -

Energy (kiWh)

30 e o S .

] S — .

a i 10 15 20 25
Tirme (hr)

Fig. 9.10 Scaled down Simulink™

simulated energy accumulated for the day

The Simulink™ simulated energy accumulated for the day while the scaled down fan operated
under damper control and variable speed is shown in Fig. 9.10. There is a significant increase in
the simulated energy utilised by the fan operating under damper control compared to variable

speed controlled.

The simulated unscaled cost of energy utilised by the fan per day amounts to R 2772 under
variable speed operation and R 4371 under damper operation. The simulated unscaled energy
consumed by the fan per day under damper control amounted to 18.4032 MWh at a power of
766.8 kW and under variable speed operation 11.6496 MWh at a power of 485.4 kW. This
results in a power saving of 281.4 kW and energy savings of 6.7536 MWh per day and
2,465.064 MWh per year at the current duty cycle (85 % rated machine speed) of the fan.

After successfully simulating the energy costs of both fan systems in Simulink™ the PLC was

programmed to simulate the energy costs of the test bed replicated fan systems.

9.3 Energy simulations in the PLC

In Section 9.2 the energy consumed per day by the fan systems were simulated in Simulink™.
The PLC was also programmed to simulate the energy consumed by these test bed replicated
fan systems per day. The PLC simulated cost of energy results of the replicated 1.1 kW fan

system and the 785 kW fan system are shown via logged data.
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9.3.1 Energy simulations of the 1.1 kW fan system in the PLC

This section shows the energy usage and cost of energy per weekday of the replicated 1.1 kW
fan system simulated in the PLC. The cost of energy is calculated for a 45 % damped fan and its
equivalent air-flow rate under variable speed so that the PLC simulated energy data can be

compared to the Simulink™ simulated energy data.

Fig. 9.11 depicts the cost of energy of the replicated 1.1 kW fan per weekday as the energy
costs escalated. The final cost of energy per weekday for the replicated fan operating under
damper control (R 5.56) is much higher compared to variable speed (R 3.15) operation of the
fan to achieve the same desired air-flow rate of 1.21 m%s.
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Fig. 9.11 Cost of energy per weekday of the 1.1 kW fan system
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Fig. 9.12 Energy usage per day of the 1.1 kW fan system
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The VFD power of the replicated fan system under damper control was approximately 973 W
and under speed regulation was approximately 545 W. The energy usage per day of the 1.1 kW
fan system at an air-flow rate of 1.21 m®%s for both damper and variable speed operation is
shown in Fig. 9.12 clearly depicting the energy savings achieved through variable speed
operation of the fan.

The Simulink™ simulated results (Fig. 9.6) showing the accumulation of energy for both fixed
speed damper operation and variable speed operation of the 1.1 kW fan are compared to the

PLC simulated results (Fig. 9.12) in Fig. 9.13 to verify the accuracy of the PLC simulations.
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Fig. 9.13 Comparison between the Simulink™ simulated and PLC simulated energy accumulated

Referring to Fig. 9.13, the Simulink™ simulated and PLC simulated results correspond closely.
The Simulink™ simulated costs of energy at an air-flow rate of 1.21 m%/s for damper operation
(973.9 W) and speed regulation (545.1 W) of the 1.1 kW fan system were R 5.55 and R 3.12
respectively. The PLC simulated costs of energy while the test bed replicated the 1.1 kW fan
system at an air-flow rate of 1.21 m*s under damper control (approximately 0.973 kW) was
R 5.56 and under speed regulation (approximately 0.545 kW) was R 3.15. The discrepancies in
the final costs of energy per weekday are because the measured VFD power varied unlike in the

Simulink™ simulation models which had a constant power.

9.3.2 Energy simulations of the 785 kW fan system in the PLC

The PLC simulated costs of energy and the energy accumulated while the actual test bed

replicated the scaled down 785 kW fan system are shown in this section via logged data.
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Fig. 9.14 Scaled down cost of energy per weekday of the 785 kW fan system

The scaled down cost of energy of the scaled down 785 kW fan system at an air-flow rate of
365 m®s is shown in Fig. 9.14 for both damper control (approximately 2.557 kW) and speed
regulation (approximately 1.625 kW). Under speed regulation the scaled down cost per weekday

amounted to R 9.31 while under damper control the scaled down cost accumulated to R 14.88.
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Fig. 9.15 Scaled down energy usage per day of the 785 kW fan system

The scaled down energy accumulated for the day of the scaled down 785 kW fan system is

shown in Fig. 9.15 for both damper operation (approximately 2.557 kW) and variable speed
operation (approximately 1.625 kW) of the fan.

The scaled down energy data simulated in the PLC (Fig. 9.15) is compared to the Simulink™

simulated scaled down energy data (Fig. 9.10) to verify the accuracy of the PLC simulations as
shown in Fig. 9.16.
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Fig. 9.16 Comparison between the Simulink™ simulated and PLC simulated energy accumulated
per day of the scaled down 785 kW fan system

Referring to Fig. 9.16, both the Simulink™ simulated (Fig. 9.10) and PLC simulated (Fig.
9.15) scaled down energy results of the scaled down 785 kW fan system correspond closely.
The final Simulink™ simulated scaled down costs of energy per weekday under damper control
(2.556 kW) and variable speed operation (1.618 kW) of the scaled down fan at an air-flow rate
of 365 m%s amounted to R 14.57 and R 9.24 respectively. The PLC simulated scaled down
costs of energy for the replicated scaled down fan under damper control (approximately 2.557
kW) was R 14.88 and under speed regulation (approximately 1.625 kW) was R 9.31. The
discrepancies between the Simulink™ simulated and PLC simulated scaled down cost of energy
results are due to the VFD power varying in the actual test bed unlike in the Simulink™

simulation models which had a constant power.

9.4 Air flow control

After proving the energy savings achievable through speed control of centrifugal fans, NPC had
also requested the UKZN to determine whether variable speed operation might afford more
consistent air flow rates throughout a mine air ventilation system using an air feedback system.
Since the VFD was not yet installed at Vlaklaagte, air flow control through speed control of the
1.1 kW fan was implemented. To explain how the air flow controller was implemented Fig.
9.17 is used.
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Fig. 9.17 Air flow controller hardware and software interfacing

Referring to Fig. 9.17, the air flow control loop was programmed in the PLC and facilitated via
a timed interrupt to implement PI control. Air flow feedback was received from the air velocity
transducer and sent to the PLC. The air flow setpoint is converted to a speed setpoint in the PLC
and sent to the VFD via PROFIBUS. Speed control was implemented internally in the VFD

achieving speed feedback from the speed transducer.

To convert the air-flow setpoint to a speed setpoint in the PLC, the relationship between speed

and air-flow of the 1.1 kW fan was experimentally determined as shown in Fig. 9.18.
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Fig. 9.18 Speed-flow of the 1.1 kKW fan

To then implement the Pl air-flow controller, Zeigler-Nichols rules [22] were used to provide a
starting point for the tuning of the PI controller since the mathematical model of the fan system
cannot be easily derived. The response produced by following the Zeigler Nichols rules were
not satisfactory; there were large overshoots in both the speed and air-flow rate; however the
system finally did settle to the setpoint air-flow rate as shown in Fig. 9.19. According to theory,
Zeigler-Nichols rules only apply to a first order system with lag [22], and since the air-flow
response was not a perfect first order system, further tuning was accomplished intuitively. The
tuning of the flow control parameters (Proportional gain kp, Integral gain kc and Integral time
Ti) was done so as not to result in excessive overshoot of the fan speed and air-flow rate, with a
quick rise time and good performance during disturbances. The velocity transducer did not
respond as fast as the speed transducer due to the dead band in it. This had to also be taken into

account whilst tuning the controller.

il so0v/ @ 500w/ + 005 50005/ Sty J s00v/ @ 500v/ + 00s 50005/ Stop

Fan speed_940 rpm Fan speed 940 rpm

Flow rate 1.3 m*/s _ = Flow rate 1.3 m’/s

A) Un-tuned parameters Kp=0.9 Kc=0.6 Ti=1.5 B) Tuned parameters Kp=0.87 Kc=0.6 Ti=1.9

Fig. 9.19 Start-up response of the system
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The system response before and after tuning is apparent in Fig. 9.19 for a 1.3 m%s step in flow
rate. The parameters of the PI controller which resulted in these system responses are provided
in Table 9.2.

Untuned Tuned
Proportional gain Kp 0.9 0.87
Integral gain Kc 0.6 0.6
Integral time Ti (secs) 15 1.9

Table 9.2: Parameters of the Pl controller

Once the parameters of the controller where tuned to provide a fast response with minimum

overshoot of the fan’s speed and air flow rate, the fan’s response to disturbances were analysed.

0 5000/ B 500v/ 4 00 500/ St [ 500v/ @ 500V + 00 50008/ Sup

Fan speed

A) Disturbance response-Increase in air flow rate B) Disturbance response-Decrease in air flow rate

Fig. 9.20 Disturbance responses for both an increase and decrease in air-flow rate

Fig. 9.20 () and Fig. 9.20 (b) displays the response of the fan for both an increase and
decrease in air flow rate respectively. The fan system takes 14.1s to recover from the increase in
flow rate disturbance and 18.3s to recover from the decrease in flow rate disturbance. The fan

system is slow as a result of the dead band in the flow transducer.
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9.5 Conclusion

This chapter presented results from simulating an energy cost indicator in Simulink™ and in the
PLC. Both the 1.1 kW fan system and the 785 kW fan system showed energy and monetary
savings for when speed regulation was used instead of damper control to regulate the air-flow
rate. Air-flow control of the 1.1 kW fan was then implemented showing that variable speed

operation will achieve more consistent air flow rates.

The next chapter presents a summary and conclusion of the work performed. The progress at

Vlaklaagte, a business case and recommendations for future work are provided.
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CHAPTER 10
SUMMARY AND CONCLUSIONS

10.1 General

Anglo Coal South Africa currently (2008) deploys centrifugal fan driven air ventilation systems
used for the extraction of methane gas underground and to properly circulate air to working
faces. These centrifugal fan driven air ventilation systems operate at a fixed speed continuously
throughout the year having the air flow controlled via a RVC. NPC found the air ventilation
systems on most mines to be 45 % damped which is greatly inefficient. Further contributing to
the inefficiency are fissures in the underground rock face resulting in variable air flow rates

throughout the air ventilation system.

NPC therefore proposed a variable speed fan driven air ventilation system which according to
theory [9] should result in the fan operating at a lower power if the speed of the fan is reduced.
NPC therefore approached the UKZN to prove the energy savings achievable through the

proposed air ventilation system at Anglo Coal’s Vlaklaagte colliery.

To demonstrate the operation of the existing and proposed air ventilation systems to Anglo
Coal, a test bed that could replicate the operation of these air ventilation systems was developed
based on previous research [1] at the UKZN. The test bed hardware was based on similar
hardware used at Anglo Coal South Africa. The hardware comprised a S7-300 PLC that could
communicate via PROFIBUS to two VFDs. The control of the test bed was done through
software called Step 7, available for use with a Siemens PLC. A Siemens SCADA program was
then developed to provide a graphical user interface for controlling the test bed and to

demonstrate to an engineer the operation of the test bed.

Due to the data from Anglo Coal Vlaklaagte being unavailable a theoretical fan system, 1.1 kW
fan system and 785 kW fan system were studied. These fan systems were successfully simulated
by the test bed in both Simulink and the PLC. It was shown that the power usage of all three fan
systems operating under fixed speed damper control utilises almost the same amount of power
throughout the damping range. The implementation of a variable speed controlled air ventilation
system will always result in energy savings if the fan runs at less than full output. The amount

of energy savings achievable depends greatly on the flow rate and duty cycle of the air
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ventilation system. The lower the flow rate required and the longer the fan runs at reduced
speed, the greater the energy savings. On large fan systems such as the 785 kW air ventilation
system at Anglo Coal Greenside, even though the fan operates at 85 % its full potential, power
savings of 281.4 kW were still achieved through variable speed operation of the fan. This results
in energy savings of 2,465.064 MWh per year. Air flow control of the 1.1 kW fan also showed

that variable speed operation of the fan does afford more consistent air flow rates.

The next section discusses the progress thus far at Vlaklaagte.

10.2 Proposed ventilation system progress at Vlaklaagte

The progress with regard to implementing the variable speed fan driven air ventilation system at
Vlaklaagte thus far (Dec 2008) is presented in this section. The existing air ventilation system

and equipment was shown in Chapter 1.

Additional monitoring equipment has since been installed as shown in Fig. 10.1 to Fig. 10.3.

Temperat
transduce

Fig. 10.1 Inlet duct transducers

The measurement transducers located on the inlet duct of the fan are shown and labelled

accordingly in Fig. 10.1.
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Fig. 10.2 Outlet duct transducers

In the outlet duct of the fan only pressure and temperature are measured as shown by the

measurement transducers depicted in Fig. 10.2.

« Analogue/
Digital 1/O

Fig. 10.3 PLC and interface equipment

Fig. 10.3 depicts a S7-300 PLC together with communication modules. Fibre optic is used as
the communication channel between the PLC and a SCADA program which displays and logs

the measured data.

Further continuation of the project is awaiting funding. An 800 kW Sinamics VFD and an
800 kW Siemens motor is proposed to replace the existing 1.2 MW slip ring induction motor
and gearbox system. The changing of the fan blade from steel to carbon fibre is also being
considered. A business case is presented in Tables 10.1 to 10.3 based on the fact that the air
ventilation system at Vlaklaagte is 45 % damped. Once actual data is available and evaluated by

the test bed, the business case will be reengineered for submission to Anglo Coal.
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A power saving of 540 kW is proposed at Vlaklaagte once the damper controlled air ventilation
system is replaced with a variable speed controlled air ventilation system. Table 10.1 presents
the monetary value of the energy savings per annum based on Eskom’s Megaflex tariff
structure. The tariff structure is broken down into two seasons called Low demand season and
High demand season. Low demand season refers to the months September to May in which the
demand for energy is low therefore the cost of energy is low. High demand season refers to the
months June to August in which the demand for energy is high therefore the cost of energy is
high. The energy costs for these two seasons are given in Table 10.1. The time periods peak, off
peak and standard have been discussed in Chapter 9, Section 9.2. The total rand value for each
specific time period is calculated according to Eq. 10.1.and the total energy monetary savings

per year is calculated according to Eq. 10.2.

Total _rands = kW * Hours*Unit _ price (10.1)

Total energy monetary savings per year = Low demand season Total(R)*(Peak
+ Standard + Off peak) + High demand season Total(R)*(Peak + Standard
+ Off peak) (10.2)

Energy monetary savings per annum
Low demand season Unit Price Power saved Total (R)
Hours kw
Peak 1365.00 R 0.4013 540.00 R 295,798.23
Standard 3003.00 R 0.2458 540.00 R 398,594.20
Off peak 2184.00 R 0.1719 540.00 R 202,731.98
Total hours 6552.00 R 897,124.41
High demand season Unit Price Power saved Total (R)
Hours kW
Peak 460.00 R 1.4377 540.00 R 357,124.68
Standard 1012.00 R 0.3736 540.00 R 204,164.93
Off peak 736.00 R 0.1996 540.00 R 79,329.02
Total hours 2208.00 R 640,618.63
Total energy monetary savings per year R 1,537,743.04

Table 10.1: Monetary savings per annum
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Table 10.2 presents the inputs to the business case model shown in Table 10.3. Referring to
Table 10.2, the capital required to implement the variable speed controlled air ventilation
system is R 3 609 392. The energy monetary savings per annum are R 1 537 743.04 as
calculated in Table 10.1. The annual energy cost increase which has been proposed by Eskom is
24.8 % for the next three years. The discounted present value which is the rate used to discount
future cash flows to their present values is 12 %. The annual maintenance cost is assumed to be
2.6 % of the initial capital cost.

Capital R 3 609 392.00

Energy savings (R) R 1537 743.04

0,
Annual energy cost increase — 3 years 24.8%
Discounted present value 12%
Annual maintenance cost 2.6%

Table 10.2: Inputs for the business case model

Table 10.3 presents the business case model which shows the cash outflows and inflows for a
ten year period. After the ten year period the Net Present Value (NPV) and the Internal Rate of
Return (IRR) of the project is calculated. The NPV shows the difference between the Present
Value (PV) of cash inflows and the PV of cash outflows. The IRR shows the interest rate at
which the NPV of costs (negative cash flows) of the investment equal the NPV of the benefits

(positive cash flows) of the investment.

According to Table 10.3 the NPV of the project is R 12 093 538.37 and the IRR of the project is
56%. Should Vlaklaagte invest the capital in example a bank, the rate of return from the bank
would be between 8 % and 10 %. Should Vlaklaagte invest the capital in this project they would
receive a return of 56 %. A return of 56 % is associated with a 2 year pay back on the capital

invested therefore investing in this project is very favourable from a business perspective.
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10.3 Advantages of using VFD’s to drive fans

The main advantage of using a VFD to drive a centrifugal fan is energy savings. Other

advantages that can also be considered:

1. The air flow rate is much easier to control and can be changed almost immediately

online by adjusting the speed of the fan.

2. The fan can be started and stopped easily resulting in less mechanical stress on the fan,

therefore maintenance of the fan is reduced.

3. The release of methane gas underground increases with a drop in atmospheric pressure.
By changing the speed of the VSD driven fan, the air flow rate can be increased easily

and immediately online to decrease the release of methane gas.
4. In an emergency the amount of ventilation required underground can be changed

immediately. Example if a fire starts underground ventilation can be decreased

automatically.

10.4 Recommendations for future work

1. To evaluate and simulate the data from Vlaklaagte. To resubmit the business case based

on actual data.

2. To evaluate the power usage of the new variable speed fan driven air ventilation system

at Vlaklaagte once the VFD and motor is installed.
3. To determine where the air flow transducers will be placed in the mine for air flow
control to be implemented. To then determine limits for the deviations between the

desired and actual air flow rates that will allow for the speed of the fan to change.

4. To develop a SCADA program for the new variable speed fan driven air ventilation

system at Vlaklaagte.

5. To use the test bed to measure the power usage of pump systems.
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APPENDIX A

MACHINE NAMEPLATE DATA AND HYBRID MODEL

Al

Induction machine nameplate data

Manufacturer

Machine type

Mass
Power
Voltage
Current
Speed
Frequency

A2

Hybrid model

Siemens

1LA7107-4AA10-Z

24 kg
3 kW

230 VAor400VY
11.1AinAor64AinY

1420 rpm
50 Hz

The d-q model equations [7] of the induction machine on an arbitrary reference frame are shown

here as Eq. A.1 and Eq. A.2.

Ry +Lyup — by

oLy, R, +L;p
L.p -L,sw
L,s® L.p

Ly, 0 L,

L, 0 L,,

0 Ly, 0

0 L 0

R, +Ly,p

L,,s®

- a)Lm ids

I-m p Iqs
LS o | (A

Ry +LpP o
(A2)
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Inverting Eq. A.2 results in Eq. A.3.

Ly L
Ids (o2 0
Idr O (o2 0
_Ln L

Tgs o2 0 o

. Lm

Tor 0 o 0
where:

L 2
o=1-—D
(Lll L22)

(A3)

(A.4)

Combining Eq. A.1 with Eq. A.3 results in the Hybrid model [7] as shown in Eq. A.5 and Eq.

A.6 having the stator currents and the rotor flux linkages as the states. The rotor windings in a

squirrel cage induction machine are short circuited, therefore the rotor voltages (Vqr and Vy) are

set to zero.
Vs Ry, + Lyop —olyo
Ve, - ol o R, +L,0
L
~R,—M

0 L., 0
ek

0 0 Ly

v=[[R]p+[L]p +[F]@, +[Glw, h

where:

(A.5)

(A.6)
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V= [Vds ’ Vqs 5030] t

h= [idsaiqs’ldra;tqr] t

R,
0
~R, L
- |
0
o, o0
I:L:I = 0 OLII
0 0
0 0
0 —-ol,
|:|::| - | ok, 0
0 0
0 0

(A7)

(A.8)

-
0
0 (A.9)
Ry
22
(A.10)
(A.11)
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0 0 0 O

|:G:| ={0 0 0 0 (A.12)
0 0 0 1
0 0 -1 0
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APPENDIX B
RATED ROTOR FLUX LINKAGE

The procedure for calculating the rated rotor flux linkage of an induction machine is presented

in this appendix.

A sinusoidal winding flux linkage is defined according to Eq. B.1.

;L = ﬁ“max cos(a)et + l//ﬂ) (Bl)

The rate of change of flux in a winding is the induced emf into the winding as shown by Eq.
B.2.

e=pA (B.2)

Substituting Eqg. B.1 into Eq. B.2 results in the induced emf per winding as given in Eq. B.3.

e=p[ A, cos(ot+y,)] (B.3)
=0, A, Sin(@0,t+y, )

e’ “max

= Em Sin(a)et + !///'L )

where:

E,=w,A,, ....the amplitude of the induced winding emf.

e’ “max

Egs. B.1 to B.3 can now be applied to an induction machine to establish the rated rotor flux
linkage of the machine. The rated amplitude of the rotor flux linkage per phase using Eq. B.3 is

calculated here in Eq. B.4.

Ay = 2 (B.4)
@,
_ \/EERMS (i)
V3 o,
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_5(230)( 1,
-3 31416
=0.598

The rated rotor flux linkage in the d-q reference frame is given in Eq. B.5.

3
= Eﬂ“max (B'S)
= 1/20.598

2

=0.73

2

7

The magnitude of Z is defined below in Eq. B.6.
‘Z‘ = ﬂﬂzdr + lzqr (B6)

Under FOC the g-axis rotor flux linkage is zero (4,=0) therefore Eq. B.6 reduces to ‘/1_,‘ =4, .

The rated d-axis current (i, ) is now given by Eq. B.7.

ids = (B7)
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APPENDIX C

FOC CONTROLLER GAINS

In this appendix the various controller gains required to simulate the two 3 kW induction
machines of the test bed under FOC, following the controller design procedure as discussed in
Chapter 2, Section 2.5 are calculated. The Matlab optimised parameters (Table C.1) from
Chapter 5, Section 5.6 are used to calculate the various controller gains required for the

implementation of FOC.

Optimised parameters

Parameter name Parameter symbol Value
Stator resistance R; 235Q
Rotor resistance R, 1.49 Q
Stator leakage inductance L, 0.01 H
Rotor leakage inductance L, 0.009987 H
Mutual inductance L, 0.199 H
Inertia J 0.0046 kg-m’
Frictional damping coefficient B 0.0008926 N.m.s/rad

Table C.1: Optimised machine parameters

o] Lm (C.1)

_(0.1999)°
0.209 x 0.209

=0.093
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C.1  The g-axis current controller

% PI CONTROLLER

o las ,"‘@ ok | Vas [
_T p pol;, + R, Lys
Fig. C. 1 Block diagram of the g-axis current controller
R,
= — C2
O (C2)
_ 2.35
0.093%(0.209)
=120.9
l' x
qs & ¥ > K g :
- poL, Lys
Fig. C. 2 g-axis Kyq transfer function
oL
= C3
M Ix 107 x 31414 (3
_ 0.093x0.209
1x107 x 314.14
= 0.062

% PI CONTROLLER

Lys +© 0.062(p +120.9) Vqs‘ /a1,
P p+R, /oLy,

Fig. C. 3 Resultant block diagram together with the controller gains
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C.2  The d-axis current controller

. PI CONTROLLER .
lds + ko(p+hky) Vds Lol (p+R,/Ly) Lis

.y

p Ny R/ol; +R,/L,+ Rsz2 / GL11L222) tRR,/dly Ly,

Fig. C. 4 Block diagram of the d-axis current controller

The optimised parameters of the 3 kW induction machine are substituted in the transfer function

appearing in Fig. C. 4 resulting in the transfer function shown in Fig. C. 5.

PR PI CONTROLLER
Lis ™ + o kP k) Vds» p+7.129 I
p oL, (p+4.465)(p+1931)

Fig. C. 5 d-axis transfer function with the substituted parameters of the machine

PI CONTROLLER

ldS + z > kya(p+ky) vds» 1 ids

p oL, (p+193.1)

Fig. C. 6 d-axis transfer function

The d-axis current controller shown in Fig. C. 6 can now be designed in a similar manner to that

of the g-axis current controller shown in Fig. C. 1 since the transfer functions are similar.

kiy=193.1 (C4)
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ldS + k pd ldS
poL,,

Fig. C. 7 d-axis Kyq transfer function
The transfer function in Fig. C. 7 looks identical to the g-axis current controller transfer function
in Fig. C. 2, therefore the proportional gain K,,,can be chosen to be the same as the proportional

gain K,,,.

kpa = 0.062 (C.5)

C.3  Speed controller

*
Oa)r + Z > kps(p-I—KY) - Lmidr Tem - ; a) g
\ B L, J(p+B/J)
Fig. C. 8 Speed controller
B
kis = — C.6

v, (C.6)

_ 0.0008926
0.0046

=0.194

Referring to Appendix B, the rated rotor flux linkage (14) for a Delta connected induction
machine is 0.73 Wb.

JL,,

k, = C.7
LA (10x1077) €D

0.0046 x 0.209
(0.199)x0.73x(10x107%)

0.662
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C.4  The g-axis voltage pre-compensator

The g-axis stator signal path together with its pre-compensating controller is shown in Fig. C. 9.

Pre-compensator

Induction
machine

Fig. C. 9 The g-axis voltage pre-compensating controller

oL, =0.01944 (C.8)

L, O )
whar _ 0.199%0.73 €9

L, 0.209

= 0.695

C.5 The d-axis voltage pre-compensator

The d-axis stator signal path together with its pre-compensating controller is shown in Fig. C.

10.

Pre-compensator
r—— - - - - A

Induction
machine

Fig. C. 10 The d-axis voltage pre-compensating controller

oL, =0.01944 (C.10)
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APPENDIX D

INDUCTION MACHINE TESTS

This appendix describes the tests performed on an induction machine to determine its per phase
equivalent circuit and mechanical parameters. The induction machine was tested at room
temperature (20° C) using the IEEE Standard Test Procedure for Polyphase Induction Machines
and Generators (Std 112-1984) [6]. The power terminals of the machine were connected in delta
directly to a 220 V three phase supply. The power and current were measured with analogue
meters having an accuracy of 0.5 %, whilst the voltage was measured with a digital meter

having an accuracy of 0.1 %.

v, R, L, §RTZ

Fig. D. 1 Per phase equivalent circuit of the induction machine

The per phase equivalent circuit of the induction machine is shown in Fig. D. 1.

D.1 No load test

The no load test is performed to determine the core loses (R,,) and the mutual inductance (L,,) of
the induction machine. The rated voltage (220 V) was applied to the machine which ran on no
load for the test. When the machine runs on no load, the slip (s) is approximately zero and the
current (/,°) in the equivalent circuit shown in Fig. D. 1 is also approximately zero; the circuit in
Fig. D. 1 is taken to be open circuited and the equivalent circuit for this condition is depicted in
Fig. D. 2. The parameters R,, and L,, are calculated by measuring the voltage, current and power

per phase.
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-
— . I—

* ip vi, I2

v, R L,

o

Fig. D. 2 No load equivalent circuit

v 2
R, =—— (D.1)
P,
v 2
X, =——t (D.2)
242 2
v,’1° =P,
I 100A/ @ 500v/ &= 0.0s 20.002/ Stop  # 0.0v

Current
-~

/Voltage
|VAVAVAVAVAVAVAVAVAY
RMS(1): 6.517A | RMS(Z ). 220 .2V ]

-~ Coupling BVVY Limit J Vernier J Invert J Probe J
DC 1 1 I ~

Fig. D. 3 No load current and voltage captured on an oscilloscope

Vp (V) Ip (A) Pph (W) Rm (Q) Xm (Q)
220.2 3.763 80 605.55 58.77

Table D.1: No load test results

X
L, =—"— (D.3)
2xxx f

58.77

w=——"—"—"—=0.187TH
2x3.14x50
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D.2 Locked rotor

The locked rotor test is performed to determine the parameters R, and L.. R, represents both the
stator (R;) and referred rotor resistance (R,’) and L. represents both the stator (Z;) and referred
rotor (L,’) inductance. A reduced voltage was applied to the machine until the rated current
(11.1 A) flowed in its stator windings. At the reduced voltage, the current (/, in Fig. D. 1) is
approximately zero and the slip is one, thus the circuit in Fig. D. 1 reduces to the circuit

depicted in Fig. D. 4.

Fig. D. 4 Locked rotor equivalent circuit

=R, +a .
R, =R, +a’R, (D.4)

P

— _prh
R, = o (D.5)
,=L,+a .

L,=L +d’L, (D.6

Vv 212 -p 2

p ph

X, E (D.7)

B 100v/ : 10009/

Current

«

RMS(1): 11.09A | RMS(2 ): 50.70V |

- Source ] 3 Select: l Measure ] Clear I ] Thresholds
2 RMS RMS Meas =l

Fig. D. 5 Locked rotor current and voltage
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Vp (V) Ip (A) Pph (W) Re (Q) Xe (Q)
50.7 6.4 153.33 3.740199 6.979388
Table D.2: Locked rotor test results
R, =R, —R, (D.8)
R, =3.740199 — 2.3 =1.44019902
X
=t (D.9)
2xax f
e= 0979388 _ 0.022227H
2x3.14 x50

L
L, =L, ==<=0.01111H
2

D.3  Windage and Friction loss

This test is performed to determine the power lost due to windage and friction while the

machine runs on no load. The power, voltage and current were recorded while the stator voltage

was reduced from the rated voltage (220 V) of the machine to zero.

Stator core losses are then subtracted from the input power and the result is plotted against the

input voltage [6]. The resultant curve is then extended to the point where the voltage is zero;

that point of interception on the y axis (Input Power-Stator losses) is the windage and friction

loss [6]. A graph of voltage squared instead of voltage [6] is plotted for more accurate results.
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Puower - Stator losses (W)
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“oltage sgaured (\/2) X 1D4

Fig. D. 6 Power loss due to windage and friction

The y intercept of the curve in Fig. D. 6 was found by linear curve fitting. This y value of 22.975

is the equivalent windage and friction power loss (P,).

D.4.1 Inertia J - Method 1

This section describes the first method used to determine the machine’s mechanical parameters

J and B i.e. the machine’s inertia and frictional damping coefficients respectively. An

incremental encoder mounted at the back of the machine was used to measure the machine’s

speed. The machine when supplied with its rated voltage (220 V) ran at no load speed

(approximately 157 rad/s). The supply voltage was then removed and the speed decay of the

machine was recorded as shown in Fig. D. 7.

Speed (rad's)

160

140

120

100

j=n]

a SR | S (U N S——

E ] o N oo P

Rundovwn curve of the Induction machine
T

See Fig. D.8

Tirne (s)

Fig. D. 7 Rundown curve of the induction machine
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Exploded view of the rundown curve- Linear Region
10 : : : : :

data 3

— linear

100

a0

&0

Speed (rad's)

40

20

4 4.5 =1 5.5 B B.5 7
Time (s)

Fig. D. 8 Exploded view of Fig. D. 7 from 4s to 7s

Fig. D. 7 depicts the machine decelerating from no load speed to zero speed in 8.25s. Part of the
curve in Fig. D. 7 was replotted and shown in Fig. D. 8 illustrating a change of speed from 103
rad/s to 25 rad/s. In this region, the rate of change of speed is approximately constant. A tangent
line is therefore drawn in this approximately constant region; the gradient of the line found by

linear curve fitting is the rate of change of speed.

Rate of change of speed (pw,)=-31.751 rad/s’

The electromagnetic torque (7,) of an induction machine is given by Eq. D.10.

T, =Jpw, + po, + T, (D.10)

As soon as the power supply is removed the electromagnetic torque produced by the machine

does not exist and since the machine runs on no load, load torque 7; is zero therefore Eq. D.10

reduces to:
Jpw, = - po, (D.11)
To calculate the inertia of the machine as shown in Eq. D.13, the torque due to windage and

friction is first calculated using Eq. D.12. The power loss due to windage and friction was

calculated in Section D.3 as 22.975 W. The speed of the machine was approximately 157 rad/s.

B 22075
w157

=0.146 Nm (D.12)




Appendix D Induction machine tests Page D.7

Tyr  —0.146

J: =
Pa)r -31.751

= 0.00459%kg.m? (D.13)

Calculating the inertia of the induction machine using the above described method is accurate
and can be used to determine the inertia of any size of induction machine provided that a speed

transducer is installed on the machine.

D.4.2 Inertia J - Method 2

This section describes the second method used to calculate the inertia of the machine. This
method does not require the use of a speed transducer and can be considered for use on small

machines.

The machine was stripped and the rotor was taken out. The total mass of the rotor was measured
to be 5 kg. The lengths and diameters of the different sections that contributed to the structure of

the rotor were measured and are presented below in Fig. D. 9.

3 3

L A
d;=0.025m d>=0.035m d;=0.092m d;=0.035m ds=0.028m

|

| I I |

| | |

| I A I |
| |

: 1,=0.049m | 1-=0.040m | 15=0.154m ' 1,—0.040m 15=0.076m !

-
| \

Fig. D. 9 Structure of the rotor

Assuming a uniform density allows for the calculation of mass distribution throughout the rotor,

if the volume is known.

Mass * Volume = Density (D.14)

The volume (V) of each section of the rotor is calculated using Eq. D.15 with the lengths (/) and

diameters (d) corresponding to the ones shown in Fig. D. 9.

(D.15)
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Table D.3 illustrates the resultant volumes of each section of the rotor shown in Fig. D. 9.

Volume 1 Volume 2 Volume 3 Volume 4 Volume 5 Volume Total

(mm?) (mm?) (mm?) (mm?) (mm?) (mm?)

2.41x107° | 3.85x107° | 1.024x107° | 3.85x107° | 4.68x107° 1.172x107°

Table D.3: Resultant volume calculated as per Eq. D.15

The volume of any single section of the rotor, divided by the total volume (V) of the entire
rotor, multiplied by the total mass (m) of the rotor, will result in the mass of that specific section

of the rotor as given by Eq. D.16.

m:L5kg (D.16)
Vt

The mass of each section of the rotor in Fig. D. 9 is calculated according to Eq. D.16 and is

shown in Table D.4.

Mass 1 Mass 2 Mass (3) Mass 4 Mass 5 Total mass
(kg) (kg) (kg) (kg) (kg) (kg)
0.1028 0.164 4.3691 0.164 0.19966 4.999

Table D.4: Resultant mass calculated as per Eq. D.16

The moment of inertia (J) for a solid cylinder is given by Eq. D.17.
L
J= 5 mr (D.17)

The moment of inertia of each section of the rotor in Fig. D. 9 is calculated according to Eq.

D.17 and the results are shown in Table D.5.
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Inertia 1 Inertia 2 Inertia 3 Inertia 4 Inertia 5 Total Inertia
(kg.m®) (kg.m®) (kg.m®) (kg.m®) (kg.m®) (kg.m?®)

8.03x10™° | 2.51x107° | 4.623x107 | 2.51x107° | 1.957x107° 0.0047

Table D.5: Resultant inertia calculated as per Eq. D.17

This method is also accurate but can not be used on large induction machines as it is difficult to

dismantle a large induction machine.

D.5  Frictional damping Coefficient - B

The frictional dampening coefficient is calculated according to Eq. D.18.

B:wa _0.146
w
r

———=0.00093Nms / rad
157

(D.18)

Eq. D.18 finds B at no load speed only. B varies since the torque due to windage and friction

varies with changes in speed.

D.6  Final measured induction machine parameters

Measured parameters

Parameter name Parameter symbol Value
Stator resistance R; 23Q
Referred rotor resistance Ry 1.440199 Q
Stator leakage inductance L, 0.01111 H
Referred rotor leakage inductance Ly 0.01111 H
Magnetising resistance R, 605.55 Q
Mutual inductance L, 0.187 H
Inertia - Method 1 J 0.00459 kg-m*
Inertia - Method 2 J 0.0047 kg-m’
Frictional damping coefficient B 0.00093 N.m.s/rad

Table D.6: Measured machine parameters
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APPENDIX E

MATLAB EMBEDDED FUNCTIONS

This appendix presents the C code that was written into the embedded Simulink simulation
blocks. The code used to simulate the theoretical fan, the 1.1 kW fan and the 785 kW fan are
shown in sections E.1 to E.3 respectively. In section E.4 the C code that was written into the
cost of energy calculation block is shown.

E.1 Theoretical fan

Torque-Speed

Variable speed

function [torque, power] = Speed_reg(speed,time)
% This block supports an embeddable subset of the MATLAB language.

% See the help menu for details.

power=0; % initializing variable to zero
torque=0; % initializing variable to zero
speedrpm=0; % initializing variable to zero
flow=0; % initializing variable to zero
if time < 0.005

speed=1;
else
speedrpm=speed*(60/(2*pi)); % Converts rad/s to rpm

torque=(10.85/7(1400"2))*(speedrpm™2) ;% Equation of the torque-speed

% curve (Fig. 6.1)
power=power*1000; % kilowatts to Watts
torque=power/speed;

end
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Power-Flow

Variable speed

function [torque, power, flow] = Speed_reg(speed,time)
% This block supports an embeddable subset of the MATLAB language.

% See the help menu for details.

power=0; % initializing variable to zero
torque=0; % initializing variable to zero
speedrpm=0; % initializing variable to zero
flow=0; % initializing variable to zero
if time < 0.005

speed=1;
else
speedrpm=speed*(60/(2*pi));
flow=(2.38/1400)*speedrpm; % Equation of the speed-flow

% curve

power=power*1000; % kilowatts to Watts
power=torque*speed;
end
Fixed speed

function [torque,power] = Damper_operation(speed, time,flow)
% This block supports an embeddable subset of the MATLAB language.

% See the help menu for details.

power=0; % initializing variable to zero

torque=0; % initializing variable to zero

if time < 0.005
speed=1;
else
power = -0.1837*(flow"2) + 0.7616*fFlow +0.8145; % Equation of the
% power-flow curve (Fig. 6.2)
power=power*>1000; % kilowatts to Watts
torque=power/speed;

end
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E.2 1.1kW fan

Torgue-Speed

Variable speed

function [torque, power, flow] = Speed_reg(speed,time)
% This block supports an embeddable subset of the MATLAB language.

% See the help menu for details.

power=0; % initializing variable to zero
torque=0; % initializing variable to zero
speedrpm=0; % initializing variable to zero

if time < 0.005
speed=1;
else
speedrpm=speed*(60/(2*pi)); % Converts rad/s to rpm
torque=3E-6*(speedrpm™2)+0.002*speedrpm+0.1928; % Equation of the
% torque-speed curve (Fig. 7.12)
end

Power-Flow

Variable speed

function [torque, power, flow] = Speed_reg(speed,time)
% This block supports an embeddable subset of the MATLAB language.

% See the help menu for details.

power=0; % initializing variable to zero
torque=0; % initializing variable to zero
speedrpm=0; % initializing variable to zero
flow=0; % initializing variable to zero

if time < 0.005
speed=1;
else

speedrpm=speed*(60/(2*pi)); % Converts rad/s to rpm
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flow=((speedrpm-47.6)/658.43); % Equation of the speed-flow curve
% (Fig. 9.35)

power= -0.2692*(flow"3)+0.9933*(Flow"2)-0.5503*Flow+0.2318; % Equation
%of the power-flow curve(Fig.7.13)

power=power*1000; % kilowatts to Watts

torque=power/speed;

end

Fixed speed

function [torque,power] = Damper_operation(speed, flow,time)
% This block supports an embeddable subset of the MATLAB language.

% See the help menu for details.

power=0; % initializing variable to zero

torque=0; % initializing variable to zero

if time < 0.005
speed=1;
else
power = -0.0779*(flow™2) + 0.2766*fFlow - 0.7533; % Equation of the
% power-flow curve (Fig. 7.13)
power=power*>1000; % kilowatts to Watts
torque=power/speed;

end

E.3 785KkW fan

Torgue-Speed

Variable speed

function [torque, power] = Speed_reg(speed,time)
% This block supports an embeddable subset of the MATLAB language.

% See the help menu for details.

power=0; % initializing variable to zero

torque=0; % initializing variable to zero
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speedrpm=0; % initializing variable to zero

flow=0; % initializing variable to zero

if time < 0.005
speed=1;

else

speedrpm=speed*(60/(2*pi)); % Converts rad/s to rpm

torque= 7E-6*(speedrpm”™2)+0.001*speedrpm-0.673; % Equation of the
torque-speed curve (Fig. 8.9)

power=power*1000; % kilowatts to Watts

torque=power/speed;

end

Power-Flow

Variable speed

function [torque, power, flow] = Speed_reg(speed,time)
% This block supports an embeddable subset of the MATLAB language.

% See the help menu for details.

power=0; % initializing variable to zero
torque=0; % initializing variable to zero
speedrpm=0; % initializing variable to zero
flow=0; % initializing variable to zero
if time < 0.005

speed=1;
else
speedrpm=speed*(60/(2*pi)); % Converts rad/s to rpm
flow=((speedrpm-343.36)/2.4027); % Equation of the speed-flow curve

power= 0.0000159*(Flow"2)-0.0023*Flow+0.34; % Equation of the power-
% Flow curve (Fig. 8.10)

power=power*>1000; % kilowatts to Watts

torque=power/speed;

end
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Fixed speed

function [torque,power] = Damper_operation(speed, flow,time)

% This block supports an embeddable subset of the MATLAB language.

% See the help menu for details.

power=0;

torque=0;

if time < 0.005

speed=1;

else

% initializing variable to zero

% initializing variable to zero

power = -0.0000094*(Flowr2) + 0.0077*Flow+0.9988; % Equation of the

power=power*1000;

torque=power/speed;

end

E.4 Energy cost calculation

% power-flow curve (Fig. 8.10)
% kilowatts to Watts

function cost

= Cost_Calculation (time,energy)

% This block supports an embeddable subset of the MATLAB language.

% See the help menu for details.

cost1=0;
cost2=0;
cost3=0;
cost4=0;
cost5=0;
cost6=0;

cost7=0;

kwh1=0;
kwh2=0;
kwh3=0;
kwh4=0;
kwh5=0;

zero

zero

zero

zero

zero

zZero

zero

zZero

zero

zero

zero

zero
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kwh6=0; % initializing variable to zero

kwh7=0; % initializing variable to zero

energy2=0; % initializing variable to zero
energy3=0; % initializing variable to zero
energy4=0; % initializing variable to zero
energy5=0; % initializing variable to zero
energy6=0; % initializing variable to zero
energy7=0; % initializing variable to zero
it ((time>=0)&& (time<=30)) % 00hr-06hr

kwhl = energy,costl = kwh1*0.0906; % energy accumulation and off-
% peak energy cost calculation

end

it ((time>=30)&& (time<=35)) % 06hr-07hr
energy2= energy,kwh2 = (1/2*(energy2-kwhl)),cost2 = kwh2*0.1667;
% energy accumulation and standard energy cost calculation

end

if ((time>=35)&& (time<=50)) % 07hr-10hr
energy3= energy,kwh3 = (1/2*(energy3-kwh2)),cost3 = kwh3*0.6304;
% energy accumulation and peak energy cost calculation

end

if ((time>=50)&& (time<=90)) % 10hr-18hr
energy4= energy,kwh4 = (1/2*(energy4-kwh3)),cost4 = kwh4*0.1667;
% energy accumulation and standard energy cost calculation

end

if ((time>=90)&& (time<=100)) % 18hr-20hr
energy5= energy,kwh5 = (1/2*(energy5-kwh4)),cost5 = kwh5*0.6304;
% energy accumulation and peak energy cost calculation

end

it ((time>=100)&& (time<=110)) % 20hr-22hr
energy6= energy,kwh6 = (1/2*(energy6-kwh5)),cost6 = kwh6*0.1667;
% energy accumulation and standard energy cost calculation
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end

it ((time>=110)&& (time<=120)) % 22hr-24hr

energy7= energy,kwh7 = (1/2*(energy7-kwh6)),cost7 = kwh7*0.0906;
% energy accumulation and off-peak energy cost calculation

end

cost=costl+cost2+cost3+cost4+costs+cost6+cost7;
% final cost of energy for the day
end
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APPENDIX F

SIMATIC STEP7 PROGRAMS

The programs written in the PLC to control both the test bed and the 1.1 kW fan system are

shown in this Appendix. The PLC was programmed using Siemens Step7 software and the

programming was done using both ladder logic and statement list languages. In Step7 the code

is broken down into different Organisational Blocks (OB’s), Functions (FC’s), Data Blocks
(DB’s), Function Blocks (FB’s), User Defined Data Types (UDT’s), System Function Blocks
(SFB’s) and System Functions (SFC’s). Only the code written in the OB’s and FC’s are

presented below as this is where the main control programs are written. The DB’s and UDT’s

are used for variable declaration and as data storage areas. The two FB’s used for serial

communication are freely available from Siemens. The SFB’s and SFC’s are special blocks that

provide specific functionality also developed by Siemens.

F.1  Organisational Blocks

F.1.1 OB Cyclical execution block

SIMATIC

mine data\SIMATIC 06/17/2008 04:06:18 PM

300 (1)\CPU 315F-2 PN/DP\...\OBl - <offline>

OBl - <offline>

"CYCL EXC" Cycle Execution

Name: OBl

Author: Ashvir.H

Time stamp Code:

Interface:
Lengths (block/legic/data) :00624 00460 00022

Version: 0.1

Block version: 2
06/17/2008 04:06:12 BM
02/15/1996 04:51:12 BM

TEMP 0.0
OBl_EV_CLASS Byte 0.0 Bits 0-3 = 1 (Coming event), Bits 4-7 = 1 (Event class 1)
OB1_SCAN_1 Byte 1.0 1 (Cold restart scan 1 of 0B 1), 3 (Scan 2-n of OB 1)
OB1_PRIORITY Byte 2.0 Priority of OB Execution
OB1_OB_NUMBR Byte 3.0 1 (Organization block 1, OBl)
OBl_RESERVED 1 |Byte 4.0 Reserved for system
OB1_RESERVED 2 |Byte 5.0 Reserved for system
OBl_PREV_CYCLE |Int 6.0 Cycle time of previous OBl scan (milliseconds)
OBl_MIN CYCLE |Int 8.0 Minimum cycle time of OBl (milliseconds)
OBl_MAX_CYCLE |Int 10.0 Maximum cycle time of 0Bl (milliseconds)
OB1_DATE TIME |Date_&nd Time [12.0 Date and time OBl started
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Block: OBl

"Main Program Sweep (Cycle)"

Network: 1
Compare integer
CMP ==I M0.2
—
#0B1l SCAN
1-IN1
1-IN2
Network: 2
call FCl
"$PLCInfor
mation"
EN ENQ,
SIMATIC mine data\SIMATIC 06/17/2008 04:06:18 PM
300 (1)\CPU 315F-2 PN/DP\...\OBl - <offline>
Network: 3
Setting up power meter comms.
-
MOVE MOVE MOVE
EN ENt EN EN EN ENO;
222-1IN "SPowermet 1-IN "SPowermet 3-IN
erComms" . erComms" .
Comms . Comms .
MeterOffse QUT-MeterMax OUT~
ouT—t
-
-
o MOVE
b EN EN
| "$Powermet 1-IN "$PowerMet
| ercomms" erData".
| Comms BM1.
___rRetry Max MeterAddre
OUT-ss
-
Network: 4 1 = Retrieve Demand Register Sets. DB & UDT MUST be set loaded.

Retrieve Demand Register Sets. DB

& UDT MUST be set loaded.

Perform a time sync of the meter from the PLC Clock

"$PowerMet
erData".
EMI1.
Config
RetrieveDes
mRegs

—
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SIMATIC mine data\SIMATIC 06/17/2008 04:06:18 PM
300(1)\CPU 315F-2 BN/DP\...\OBl - <offline>
Network: 5

Setting Vmax, Imax, Pmax

-
MOVE MOVE MOVE |
EN ENt EN EN EN ENO
1-IN "SPowerMet  8.280000e4 "$PowerMet  7.000000e+4
erData". 002 -IN erData". 000-IN
PM1. QUT- PM1.VMAX OUT~
OUI-MeterType
-
-
MOVE
; EN EN
. | "SPowerMet 5.796000et "$PowerMet
! erData". 000 —IN erData"
__—BM1.IMAX OUT- PM1. PMEX
=
Network: 6 1 = Perform a time sync of the meter from the PLC Clock
Perform a time sync of the meter from the PLC Clock
"$PowerMet
erData".
BMI.
Config
M0.1 DoTimeSync
— | —
"$PowerMet
erData”.
PM1.
config
RetrieveDs
talog
—
Network: 7
call FC150
"SfcPowerM
eterComms"
EN ENQ;
Network: 8
call FC3
"motor"
EN EN
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SIMATIC mine data\SIMATIC 06/17/2008 04:06:19 PM
300(1)\CPU 315F-2 PN/DP\...\OBl - <offline>
Network: 9
call FCé if switch is OFF
"Mine
curvesl".
mine_sim_ /s
on curves"”
1/} EN  EN
Network: 10
call FC8
"load"
EN EN
Network: 11
call FCS
encoder]
EN EN
Network: 12
call Fcl0
"energycal
1"
—EN ENQ;
Network: 13
call FC5
'Sensors
EN ENt
Network: 14
call FC7 if switch is OFF
"Mine
cgrves¥“. "power
mine sim flow
on curves"
W i ENO
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SIMATIC mine data\SIMATIC 06/17/2008 04:06:19 PM
300(1)\CPU 315F-2 EN/DP\...\OBl - <offline>

Network: 15

call FCZ3

"FlowContr
ol"
EN ENQ,
Network: 16
call FC24
"Flow to
spead"
EN ENQ
Network: 17
call FCl2
"analogue
outs”
EN ENQ

Network: 18

call FC14 if switch is ON

"Mina
" ,
cgrves¥ . e
mine sim pover

flow"

on
— ——=n EN—————
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F.1.2

OB35 Cyclical interrupt block

SIMATIC mine data\SIMATIC 12/08/2008 10:48:57 EM
300(1)\CPU 315F-2 PN/DP\...\OB35 - <offline>

OB35 - <offline>

"CYC INTS" Cyclic Interrupt 5

Name: O0B35 Family:

Author: Ashvir.H Version: 0.1

Time stamp Code:

Interface:
Lengths (block/logic/data) :00556

OB35_EV_CLASS
OB35_STRT_INF
DB357PRICRITY
OB35_OB_NUMER
OB35_RESERVED 1
OB35_RESERVED 2
OB35_PHASE_OFFSET
OB35_RESERVED_3
OB35_EXC_FREQ

OB35_DATE_TIME

Block version: 2
12/08/2008 10:47:57 EM
02/15/1996 04:51:11 PM
00410

00022

Byte 0.0 Bits 0-3 = 1 (Coming event), Bits 4-7 = 1 (Event class 1)
Byte 1.0 16#36& (OB 35 has started

Byte 2.0 Priority of OB Execution

Byte 3.0 35 (Organization bleck 35, OB35)

Byte 4.0 Reserved for system

Byte 5.0 Reserved for system

Word 6.0 Fhase offset (msec)

Int 8.0 Reserved for system

Int 10.0 Frequency of execution (msec)

Date_And Time [12.0 Date and time 0B35 started

[Block: OB35

"Cyclic Interrupt 10ms"

Network: 1

Torgue ramped down

Ramp torque,

torque-speed curve

Ramp from 8.46 to 4.4%

When click for damper control in SCADR set DB53.DBD54 to 8.46
Damper button in SCADA reset DB53.DBX52.0 and reset DBS53.DBX52.1
Flow will decrease to 0.68 and then speed regulation will occur

"tfs "tfs
curvesl”. curvesl®”.
t= speed reg  oyp >=m SUB_R CMP <=R
— EN T ENO
"encoder”. "t/s "t/s "t/s 4.4900008+ "t/s
real speed —IN1 curvesl™. curvesl". curvesl"™. 000 -IN curvesl".
torgue torque torgue torgue
1.350000e+ set damper —IN1  OUT|-set damper set damper —IN1 OUT|-set damper
003 —IN2
1.000000e— 4.490000e+
002 —IN2 000 —IN2

Page 1 of 3
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SIMATIC mine data\SIMATIC 12/08/2008 10:48:57 PM
300(1)\CPU 315F-2 PN/DP\...\OB35 - <offline>
Network: 2 1.1 kW system - Flow ramped down
Ramp flow for power Vs flow damper y = -0.077%x2 + 0.2766x + 0.7533
Ramp from 2.19 to 0.68
Click for damper control on scada set DB57.DBD12 to 2.19
Damper button in SCADA reset DB53.DBX52.0 and reset DB53.DBX52.1
Flow will decrease to 0.68
"Mine
curvesl" "t/s "t/s
mine sim curvesl”. curvesl”.
on € s speed reg SUB_R cMP <=R MOVE
—1 11 11 EN ENO EN ENO
"power "power "power £.800000e- "power
flow ow flow 001 —IN ow
curves". curves”. curves". curves”.
flowset flowset flowset flowset
damper —IN1 OUT —damper damper —IN1 OUT - damper
1.000000 6.800000e-
003 —IN2 001 —IN2
Network: 3 785 kW system - flow ramped down
Ramp flow for power Vs flow damper contrcl from 454.34 to 365
"Mine
curvesl". "t/s "Mine
mine sim curvesl”. curvesl”.
on £ danper SUB_R cMP <=R MOVE
f g |} ENO ENO
"Mine "Mine "Mine 3.650000e+ "Mine
curvesl". curvesl". curvesl". 002 —IN curvesl".
damper damper damper damper
flow —IN1 OUT—flow flow —IN1 OUT—flow
1.000000e- 3.650000e+
001 —INZ 002 —IN2
Network: 4
Cycle time max = 15 and interrupt =10 ms every 150ms perform function
ADD I
E— 4 EN
"energycal "energycal
" .
energycycl energycycl
e—INl OUT—e
1-IN2
SIMATIC mine data\SIMATIC 12/08/2008 10:48:57
300(1)\CPU 315F-2 PN/DP\...\OB35 - <offline>
Network: 5
|lRccumalate the energy used
CMP >R CMP <=R CMP >=I ADD R
EN EN
"energycal "energycal "energycal "energycal "enargycal
c". . . c".energy —IN1 c".
time ofday—IN1 time ofday—IN1 energycycl energy
e —IN1 "energycal QUT— acuum
0.000000=+ 1.200000e4 "
000 —IN2 002 —IN2 15 —IN2 energy_
acuur —IN2
MOVE
EN ENO—
0-IN "energycal
c”.
energycycl
OUT—e
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F.2

Functions

F.2.1

FC1 PLC information

SIMATIC

mine data\SIMATIC

300 (1)\CPU 315F-2 PN/DP\...\FCl

06/17/2008 02:3%:50 PM

FCl - <offline>
"SPLCInformation"
Name: FCl

Author: Ashwvir.H

Time stamp Code:
Interface:

Family:

Version: 0.1

Block wersion: 2
06/15/2008 11:07:58 BM
03/02/2006 10:18:33 EM

Lengths (block/logic/data) :00816 00580 00054

N 0.0
ouT 0.0
IN_ouT 0.0
TEMP 0.0
£INTL Int 0.0
Temp_word  |Word 2.0
Temp busy |Bool 4.0
£DINT1 DInt 6.0
£DiNT2 DInt 10.0
£DINT3 DInt 14.0
£DINT4 DInt 18.0
INT5 DInt 22.0
INTE DInt 26.0
Temp INT1 |Int 30.0
Temp_INT2 |Int 3z2.0
Temp DINT1 |DInt 34.0
tempdt Date_and_Time |38.0
RETURN 0.0
RET_VAL 0.0

Block: FCl PLC time and date information

Network: 1

Logic_0 and Logic 1

MO.0 MO.1
L s3—]
MO.1 MO.0
— RO—]
Network: 2
One second pulse M1.0
T50
vl 0" S vl on
— —
S5T#15-TV BI-
—R BCD-
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SIMATIC mine data\SIMATIC 06/17/2008 02:39:50 PM
300(1)\CPU 315F-2 BN/DP\...\FCl - <offline>

Network: 3

Read PLC Date and Time

L T 1
T DBL.DBD 96
R T 1
Network: 4
Tl
1 5_0DT

S5T#500M5-TV BI-

-R BCD-

Network: 5

Read PLC clock

READ CL
EN ENQ

RET VAI-#tINT1

CDT- #tempdt

SIMATIC mine data\SIMATIC 06/17/2008 02:39:50 PM
300 (1)\CPU 315F-2 BN/DP\...\FCl - <offline>

Network: €
Get PLC information
MOVE BCD_T M0.3
EN EN EN EN O—
LB38 —IN OUT #Temp_word #Temp_word—IN "$PLCInfor
mationDatz
".PLC.
Current
OUI-Year
MOVE BCD I
EN EN EN EN
LB39-IN OUT|- #Temp_word  #Temp_word—IN "SPLCInfor
mationDatz
".PLC
Current
OUT-Month
MOVE BCD I
EN EN EN EN
LB40-IN OUT- #Temp_word  #Temp_word—IN "SPLCInfor
mationDatz
".PLC.
Current_
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MOVE BCD I
EN EN EN EN
1B41-IN OUTH- #Temp_word  #Temp_word—IN "SPLCInfor
mationDatz
".PLC.
Current_
OUT-Hour
MOVE BCD I
EN EN EN EN
LB42 -IN OUT- #Temp_word  #Temp_word—IN "$PLCInfor
mationDatz
".PLC.
Current
OUT-Minute
MOVE BCD I
EN EN EN EN
LB43-IN OUT- #Temp_word  #Temp_word—IN "SPLCInfor
mationDatz
".PLC.
Current
QUT- Second
Network: 7
Get Hours,Minutes,Seconds and Convert to HHMMSS

OPN

H

SIMATIC

"SPLCInformationData”

DBW 16
#tDINT1

DEW 18
#tDiNT2

DBW 20
#tDINT3

#tDINT1
L#10000

#LDINTL

#tDINT2

300(1)\CPU 315F-2 BN/DP\...\FCl - <offline>

mine data\SIMATIC

06/17/2008 02:39:50 BM

=]

+D

+D

L#100
#tDINT2

#LDINT1
#tDINT2

#LDINT3

DBED 34

Network: 8

Get year,month & day and Convert to YYYYMMDD

H

SRR NN
(=]

"SPLCInformationData”

DBW 10
#tDINT4

DBW 12
#INTS

DBW 14
#INTE

#LDINT4
L#10000

#tDINTZ
#tDINT4
L#20000000
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#tDINT4

#INTS
L#100

#INTS

#LDINTZ
#INTS

#INTE

DBED 30

Network: 9

Set data and time, M100.0 being the time sync bit

"SPLCInfor "SPLCInfor
mationDat: mationDate
".PLC. ".PLC.
TimeSyncRe TimeSyncDc
quest ne MO.3
| [} —
‘Netwurk: 10
| M0.1
(RET —|
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F.2.2

FC 3 Control of the Fan machine and Test bed Machinel

FC3 - <offline>
"motor"

Name: FC2

Author: Ashvir.H

Time stamp Code:
Interface:

IN

our
IN_ouT
TEMP
RETURN

RET_VAL

Family:

Version: 0.1

Block version: 2

06/17/2008 03:09:34 PM
06/18/2007 10:50:35 BM
Lengths (block/legic/data) :00564

0.0

00428 00000

Block: FC3 Fan motor or Test Bed Motorl control

Network: 1

Motor Initialised via PROFIBUS

MOVE
EN EN
DW#164#47E"
000 —IN OUT— QD200
Network: 2

Motor ON wia PROFIBUS

"motor
variable”.

Switch MOVE MOVE

| | EN EN EN EN
DA#16347F" "motor
000 —IN OUT— QD200 variable".
to_drive—IN OUT-QW202

Network: 3

Speed setpoint

"motor
variable”.
acc_motor_
te I DI
171 EN ENi

EN

DI R
EN

"motor
variable™.

"motor

variable”.

Ref speec—IN OUT— templ

"motor
variable".
templ —IN

ouT

"motor
variable".
ref speed
~Real
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SIMATIC mine data\SIMATIC 06/17/2008 03:09:44 PM
300(1)\CPU 315F-2 PN/DP\...\FC3 - <offline>
Network: 4
Motor slip
SUB_R DIV R
EN ENQ EN ENC
"motor "motor "motor
variable". variable". variable". "motor
ref speed Ref Real Ref Real variable".
Real —IN1 OUT-error error —INl OUT-slip
"encoder". "motor
real speec—IN2 variable".
ref speed_
Real -IN2

Network: 5

Zccelerate motor for 1.1 kW torque-speed characteristic

"motor "motor
variable". variable".
acc motor_ acc motor_

ts ADD T CMP >=T MOVE ts

— | EN ENO EN EN {R)—]

"motor "motor "motor 1400—-IN "motor
variable". variable". variable". variable".

Ref speesc—IN1 OUT—Ref speed Ref speec—IN1 QUI-Ref speed

1-IN2 1400-IN2
Network: 6
Accelerate motor for ~1.1 kW or ~785 kW powsr-flow characteristic

"motor "motor
variable". variable".
ace motor ace motor

pf ADD I CMP >=I MOVE pf

— | EN ENO EN EN R)}—]

"motor "motor "motor 1500-IN "motor
variable". variable". wvariable". variable".

Ref speec—INl OUT-Ref_ speed Ref speec—INl OUT—-Ref speed

1-IN2 1500-IN2
Network: 7
Send speed setpoint to VSD1 via PROFIBUS

"flow

contrel”.

Start

control MUL R ROUND I BCD

VI EN EN EN ENO EN ENO;

"motor "motor "md200" —IN "motor
variable". "motor variable". variable™.
ref speed variable". temp2 —IN OUT-"md200" OUT-to drive

Real —IN1 OUT—temp2
1.092267e+
001 —IN2
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F.2.3

FC 5 Fan pressure and velocity sensors

300(1)\CPU 315F-2 BN/DP\...\FC5 - <offline>

06/17/2008 02:43:20 PM

SIMATIC mine data\SIMATIC
FC5 - <offline>

"Sensors"

Name: FCS Family:

Ruthor: Ashvir.H Version: 0.1

Time stamp Code:
Interface:

Lengths (block/logic/data) :00578

Block version: 2

06/17/2008 02:43:11 BM
01/31/2008 12:48:53 BM
00442 00036

ouT

IN_OUT

TEMP
static Real
flow Real
velocity  |Real
anaflow Real
anaspeed Real
anaspeedl |Real

RETURN
RET_VAL

Block: FCh Fan Pressure and Velocity sensors

Network: 1

Static pressure and Veloclty pressure displayed value forced to zerc should the

fan be OFF.
"motor
variable”.
Switch MOVE MOVE
—1/1 EN EN EN EN
0.000000e4 "Sensorsl"” 0.000000e+4 "Sensorsl”
000 -IN .static_ 000 -IN .velocity
OUT|-pressure OUT-pressure
Network: 2 Air Velocity
Air Velocity received via Analogue interface
Offset by 2.19667=4mA
"SCALE" SUB_R MUL_R
EN ENO EN ENO EN ENO
PIW274 —IN "Sensoral” "Sensorsl”  "Sensorsl” "Sensorsl”
retvalue -air .air .volume
RET_VAL - flow 2 OUT -speed_ms speed ms —IN1  OUTflow
OUT - #flow 2.127250e-

"Sensorsl”

.bipolar_
flow meter —BIFOLAR

001 —IN2
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SIMATIC mine data\SIMATIC 06/17/2008 02:43:20 PM
300(1)\CPU 315F-2 BN/DP\...\FC5 - <offline>

Network: 3 Static pressure

Statlic pressure received via Analogue interface
Offset by 254=4mA

"SCALE" SUB_R
EN EN EN ENG
DPIWZ76—IN "Sensorsl' #static—IN1 "Sensorsl’
.retvalue .static

1.250000e4 RET VAI- static 2.488430ed OUT[- pressure

003 —HI_LIM 002 —IN2

OUT— #static

0.000000e4

000-L0 LIM
"sensorsl’

.bipolar_
static

pres —BIPOLAR

Network: 4 Velocity pressure

Velocity pressure received via Analogue interface
Offset by 219=4mA

"SCALE" SUB_R
EN EN EN ENQ
PIW278-IN "Sensorsl' #velocity—IN1 "Sensorsl
.retveloci .velocity
1.250000e4 RET VAI-ty 2.199070ed OUT-pressure
003 —HI_LIM 002 —IN2
OUT(- #velocity
0.000000e4
000-L0 LIM
"Sensorsl’
.bipolar_
static

pres —BIPQLAR

Network: 5

Total pressure = Static pressure + Velocity pressure

ADD R
EN EN
"Sensorsl’ "Sensorsl”
.static .total
pressure —IN1 OUT-pressure
"Sensorsl’
-velocity_

pressure —IN2
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F.2.4

FC 7 Replication of the 1.1 kW fans power flow characteristic

SIMATIC

300(1)\CPU 315F-2 PN/DP\...\FC7 - <offline>

mine data\SIMATIC

06/17/2008 04:03:34 PM

FC7 - <offline>

"power_flow curves"

Name: FC7
Author: Ashvir.H

Time stamp Code:
Interf:

ace:

Family:
Version: 0.1

Block version: 2
06/17/2008 04:03:07 BM
02/13/2008 09:32:00 BM

Lengths (block/logic/data) :01530

Name

IN

ouT

IN_OUT

TEMP
flow squared
flow_cube
partl_eq2
part?_eq2
partd_eq2
temp eqZ
templ eqg2
templ
temp2
damper flow sq
partl_eqgd
part2_eq3
temp eq3
temp3
tempd
temp eql
flowpntreg
acalel
TEMPO

RETURN

RET_VAL

01304 00074

56.0
60.0
64.0
68.0

3
&}
=)

Block: FC7 1.1 kW Power-flow

Network: 1

Speed

to flow

Any speed value will give the egquivalent flow rate according to the speed vs
flow y = 658.43x + 47.6 equation (Egl).
Flow rate known-put flow rate in Eg2 to get the equivalent power
Power = Tw send torque setpoint to VSD2.

EN

SUB_R

EN

DIV_R
EN EN

"encoder".
real speec—IN1

4.760000e4

ouT,

001 -IN2

—#temp_eql

#temp eql-IN1

©.584300e+
002 —IN2
ouT

"power
flow
curves”.
flow
—estimated
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SIMATIC mine data\SIMATIC 06/17/2008 04:03:34 PM
300(1)\CPU 315F-2 PN/DP\...\FC7 - <offline>
Network: 2 Speed regulation
Equation for Power Vs Flow
Eg 2 :y = -0.2692x3 + 0.9933x2 - 0.5503x + 0.2318
MUL R MUL R MUL R
EN EN EN ENO EN ENO
"power #flow #flow cube -IN1 OUT-#partl eq2
flow squared —IN1 OUT- #f1low_cube
curves", -2.
flaw $#flow "power 692000e-
estimated —IN1 OUT-squared flow 001 -IN2
curves".
"power flow
flow estimated —INZ
curves”,
flow
estimated—IN2
Network: 3 Speed regulation
Eg 2 :y = -0.269%92x3 + 0.9933x2 - 0.5503x + 0.2318
MUL_R MUL_R
EN ENQ EN ENQC
9.933000e- -5.
001-IN1  OUT-#part? eq2 503000e-
001-IN1 QUTR #part3_eq2
#flow
sguarec —IN2 "power
flow
curves".
flow_
estimatec—IN2
Network: 4 Speed regulation
Eg 2 :y = -0.2692x3 + 0.9933x2 - 0.5503x + 0.2318
Adding the different parts of the Eg2 from network 2 and network 3
ZDD R ADD R ADD R
EN EN( EN TENO EN TENO
#partl eqZ-IN1 OUT—#temp eq2 #temp eg2 —INL OUT-#templ eq2 #templ eq2 -IN1 "power
flow
#part2 eq2 —IN2 #part3 eqZ —INZ 2.318000e— curves".
001 -IN2 power eqZ
QUT[- speedreg
Network: 5 Speed regulation
Power= Torque*Speed
Powsr calculated in network 4
MUL_R DIV R
EN ENO EN ENO
"power "power "power "power
flow flow flow flow
curves”. curves”. curves". curves".
power eqZ2 power eq2 power eq2 Torgue
speedrec —IN1 OUT- speedreg speedreg—INl set Speed
OUT- reg
1.000000e4 "encoder".
003 -IN2 real
speed_rads—IN2
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OUT- damper

SIMATIC mine data\SIMATIC 06/17/2008 04:03:34 PM
300(1)\CPU 315F-2 PN/DP\...\FC7 - <offline>
Network: € Speed regulation
Sending torque from Network 5 to VSD2
-
"load
variables" "t/s "t/s
.put_own_ curvesl". curvesl".
torque ts speed reg MUL R MUL R
—11 171 | | EN  ENO EN EN
"power #templ—IN1  OUT ftemp2
flow
curves”. -1.
Torque 000000e+
set_Speed 000-IN2
reg—INl  OUT#templ
4.092000e4
002 -IN2
-
ROUND I_BCD
— X EN EN EN ENQ|
$temp2-IN OUT-MD212 MD212-IN "load
variables'
OUT-.to drive
.
Network: 7 Damper control
Flow is decremented in 0B35 network 2
Eg 3: y = -0.0779x2 + 0.2766x + 0.7533
MUL_R MUL R MUL R
EN EN EN ENO EN ENO|
"power =T. "power
flow 790000e- flow
curves". 002 —INl1 OUT—#partl e=q3 curves".
flowset #damper flowset
damper —IN1 OUT—flow sq $damper damper —IN1 OUT- #part2_eg3
flow sg-—IN2
"power 2.766000e-
flow 001 -IN2
curves”,
flowset
damper —IN2
Network: 8 Damper control
eq 3: y = -0.0779x2 + 0.276é6x + 0.7533
Adding the different parts of Eq3
ADD R ADD R
EN ENQ EN ENQC
#partl_eq3-IN1 OUT #temp_eq3 7.533000e- "power
001-IN1 flow
#part2_eg3-IN2 curves".
#temp_eq3-IN2 power_eq3_
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SIMATIC

mine data\SIMATIC
300(1)\CPU 315F-2 PN/DP\...\FC7 - <offline>

06/17/2008 04:03:34 PM

Network: 9

Damper control

Power from

Power= Torque*Speed

network 8

MUL_R DIV_R
EN EN EN EN
"power "power "power "power
flow flow flow flow
curves”. curves”. curves". curves".
pover_eq3_ power_eq3_ power_eq3_ Torque_
damper —IN1 OUT— damper damper —IN1 OUT- set_damper
1.000000ed "encoder”.
003 -IN2 real_
speed_rads—IN2
SIMATIC

300(1)\CPU 315F-2

mine data\SIMATIC

PN/DP\...\FC7 - <offline>

06/17/2008 04:03:34 M

OUT,

Network: 10 Damper control
Sending torque from network § te VSD2
-
"load
variables" "t/s "t/s
.put_own_  curvesl". curvesl".
torque ts speed reg MUL R MUL
1/ 11 |/} EN EN EN
"power #temp3—IN1
flow
curves”. -1.
Torque_ 000000e+
set_damper—IN1 OUT-#temp3 000—IN2
4.082000e+
002 -IN2
-
-
ROUND I_BCD
EN ENi EN EN
‘~#tempd #tempd —IN OUT—-MDZ16 MD216—IN "load
: variables'

.to_drive
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SIMATIC mine data\SIMATIC 06/17/2008 04:03:34 EM
300 (1)\NCPU 315F-2 PN/DP\...\FC7 <offline>
Network: 11 Scaling for the white dot in SCRDA
Speed regulation-1.1 kW simulation
DBS7.DBDO
x=320
"t/s "t/s
curvesl™. curvesl”.
t s spsed reg MUL_R ROUND
—11 | | EN EN: EN ENQ
"power #flowpntre "power
flow g—IN flow
curves"™ curves”.
flow_ #flowpntre flowpoint_
estimatec —IN1 oUT—g OUT}- reg
1.060000e+
002 —IN2
-
- -
SUB R DIV_R
N EN N ENO
"power #scalel —INL1 OUT—MD208
flow
curves". -5.
power eg2 400000e+
speedrec —IN1 OUT— #scalel 000 —IN2
9.800000e4
002 —IN2
ROUND
EN EN
MD208 —IN "power
flow
curves".
powerpnt
OUT|-reg
b
SIMATIC mine data\SIMATIC 06/17/2008 04:03:34 PM
300 (1)\CPU 315F-2 PN/DP\...\FC7 - <offline>
Network: 12 Scaling for the white dot in SCADA
Damper control - 1.1 kW simulation
DES7.DBDO
x=320
"energycal "t/s "t/s
cm. curvesl". curvesl".
fan simul T s speed reg MUL R ROUND
11 11 11 N TEN N ENO|
"power #flowpntre
flow g—IN
curves".
flowset_ #flowpntre
damper —IN1 OUT—g ouT—
1.060000e+
002 —IN2
SUB_R DIV_R
EN ENO
"power "power #scalel—IN1 OUT]|
i flow flow
! curves™. curves™. -5.
i flowpoint power eq3 400000e+
... reg damper —IN1 ouT— #scalel 000 —IN2
9.800000e+
002 —IN2
ROUND
EN EN!
MD224 —IN "power

flow

curves™.

powerpnt
OUT|- reg
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SIMATIC mine data\SIMATIC 06/17/2008 04:03:34 EM
300(1)\CPU 315F-2 PN/DP\...\FC] - <offline>
Network: 13 Scaling for the white dot in SCADA
Speed regulation and Damper control-Zctual fan
DB37.DBDO
x=320
-
"enargycal "t/s "t/s
c". curvesl". curvesl".
fan simul t s speed reg MUL R ROUND |
— | 171 | | EN  EN EN ENO
"Sensorsl" #flowpntre
.volume_ #flowpntre g-IN
flow—IN1 QUT—g
1.060000e+4 ouT-
002 -IN2
-
- -
f MUL_R SUB R
b EN EN EN ENO—
i "power "$PowerMet "power "power
i flow erData". flow flow
i curves". EM1.kWL1-IN1 curves". curves".
i flowpoint power power
_rreg 1.000000e+4 meter meter
003 -IN2 OUT-watss watss —IN1 OUTH
9.800000e4
002 —IN2
= -
-
; DIV R ROUND
: EN EN EN EN
: $scalel-IN1  OUT-MD228 MD228 —IN "power
: flow
: -5. curves".
400000e+ powerpnt_
: 000—IN2 OUT- req
~#scalel
-

Network: 14

Converting power to watts from kW

MUL R
EN  EN
"SPowerMet "power
erData". flow
EM1. kWL]1-IN1 curves".
power
1.000000e4 meter

003 —IN2 OUT-watss
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F.2.5

FC 8 Control of the Test bed Machine2

SIMATIC mine data\SIMATIC

300(1)\CPU 315F-2 BN/DP\...\FC§ - <offline>

06/17/2008 03:14:36 PM

FC8 - <offline>

"load"
Name: FC8 Family:
Author: Ashvir.H Version: 0.1
Block version: 2
Time stamp Code: 06/17/2008 02:54:48 BM

Interface: 0$/18/2007 10:48:38 BM
Lengths (block/logic/data):00376 00236 00000

IN 0.0

ouT 0.0
IN OUT 0.0
TEMP 0.0
RETURN 0.0

RET_VAL 0.0

Block: FCB Load - Motor2? in the test bed system

Network: 1

Load Initialised via PROFIBUS

MOVE

DW#l6#47E"
000-IN OUT-QD104

Network: 2

Load ON via PROFIBUS

"load
variables"

.load

switch MOVE MOVE

— | EN ENI EN EN
DW#l6#47E" "load
000 —IN OUT- QD104 variables"
.to_drive-IN OUT-QW106
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SIMATIC mine data\SIMATIC 06/17/2008 03:14:36 M
300(1)\CPU 315F-2 PN/DP\...\FC8 - <offline>
Network: 3
User defined torque setpoint sent to VSD2
-
"load
variables"
.put_own_
torque I_DI DI_R MUL_R
— | EN ~ ENO EN  ENO EN ENO—
"load "load "load "load
variables' "load variables" variables" variables"
.ref_ variables" .templ-IN QUT- . temp2 .temp2-IN1  OUTR
torque —IN OUT- . templ
4.092000e+
002-IN2
-
- -
3 MUL_R ROUND
3 EN EN EN EN
! "load "load "load "load
! variables" variables" variables' wvariables' "real
—.temp4 .temp4—IN1  OUT.temp5 .tempS —IN OUT}- spead”
1.
; 000000e+
000 -IN2
_J
-
I_BCD
EN ENQ
"real "load
speed" -IN variables"
OUT- .to drive
_J




Appendix F Simatic Step7 programs Page F.24

F.2.6  FC 9 High Speed Counter Control to evaluate the encoder signals

SIMATIC mine data\SIMATIC 06/17/2008 04:04:39 PM
300 (1)\CPU 315F-2 PN/DP\...\FC9 - <offline>

FC9 - <offline>

"encoderl”
Name: FCS Family:
AButhor: Ashvir.H Version: 0.1
Block version: 2
Time stamp Code: 06/15/2008 11:12:25 BEM
Interface: 10/12/2007 02:24:50 BM

Lengths (block/logic/data) :00498 003%8 00006

IN 0.0
ouT 0.0
IN OUT 0.0
TEMP 0.0
RETURN 0.0
RET_VAL 0.0
Block: FC9

Network: 1

Contol the High Speed Counter module

"CNT_CTL1"
——————EN ENO————

54 —-DB NO "encoder".
OT ERR—ot error
"encoder”.
sW_gate —SW_GATE

"encoder".
gate_ stop —GATE STP

"encoder".
ot_error? -OT ERR A

"encoder".
digital
out0—SET DOO

"encoder".
digital_
outl—SET DOl

"encoder".
L_direct —L_DIRECT

"encoder".
L prepare—L PREPAR

"encoder".
T cmp v1-T CMP V1

"encoder".
T_cmp_vZ—T_ CMP_ V2

"encoder".
C_dopars —C_DOPARA

"encoder".
C_doparz —RES_SYNC

"encoder".
Res sync —RES ZERO
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F.2.7

SIMATIC

mine data\SIMATIC
300(1)\CPU 315F-2 PN/DP\...\FC9 - <offline>

06/17/2008 04:04:39 PM

Network: 2

Ectual speeed

DIV DI DI R
EN EN EN ENO
"speedl”. "encoder". "encoder".
LATCH LOAI-IN1 encoder encoder "encoder”.
OUT-rpm rpm-IN QUT-real speac
1000 -IN2
Network: 3
Actual frequency
UL R
EN EN
"encoder”. "encoder".  "speedl". "encoder".
real speec-IN1 real LATCH LOAT-IN1 encoderfre
OUT-speed rade QUT- quency
1.047198e- 60 -IN2
001-IN2

FC 10 Energy calculation per weekday

FC10 - <offlin
"energycalcl"

Name: FC10

Author: Ashvir.H

Time stamp Code:
Interface:

Lengths (block/logic/data) :02400

IN

out

IN_OUT

TEMP
temp Int
templ DInt
temp2 Real

costtemp |Real

costtempl |Real

costtemp2 |Real

costtemp3 |Real

costtempd |Real

powerinkw |Real
RETURN

RET_VAL

e>

Family:

Version:

0.1

Block version: 2
06/17/2008 03:08:52 BM
01/28/2008 06:40:04 BM

10.0

™
olo o

02142 00034
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Block: FC10 Cost of energy calculations

Network: 1

Sets up count for 2 mins eguivalent to 24 hrs

"energycal
"clckbit c". cz0
1s" start_C20

C

e

—CD "energycal
c".
—5 Counter
CV—value
—BV
CV BCIL—

"energycal
c".
reset_

counter —R

Network: 2 Temporary placeholder variable

Starts counter 20 remotely

"energycal
c".
start "energycal
counter_ c".
remotely start_Cc20
S— (s
SIMATIC

mine data\SIMATIC
300 (1)\CPU 315F-2 PN/DP\...\FC1l0

06/17/2008 03:34:16 PM

Network: 3

Temporary placeholder variable

Count up to 2 min

and reset

value —IN1

120 —IN2

"energycal
c".
reset_
CMP =T counter
y—
"energycal
<.
Counter_

Network: 4

Getting the

power from the meter for when the actual fan is running

Network: 5

"Mine
curvesl™. "energycal
mine_sim_ e "clekbit_
on fan_simul 1s” T
11 I | e
"power
flow
curves".
power
meter "energycal
watss —IN OUT-c".sampleZ

Simulated power for the 1.1 kW fan system as calculated in FC7

"Mine
curvesl™. “energycal
mine sim c". "clckbit
on fan simul 1s" MOVE
Lt 11 | | N EN
"power
flow
curves"
power egZ "energycal
speedrec —IN OUT[- c".sample?
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Network: &
Simulated power for the 785 kW fan system as calculated in FCl4
"Mine
curvesl".
mine_sim_ "clckbit_
on 1s" MOVE
[ | {1 EN  EN
"Mine
curvesl”.
power_ "energycal
speed —IN QUI—c" .samplel
SIMATIC mine data\SIMATIC 06/17/2008 03:34:16 PM

300 (1) \CPU 315F-2 PN/DP\...\FC1l0 - <offline>

Network: 7

Getting the time of day for the tariff structure

MOVE I_DI DI_R
EN EN( EN ENO EN ENO
c20 —IN OUT|- #temp #temp —IN OUT[-#templ #templ —IN "energycal
c".
OUTtime ofday
SIMATIC mine data\SIMATIC 06/17/2008 03:34:16 PM

300(1)\CPU 315F-2 PN/DP\...\FC1l0 - <offline>

Network: 8
Energy calculation
SUB_R MUL_R ‘ MUL_R |
EN EN EN EN EN ENO|
"energycal "energycal "energycal "energycal "energycal
c".sample: —IN1 OUT—c" .energy c".energy —IN1 OUT—c".energy c".samplel—IN1 OUT, 8.2
"energycal 6.000000e- 6.000000e-
.samplel —IN2 006 —IN2 006 —IN2
ADD_R
EN EN
H #temp2 —IN1 "energycal
8.5 —#temp2 OUT- c".energy
H "energycal
c".energy —1IN2
SIMATIC mine data\SIMATIC 06/17/2008 03:34:16 PM
300 (1) \CPU 315F-2 PN/DP\...\FC10 - <offline>
Network: 9
0ff peak 1 0-30s O-6hr
-
CMP >R cMP <R MOVE
N EN d
"energycal "energycal 5.060000e- "energycal "energycal
c”. ". 002 —IN c". c".
time ofday—IN1 time ofday—IN1 Off_peakl_ energy_
QUT— cperkw acuur -
0.000000e4 3.000000e+ H
000 —IN2 001 -IN2 "energycal
c".
Off peakl |
cperkw —__
-
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SIMATIC

Peak scad:

—®—]

mine
300(1)\CPU 315F-2

data\SIMATIC

MUL R MOVE MOVE
——EN EN EN EN EN ENO
"energycal "energycal 9.060000e-
c". c"” 002—IN
"energycal totalcost—IN totalcost
—IN1 OUT—-c".costl OUT-display OUT—
—IN2
b -
-
"energycal
c".
Off peak
- scada
(80—
"energycal "energycal
an. c".
cost for standard
—trend scada
(R
"energycal
o

06/17/2008 03:34:16 PM

PN/DP\...\FC10 - <offline>

Network: 10
Standard calculation 1 30-35s &-7hr
CMP >=R CMP <R MOVE
EN ENOQj
"energycal "energycal 1.667000e- "energycal
c". c". 001 —IN ".
time_ofday—IN1 time ofday—IN1 OUT— standardl
3.000000e4 3.500000e+
001 -INZ 001-INZ
-
MUL_R MOVE
EN EN EN ENO
"energycal "energycal "energycal
o e o,
energy totalcost—IN totalcost
acuur —IN1 OUTHc".cost2 OUTdisplay
"energycal
c".
standardl —IN2
b
-
"energycal
c".
standard
MOVE scada
N EN s —]
1.667000e- "energycal "Ener“qycal
001-IN c". G-
cost for Peak_scadsz
OUT—trend (R —|
"energycal
c".
0ff_peak_
scada
(R 3—]
-3
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SIMATIC

mine data\SIMATIC
300(1)\CPU 315F-2 PN/DP\...\FC1l0 - <offline>

06/17/2008 03:34:16 PM

Network: 11

"energycal

c".peakl —IN2

MOVE

"energycal
c".

Peak scad:z

€.304000e-

SIMATIC

"energycal

001 -IN c"

cost_for_
OUT— trend

8)—|
"energycal
c".

standard
scada

(R)>—|

"energycal
on

0ff_peak
scada

(R>—]

mine data\SIMATIC
300(1)\CPU 315F-2 PN/DP\...\FC10 - <offline>

06/17/2008 03:34:16 PM

Peak calculation 35-50s 7-10hr
-
CMP >=R CMP <R MOVE
N ENQ
"energycal "energycal €.304000e-
c". . 001-IN OuUT
time_ofday —IN1 time_ofday—IN1
3.500000e4 5.000000e+
001 —IN2 001—-IN2
-
- -
MUL R MOVE
EN EN EN ENOQ
"energycal "energycal "energycal
e e "
energy "energycal totalcost—IN totalcost
acuur —IN1 OUT—c".cost3 OUT—-display

Network: 12

Standard calculation 2 50-80s 10-18hr

5.000000e4
001 -IN2

9.000000e+4

001-IN2

"energycal
c".

CMP >=R CMP <R MOVE
EN ENQj
"energycal "energycal 1.667000e-
c". c". 001 -IN
time ofdaj—IN1 time ofday—IN1 QUT;

—standard2




Appendix F

Simatic Step7 programs

standardz —IN2

MOVE

MUL_R
EN EN EN
"energycal "energycal
o o
energy "energycal totalcost—IN
acuur —IN1 ouT| .costd
"energycal
c".

"energycal
on

standard
scada

1.667000e-

SIMATIC

EN

"energycal

001 —-IN c".

cost_for_
OUT—trend

s —

"energycal

c".
Peak scadz

R>—

"energycal
on

0ff_peak_
scada

(R —|

mine data\SIMATIC
300 (1)\CPU 315F-2 PN/DP\...\FCl0 - <offline>

MOVE
ENO

"energycal
c".
totalcost

—display

06/17/2008 03:34:16 PM

Network: 13

Peak calcualtion 2 90-100s 18hr-Z0hr

CMP >=R CMP <R
EN
"energycal "energycal 6.304000e-
c". c". 001 -IN
time ofday—IN1 time ofday—IN1
9.000000e4 1.000000e+
001 —IN2 002 —IN2
-
MUL_R
EN EN! EN
"energycal "energycal
e e
energy "energycal totalcost—IN
acuur —IN1 ouT .cost5
"energycal
c" .peakZ —IN2
b
-
"energycal
c".
MOVE Peak scadz
EN EN (50—
6.304000e- "ensrgycal | "energycal
001 —IN c". <.
cost for standard
OUT|- trend scada
—(R>—]
"energycal
c”.
Qff peak
scada

(R—]

MOVE
ENOQ

"energycal

QUT—c" .peak2

MOVE
ENO

ouT

"energycal

c".

totalcost
—display
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SIMATIC

mine data\SIMATIC
300(1)\CPU 315F-2 PN/DP\...\FC1l0 - <offline>

06/17/2008 03:34:16 PM

Network: 14

Standard calculation 3 100-110s 20hr -22hr

CMP >=R CMP <R MOVE
EN ENO|
"energycal "energycal 1.667000e-
c". . 001 1IN
time_ofday—IN1 time_ ofday—IN1
1.000000e4 1.100000e+
002 —IN2 002 —IN2
-
MUL R MOVE
EN EN EN ENO
"energycal "energycal
o, o,
energy "energycal totalcost—IN

"energycal
e

acuur —IN1

standard: —IN2

QUT—c".costé

MOVE

"energycal
on

standard
scada

1.667000e-

SIMATIC

"energycal

001 —IN c"

cost_for_
OUT—trend

53—

"energycal

c".
Peak scad:z

®—

"energycal
on

0ff_peak
scada

(R

"energycal
on

OUT— standard3

"energycal

c".
totalcost

OUT-display

mine data\SIMATIC
300 (1)\CPU 315F-2 PN/DP\...\FC10 - <offline>

06/17/2008 03:34:16 PM

Network: 15

Off peak 2 110s-120s 2Zhr-24hr

CMP >=R

CMP <R

"energycal
c".
time_ofday—IN1

1.100000e4
00z -IN2

"energycal
c".
time_ofday—IN1

1.200000e+

00z -IN2

$.060000e-
002

MOVE
EN ENOj
"energycal
—IN c".
QUT-off_peak?2
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acuur —IN1

"energycal
c".
off_peak?—IN2

OUT-c".cost?

MUL R
EN EN EN
"energycal "energycal
o on
ensrgy "energycal totalcost—IN

MOVE
ENO

"energycal
c".
totalcost

OUT-display

"energycal
c".
Off peak
MOVE scada
EN EN 50—
5.060000e- "energycal | "energycal
002 -IN " c".
cost for Peak scads
oUT-trend  ——(R)}—]
"energycal
c".
standard
scada
L (R}—]
‘Network: 1leé
| MOVE
EN EN
"energycal "energycal
c".samplel—IN OUT—c".samplel
SIMATIC mine data\SIMATIC 06/17/2008 03:34:16 EM
300 (1)\CPU 315F-2 PN/DP\...\FC10 - <offline>
Network: 17
Total cost
ADD R ADD_R ADD_R
EN EN( EN ENO| EN ENO
"energycal #costtemp —IN1 OUT—#costtempl "energycal

c".costl —IN1

"energycal
c".costZ —IN2

OUT—#costtenp

"energycal

c".coat3 —IN2

c".cost4d—IN1  OUT- fcosttemp2

#costtempl —IN2

Network: 18

Total cost

2DD_R

ADD R

2DD R

EN EN(

"enerqycal
c".cost5 —IN1

#costtenp? —IN2

OUT#costtemp3

EN

"energycal
c".costé —IN1

$costtemp3 —INZ

ENO

OUT-#costtempd

EN ENO

"energycal

"energycal
c".cost7 —IN1 "

T—totalcost

o
g

#costtempd —IN2
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SIMATIC

300 (1)\CPU 315F-2

mine data\SIMATIC

06/17/2008 03:34:16 PM

BN/DP\...\FC1l0 - <offline>

Network: 19
Reseting
"energycal
c".
reset_
counter MOVE MOVE | v
| | EN EN EN EN
H 19.2
0.000000e4 "energycal 0.000000e+4 "energycal 0.000000e+
000 —IN OUT-c".costl 000 —IN OUT-c".cost2 000
-
MOVE MOVE
—EN EN EN EN
H 19.B
"energycal 0.000000e+ "energycal L#0—
—IN " 000 —-IN OUT-c".energy H
energy_
OUT|- acuum
b -
MOVE
—EN ENOQ
—IN "energycal
c".
energycycl
QUT-e
SIMATIC mine data\SIMATIC 06/17/2008 03:34:1¢ PM
300 (1)\CPU 315F-2 BN/DP\...\FC10 - <offline>
Network: 20
Reseting
-
"energycal
c".
reset
counter MOVE MOVE |
|} EN EN EN EN :
0.000000e4 "energycal 0.000000e+ "energycal 0.000000e+ !
000-IN OUT-c".cost3 000-IN OUT-c".cost4 000
-
- -
MOVE MOVE
—EN EN EN EN :
"energycal 0.000000e+ "energycal 0.000000e+
—-IN OUT[-c".costd 000-IN OUT-c".costé 000—
-
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F.2.8

MOVE

ENO;

—IN ouT

"energycal

rc".cost?

Network: 21

Cost per day and year and ten year

MUL_R MUL_R
EN EN N EN

"energycal "energycal "energycal "energycal

o o o o,
totalcost_ cost_per_ cost_per_ cost_ten

display-IN1 OUT year year —IN1 QUT- year

3.650000e4 1.000000e4

002 —-IN2 001 -IN2

Network: 22

Saving in cost using speed regualtion for the ~1.1 kW fan system

SUB_R SUB_R SUB_R
EN EN( EN ENO EN ENO

5.660000e+ "ensrgycal 2.067660=+ "energycal 2.067658e+ "energycal

000 —IN1 ", 003 —IN1 c". 004 —IN1 c".
OUT—saving day saving saving

"enerqycal "enerqycal OUT—year "energycal OUT|- tenyear
on. on. on.

totalcost cost per cost ten

display —IN2 year —IN2 year —IN2

FC 12 Analogue outputs for display on an oscilloscope

FC1l2 - <offline>

"analogue outs"

Name: FCl2 Family:
Author: Ashvir.H Version: 0.1

Block version: 2
06/17/2008 04:25:23 PM
02/21/2008 05:02:13 PM
00880

Time stamp Code:
Interface:
Lengths (block/logic/data) :01048

00028

pscg 0.0
ouUT 0.0
IN ouT 0.0
TEMP 0.0
flowfan Real 0.0
spesdfan Real 4.0
speedfanl  Real 8.0
powerfan Real 12.0
powerfan 1 | Real 16.0
torguefan  Real 20.0
temptor Real 24.0
RETURN 0.0

RET_VAL 0.0
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Block: FCl2 Analogue outs for the oscilloscope

280 = x
282 = v
Network: 1 Flow running on fan mode
32000 = 11.50 V = 2.5 m"3/s yellow curve X axis
Flow Im"3/s = 4.5V
"energycal
c".
fan_ simul MUL_R ROUND
| EN ENQ EN ENC
"sensorsl' #flowfan—IN OUT— POW280
.volume
flow—IN1 OUTH #flowfan
1.280000e4
004 —IN2
Network: 2 Speed running on fan mode

Speed 32000=11.3V
700rpm=5.5V
1000rpm=7.75V

" chummy 1"

DIV R MUL_R ROUND
— | EN  EN EN  ENO| EN ENO
3.200000e+ . #speedfanl —IN OUT-PQW232
004 -IN1  OUT-fspeedfan  real speed—INl  OUT#speedfanl
1.500000e+ #speedfan —INZ
003 —IN2
SIMATIC mine data\SIMATIC 06/17/2008 04:25:37 PM
300(1)\CPU 315F-2 PN/DP\...\FC12 - <offline>
Network: 3 power running on fan mode

Power 32000=11.5V y axis
DB57.DBDZ8 power watts
500 watts = 5V

100 watts = 1V

"energycal
c".

fan simul DIV R MUL R ROUND
— | EN EN EN ENO EN ENO

3.200000e+ "power #powerfan

004 —IN1 OUT-#powerfan flow 1-IN OUT - PQW282
curves".
1.200000e+ power
003 —IN2 meter #powerfan
watss —IN1 oUT -1
#powerfan —IN2

Network: 4 Speed running on simulation

Spead 32000=11.5V

DB50.DBD10=real speed

700rpm=5.5vV

1000rpm=7.75V

"energycal "t/s

c. curvesl™.
fan simal ts LIV R LR ROTND
— I ——— ——m  Tmo EN ENO EN  END
3.200000e+ "encoder”. $3speedfanl —IN OUT - PQWZE0
004 —IN1 OUT - #speedfan real speed —IN1 OUT — #speedfanl
1.500000e4+ #apeedfan —IN2
003 —IN2
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Network: 5 Torque running on simulation mode-Speed regulation

Analogue out 2 torque 0.6&45V=1Nm

DBES3.DBD48
"energycal "t/s "t/s
c". curvesl”. curvesl”.
fan simul T3 speed req DIV R MIL R ROUND ‘
—f— ——| ——FN TENg EN ENO EN END‘
3.200000e+ "t/s #torquefan—IN QUI-PQW2E2
004-IN1  OUT-4temptor curvesl".
actual
1.500000e+ torquel —IN1 QUT-#torquefan
001-IN2
#temptor—IN2
Network: & Torque running on simulation mode- Damper control

Analogue out 2 torgue 0.645V=1Nm

"energycal "t/s "tis
c". curvesl”. curvesl".
fan simul ts speed reg DIV R MIL R ROUND
—— |/——EN  TENO EN ENO EN  ENO
3.200000e+ "t/3 #torquefan—IN QUT-POW282
004 —IN1 QUI-#temptor curvesl”.
actual
1.500000e+ torquel -IN1 OUT - #torquefan
001-1IN2
$temptor—IN2
SIMATIC mine data\SIMATIC 06/17/2008 04:25:37 PM
300 (1)\CPU 315F-2 PN/DP\...\FC12 - <offline>
Network: 7 Flow running on simulation mode- Speed regulation

32000 = 11.50V = 2.5 m"3/s
Flow Im"3/s = 4.5V

"energycal "t/s "tis
c". curvesl". curvesl".
fan simul t s speed reg MUL R ROUND
—1/1 11 | EN ENO, EN EN
"power #flowfan—IN OUT-PQW280
flow
curves".
flow_
estimatec—IN1 OUT—#flowfan
1.280000e+4
004 -IN2
Network: 8 Flow running on simulation mode-Damper control

32000 = 11.50V = 2.5 m"3/s
Flow 1m"3/s = 4.5V

"energycal "t/s "t/s
c". curvesl". curvesl".
fan simul t s speed_reg MUL R ROUND

|1 |71 |/} EN ENO, EN EN

"power #flowfan—IN OUT-POW280
flow
curves".
flowset
damper —IN1 OUT- #flowfan

1.280000e+
004 —IN2
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Network: 9

Power running on simulation mode-Speed regulation

Power 32000=11.5vV

speedreg—IN1
#powerfan—IN2

“energycal "t/s "t/s
c". curvesl”™. curvesl”.
fan simol ta gpesd reg DIV R MOUL R ROUND ‘
M+ | b—-en  TENO N ENO| EN  ENO
3.200000e+ "power #powerfan
004 —IN1 OUT-#powerfan flow 1-IN OUT-PQW2E2
curves”.
1.2000 power eq? #powerfan
oUT-1

Network: 10

Power running on simulation mode-Damper control

Power 32000=11.5V

"energycal "t/s
c". curvesl”.
fan simnl T3

"t/s
curvesl”.
speed red py g MUL R ROUND
EN ENQ EN ENO EN ENO

3.200000e4 "power #powerfan

004 —IN1 OUT|-#powerfan flow 1-IN OUT - PQW2582

curves”.

1.200000e4 power eq3 $powerfan

003 —IN2 damper —IN1 00T-1

#powerfan—IN2

F.29 FC 14 Replication of the ~785 kW fans power flow characteristic

SIMATIC mine data\SIMATIC 12/08/2008 10:52:44 PM
300(1)\CPU 315F-2 PN/DP\...\FCl4 - <offline>

FCl4 - <offline>

"mine power flow"

Name: FCl4 Family:

Author: Ashvir.H Version: 0.1

Block version: 2
11/11/2008 02:04:55 PM
02/13/2008 09:32:00 BM

Time stamp Code:
Interface:

Lengths (block/logic/data) :01752 014%8 (00098
IN 0.0
ouT 0.0
IN_ouT 0.0
TEMP 0.0

£low_squared Real 0.0

flow cube Real 4.0

partl_eqz Real 8.0

part2_eq2 Real 12.0
part3 eq2 Real 16.0
temp_eq2 Real 20.0
templ eq2 Real 24.0
templ Real 28.0
temp2 Real 32.0
damper_flow_sg |Real 36.0
partl_eq3d Real 40.0
part2_eq3d Real 14,0
temp eq3 Real 48.0
temp3 Real 52.0
tempé Real 56.0
temp eql Real 60.0
flowpntrag Real 64.0
scalel Real 68.0
TEMPO Bool 72.0
anflo Real 74.0
flol Real 78.0
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flo2 Real 82.0
damflo Real B86.0
flo3 Real 80.0
flo4 Real 4.0
RETURN 0.0
RET_VAL 0.0

Block: FCl4 Power flow for the 785 kW system

Network: 1

Torgque input via analogue inputl

"load
varisbles"
-load
MovE |  switeh 1_D1 DI_R DIV_R
——————EN ENO |} EN ENO EN ENO EN ENO
PIW272 —IN OUT -MD204 MD204 —IN "t/s "t/s "t/3 "t/s "t/s
curvesl®. curvesl®. curvesl®. curvesl®. curvesl®.
OUT - tempS temp5 —IN OUT |- temp? temp8 —IN1 actual
OUT - torguel
7.000000e+
002 —IN2
Network: 2 Speed to flow
lAny speed value will give the equivalent flow rate according teo speed vs flow
Eql v = 2.4027x + 343.36
Flow rate known put flow rate in Eg2 to get the eguivalent power.
Power = Tw to get the torgue setpeoint
SUB R ‘ DIV R
EN EN EN EN
"sncoder". #temp eql-IN1 "Mine
real speec—IN1 OUT #temp_eql curvesl”.
2.402700e+4 flow
3.433600e+ 000 —IN2 estimated
002 —IN2 OUT— speed
Network: 3 Speed regulation
Equation for Powsr Vs Flow
EgZ v = 0.0000159x2 - 0.0023x + 0.34
MUL_R MUL_R MUL_R
EE—— 00 EN EN EN EN EN
"Mine #flow_ "Mine
curvesl”. squarec —IN1 QUT- #partl_eqZ curvesl”.
flow_ flow_
estimated #flow_ 1.590000e- estimated
speed —IN1 OUT—squared 005—IN2 speed —IN1 OUT #part2_eqg2
"Mine 2.300000e-
curvesl"”. 003 —IN2
flow
estimated
speed —IN2

Page 2 of 10
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Network: 4 Speed regulation
Eqg2 :y = 0.0000159x2 - 0.0023x + 0.34
IRdding the different parts of Eg2.
SUE_R ADD R
EN EN EN EN
#partl_egZ—IN1 OUT[- #templ_eg2 #templ eg2-IN1 "Mine
curvesl™.
#part2 eq2-IN2 3.400000e- power
001 —IN2 OUT— speed
Network: 5 Spesd regulation
Power= Torgue*Speed
Power from network 4
MUL_R DIV_R
————EN EN EN EN
"Mine "Mine "Mine "Mine
curvesl”. curvesl”. curvesl”. curvesl™.
powWer_ power power_ torque
speed —IN1 OUT— spead spead —IN1 OUT— speed
1.000000e+ "encoder".
003 —IN2 real
speed rads —IN2
SIMATIC mine data\SIMATIC 12/08/2008 10:52:44 PM

300(1)\CPU 315F-2 PN/DP\...\FCl4 - <offline>

Network: 6 Spesd regulation
Sending the torgue from network 5 to the drive
-
"load
variables' "Mine
.put_own_ “arbitary" curvesl".
torque .arbitary speedreg MUL R MUL R ‘ r
—/1 11 | | EN EN EN  EN ‘ !
"Mine #templ —IN1 OUT- #temp?2
curvesl™.
torque_ -1.
speed —IN1 OUT- #templ 000000e+
000 —IN2
4.092000e4
002 -1IN2
-
-
ROUND I_BCD
EN EN EN EN
—IN OUT—-MDZ212 MDZ12-IN "load
variables"
OUT|- . to_drive
b
Network: 7 Damper control
The flow is decremented in OB35 network 3
Eg3 y = —-0.0000094x2 + 0.0077x +0.5988
MUL_R MUL_R MUL_R
E—— ENC EN EN EN EN
"Mine -9. "Mine
curvesl”. 400000e- curvesl™.
damper_ #damper_ 006 —IN1 QUT—#partl_eqg3 damper_
flow—IN1 OUT—flow_sg flow—IN1 OUT #part2_eqg3
#dampsr_
"Mine flow_sc—IN2 7.700000e-
curvesl”. 003 —IN2
damper_
flow—IN2
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SIMATIC mine data\SIMATIC 12/08/2008 10:52:44 PM
300 (1)\CPU 315F-2 PN/DP\...\FCl14 - <offline>
Network: 8 Damper control
Eq3 y = -0.00000%4x2 + 0.0077x +0.99388
|Ihdding the different parts of Eq3
ADD R ADD_R
EN EN EN EN
#partl_eg3—IN1 OUT- #temp_eqg3 #temp eg3—IN1 "Mine
curvesl™.
#part2_eqg3-IN2 9.988000e- damper
001 —IN2 QUT—power
Network: § Damper control
Power= Torgue*Speed
Powsr from network 8
MUL_R DIV_R
EN EN! EN EN
"Mine "Mine "Mine "Mine
curvesl". curvesl”. curvesl". curvesl™.
damper_ damper_ damper_ torque_
power —IN1 OUT power power —IN1 QUT— damper
1.000000e+ "encoder"™.
003 —IN2 real
speed rads —INZ
SIMATIC mine data\SIMATIC 12/08/2008 10:52:44 BEM
300 (1)\CPU 315F-2 PN/DP\...\FC14 - <offline>
Network: 10 Damper control
Sending the torque from network 9 to VSD2
-
"load
variables' "t/s "Mine
.put_own_ curvesl™. "arbitary" curvesl".
torque t_s .arbitary damper MUL R MUL R
Lt 1 Lt [ | EN  EN EN  EN
"Mine #temp3 —IN1 OUT— #temp4
curvesl”.
torque_ -1.
damper —IN1 OUT— #temp3 000000e+
000 -IN2
4.092000e+4
002 —IN2
-
-
ROUND I_BCD
EN EN EN EN!
#tempd —IN oUTMD216 MD216—IN "load
variables'
OUT- . to_drive
b
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mine data\SIMATIC

12/08/2008 10:52:44 PM

SIMATIC
300 (1)\CPU 315F-2 PN/DP\...\FCl4 - <offline>
Network: 11 Scaling for the white dot in the SCADA screens
Speed regulation
DB58.DBDZ
DB58 .DBD6
x=320
-
"t/s "Mine
curvesl™. curvesl™.
ts speedreg MUL R ROUND SUB_R
|71 |} EN EN EN EN EN ENO
"Mine #flowpntre "Mine "Mine
curvesl”. g —IN curvesl”. curvesl™.
flow_ QUT-flopnt power_
estimated #flowpntre speed —IN1 OUT,
speed —IN1 OUT—g
2.700000e+
5.500000e- 003 —IN2
001-1IN2
-
-
| DIV_R ROUND
h EN EN EN ENO
: #scalel—IN1 OUT-MD400 MD400 —IN "Mine
| curvesl™.
: -1. QUT powerpnt
—#scalel 430000s+
001 -IN2
e
SIMATIC mine data\SIMATIC 12/08/2008 10:52:45 PM
300(1)\CPU 315F-2 PN/DP\...\FCl4 - <offline>
Network: 12 Scaling for the white dot in the SCADA screens
Damper control
DBS58.DBD14
DB58.DBD18
x=320
-
"snergycal "t/s "Mine
c". curvesl™. curvesl™.
fan simul t s "dummy1™ damper MUL R ROUND
|1 1/l |} |} EN EN EN EN
"Mine #flowpntre "Mine
curvesl". g —IN curvesl”.
dampexr_ #flowpntre OUT— flopnt
flow —IN1 oUT—g
5.500000e-
001 —IN2
-
- -
SUB_R DIV R ROUND
EN EN EN EN EN ENO,
"Mine #scalel—IN1 OUT—MD224 MD224 1IN
curvesl™.
damper_ -1. QuUT|
power —IN1 OUT—#scalel 430000e+
001-1IN2
2.700000e+
003 —IN2
b -
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"Mine
| curvesl".
. powerpnt

Network: 13

Converting the power from kW to watts

MUL R
EN EN
"SPowerMat "power
erData”. flow
PM1.kWL1—-IN1 curves".
power
1.000000e+ meter
003 -IN2 OUT—watss
SIMATIC mine data\SIMATIC 12/08/2008 10:52:45 BEM
300 (1)\CPU 315F-2 PN/DP\...\FC14 - <offline>
Network: 14 Flow running on simulation mode- Speed regulation
32000 = 11.50V = 2.5 m"3/s
Flow 1lm"3/s = 4.5V
"t/s "Mine
curvesl". “arbitary" curvesl".
t_s .arbitary speedreg MUL R ROUND
—11 /1 | | EN  EN EN ENO
"Mins #anflo—1IN OUT- PQW280
curvesl™.
flow_
estimated
speed —IN1 OUT- #anflo
6.000000e4
001 —-IN2
Network: 15 Flow running on simulation mode-Damper control
32000 = 11.50V = 2.5 m"3/s
Flow 1m"3/s = 4.5V
"energycal "t/s "Mine
c”. curvesl”. "arbitary" curvesl".
fan simul ts "dummyl”  .arbitary damper o o
— 1 | | 11 I | " ENO ENO
#damflo —IN OUT [~ POW280
flow —IN1 OUT — $damflo
6.000000=+
001 —IN2
Network: 16 Power running on simulation mode-Speed regulation
Power 32000=11.5V
"t/s "Mine
curvesl". “arbitary" curvesl".
t s .arbitary  speedreg DIV R ROUND
r—t % |} EN E £ £
3.200000e+ #flo2 —IN
004 —IN1 OUT[-#flol

2.700000e+
003 —IN2

OUT[-PQW282
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SIMATIC mine data\SIMATIC

300(1)\CPU 315F-2 PN/DP\...\FC14 - <offline>

12/08/2006 10:52:45 PM

Network: 17 Power running on simulation mode-Damper control

Powsr 32000=11.5V

F.2.10 FC 23 Flow control implemented on the actual 1.1 KW fan

SIMATIC mine data\SIMATIC

"energycal  "t/s "Mine
[ curvesl". "arbitary" curvesl".
fan simol ts .axbitary  "dummyl"  damper DIV R MOL R R0TND
—t 4 It | | | —8  TEN BN BN EN
3.200000et "Mina $floé -IN OUT|- BQHZ8Z
004-INl  OOT-#flod curvesl”.
damper
2.700000et pover-INl  OUT-$flod
003 -IK2
$flo3-INZ

06/17/2008 03:24:43 PM

300 (1)\CPU 315F-2 BN/DP\...\FC23 - <offlinex>

FC23 - <offline>

"FlowControl" Flow rate setpoint control
Name: FC23 Family:
Author: Ashvir.H Version: 0.1
Block version: 2
Time stamp Code: 06/17/2008 03:24:36 BM

Interface: 10/20/2007 12:35:08 2M
Lengths (block/logic/data):00562 00424 00016

IN 0.0
ouT 0.0
IN ouT 0.0
TEMP 0.0
partl Real 0.0
temp Real 4.0
templ Real 8.0
temp2 Real 12.0
RETURN 0.0
RET VAL 0.0

Block: FC23 Flow control
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Network: 1

start flow control

"flow
contrel”.
Start
control MOVE MOVE MOVE
|/ £N EN EN ENO EN ENG
0.000000e+ "flow 0.000000e+ "flow 0.000000e+ "flow
000 —IN control”. 000 —IN control”. 000 —IN control”.
OUT-Integral OUT—Past value Required
ouT- flow
Network: 2
Reset controller if flow is too high
QP >R MOVE MOVE MOVE
EN ENQ) EN ENO, EN ENQ,
"flow "flow 0.000000e+ "flow 0.000000e+ "flow
control®. control”. 000-IN control”. 000 -IN control”.
Required QUT-Integral OUT[-Past value Required
flow—IN1 __ OuTflow
2.500000e+
000 —-IN2

SIMATIC mine data\SIMATIC 06/17/2008 03:24:43 PM
300 (1)\CPU 315F-2 BN/DP\...\FC23 - <offline>
Network: 3
Dummy flows for simulation
ADD R ADD R DIV R
EN  EN EN  ~ ENO| EN ENO
"flow "Sensorsl” #templ —IN1 OUT—#temp2
contrel”. . volume
FLow siml—IN1 OUT—#temp flow —INL OUT—#templ 3.000000e+
000 —IN2
"flow #temp —IN2
control
FLow sim2—IN2

Network: 4

Error between the actual and required flow

SUB_R
EN

ENQ

"flow_
control”.
Ref flow-IN1

"flow_
control”.

OUT—Error

#temp2 —IN2
Network: 5
Proportional Gain for flow Contrel = 0.87
MUL_R
EN ENQ
8.700000e- "flow
001-IN1 OUT—control".E

"flow_
control”.

Error —IN2
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Network: €

Integral Gain for flow Control = 0.6

MUL_R
EN EN

6.000000e- "flow
001 -IN1 OUT—control™.1

"flow_
control”.
Error —IN2

SIMATIC mine data\SIMATIC 06/17/2008 03:24:43 PM
300 (1)\CPU 315F-2 PN/DP\...\FC23 - <offline>

Network: 7
Sampling Time (10ms) / Integral Time = 1.9 =gradient
DIV R
EN EN
1.000000e- "flow
002 —IN1 control™.
QUTgrad
1.900000e4
000 —IN2
Network: 8
Integral
MUL_R
EN EN
"flow_ "flow_
control".]—IN1 control™.
OUT—1I_div_grac
"Elow
control”.
grad —IN2

Network: 9

ADD_R

"flow_ "flow_
control”. control™.
Past wvalue¢—IN1 OUT Integral

"flow
control™.
I div grac—INZ

Network: 10

Final Controller Output - Flow sent to the speed to flow code FC24

ADD_R
EN EN

"flow_ "flow_
control”. control™.
Integral —IN1 Required

OUT—flow
"flow_
control™.l—IN2
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F.2.11

SIMATIC mine data\SIMATIC 06/17/2008 03:24:43 PM
300 (1)\CPU 315F-2 PN/DP\...\FC23 - <offline>

Network: 11

Integration Step to Store past errors

MOVE
EN EN
"flow "flow
control”. control™.
Integral —IN QUTHPast value

FC 24 Flow to speed conversion for the implementation of the flow
controller

SIMATIC mine data\SIMATIC 06/17/2008 03:25:23 PM
300 (1)\CPU 315F-2 PN/DP\...\FC24 - <offline>

FC24 - <offline>

"Flow to speed”

Name: FC24 Family:
Author: Ashvir.H Version: 0.1
Block version: 2
Time stamp Code: 06/17/2008 03:25:16 BM
Interface: 02/18/2008 10:13:18 EM

Lengths (block/logic/data):00332 00214 00012

IN 0.0
ouT 0.0
IN_OUT 0.0
TEMP 0.0
Partl Real 0.0
temp2 Real 4.0
limit Real 8.0
RETURN 0.0
RET VAL 0.0

Block: FC24 Flow to speed

Network: 1

y = 658.43x + 47.6

MUL R ADD R ‘
EN EN EN EN
"flow #Partl—IN1 "flow
control". control".
Required_ 4.760000e+4 OUT- Flow_speec
flow-IN1  OUT- #Partl 001 —IN2
6.584300e+
002 —IN2
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F.2.12

Network: 2

Speed limit of 1500 rpm

"flow_
control™.
Start_
control

CMP <=R

MOVE

"flow
control”.
Flow speec —IN1

"flow
control”.

Flow speec—IN ouT

—#limit

1.500000e4
003 -IN2

mine data\SIMATIC 06/17/2008 03:25:23 PM

300 (1) \CPU 315F-2 PN/DP\...\FC24 - <offline>

SIMATIC

Network: 3

Start flow control

"flow
control”.

start

control cMP >=R MOVE
— EN EN

1.500000e+
003-IN OUT- #limit

"flow_
control”.
Flow_speec —IN1

1.500000e4
003 —IN2

Network: 4

Sending the speed to VSD1

"flow
contrel".
Start
control

MUL_R ROUND I_BCD
EN( EN ENO EN ENO|

"motor

variable".

1.092267e+ OUT—to drive
001 —IN2

#limit —IN1 OUT[—#temp2 #temp2 —IN OUT-MD236 MD236 —IN

FC 150 Establishing communication between the RS 232C module and the

power meter

mine data\SIMATIC 10/25/
J 315F-2 PN/DP\...\FC150 - <offline>

SIMA

Family:
Verasion: 0.1

Time stamp Code:
Interface:

Hame Data Type Comment
m 0.0
OUT | 0.0
IN_OUT | 0.0
TEME 0.0
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tIntl
tInt2
tInt
tWord
tIntInt
tPointer
RETURN

RET_VAL

‘Block: FC1l50 Power meter comms using the CP 340

[Wetwork: 1

MOVE
|} EN ENO
0 —IN "SPowermet
ercomms" .
Comms .
OUT|- Status
SIMATIC mine data\SIMATIC 300(1)\ 06/17/2008 03:26:45 BM
CPU 315F-2 PN/DP\...\FC150 - <offline>
Network: 2

Time synch and initialise the download regquested

MOVE

cMp == MO. MOVE MOVE
|/} EN ENO, EN ENQ
"SPowermet 0-IN "SPowermet  "$PLCInfor
erComms" . erComms" . mationDate
Comms . Comms . ".PLC.
Status —IN1 CurrentMet current
OUT|-erNo Minute—IN OUT~
0-IN2
MOVE CMP ==1
EN ENQ m
0-IN QUT-#tIntl #tInt1-IN1
1-IN2
CMP

#tIntl-IN1
31-IN2

CMP ==I

#tInt2-IN1

0-INZ

CMP ==I

EN ENQC

0 —IN OUT- #tIntl

#tInt1-IN1
1-IN2

omp ==T |
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MOVE CMP =—
EN ENO m
0-IN OUT/- #tIntl #tInt1-IN1
1-IN2
CMP =—
#tIntl-IN1
31-IN2
CMP =—
#tInt2—-IN1
0-IN2
"S{Powermet "$Powermet
erComms". erComms".
Conmms . Comms .
cmd_ cmd_
ResetCount ResetCount
s s_Acceptec

5—

"$Powermet
erComms" .
Comms .
cmd
ResetCount

s
L
"SPowermet "$Powermet

erComms". erComms".
Comms . Comms .

SIMATIC mine data\SIMATIC 300(1)\ 06/17/2008 03:26:45 M
CPU 315F-2 PN/DP\...\FC150 - <offline>

Cmd Cmd
PerformSyr PerformSyr
[ ¢_Acceptec

50—

"$Powermet
erComms".
Comms .
Cmd_
PerformSyr

c
— R} —
"$Powermet "$Powermet
erComms". erComms".

Comms . Comms .

Cmd_ Cmd_
PerformDLF PerformDLF
et et_Accept

50—

"$Powermet
erComms".
Comms .
Cmd
PerformDLF
et

L —r—

MOVE ‘
EN ENC

5-IN "$Powermet
erComms".
Comms .

QUT-Status
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#tInt2-IN1

0 —IN2

: MOVE
: EN EN
: "$PLCInfor
mationDatz
: " _PLC.
Current_
__F#tIntl Second—IN OUT— #tInt2
"S$Powermet
erComms™ .
Comms .
Cmd_
PerformSyr
CcMP ==1 <
- (83—
#tInt2-IN1
0 —IN2
"$Powermet
erComms™.
Comms .
Cmd_
PerformDLE
cMp == et
(53—
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Network: 3

Load all data relevant to current Meter

*
flat

SLD

OPN

=]

+I
SLD

OPN

=

=]

+I
SLD

SIMATIC

"SPowermeterComms"
5

M0O01

0
"$PowermeterComns"

"SPowermeterComms

"SPowermeterComms"

"SPowermeterComms
"$PowermeterComms"
"SPowermeterComms"

"5PowermeterComms"

"

"SPowermeterComms
3

#tPointer
"SpowerMeterData"
DBW [#tPointer]
"$Powermeterconms

"5PowermeterComms"

16

3

#tPointer
"SPowerMeterData"
DBW [#tPointer]
DB150.DBW 50

"SPowermeterComms" .

18

3

-Comms . Status

.Comms . CurrentFunction

.Comms . CurrentMeterNo
.Comms .MeterOffset

.Comms .CurrentMeterOffset

.Comms .CurrentMeterNo
.Comms.MeterOffsetZ

.Comms . CurrentMeterOffsetl

.Comms .CurrentMeterOffset

.Comms . CurrentMeterAddress

.Comms . CurrentMeterOffset

Comms . CurrentMeterOffset

mine data\SIMATIC 300(1)\
CPU 315F-2 PN/DP\..

\FC150 - <offline>

06/17/2008 03:26:45 PM

SLD

OPN

OFN

M001: NOP

#tPointer
"$PowerMeterData”
DBW [#tPointer]

"$PowermeterComms™.

"$PowermeterComms™ .

20

3

#tPointer
"$PowerMeterData”
DBW [#tPointer]

"$PowermeterComms™.

"SPowermeterComms™.

22

3

#tPointer
"$PowerMeterData”
DBE [#tPointer]
"SPowermeterComms"™

DBB 66

Comms . Timeouts

Comms . CurrentMeterOffset

Comms .Errors

Comms .CurrentMeterOffset
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SIMATIC mine data\SIMATIC 300 (1)\ 06/17/2008 03:26:45 PM
CPU 315F-2 PN/DP\...\FC150 - <offline>
Network: 4
Determine what functions to perform with meter
-
"$Powermet
erComms". "$Powermet "$Powermet
Comms . erComms". erComms".
Cmd Comms . Comms .
PerformSyr Cconfig PeformTime
¢ Acceptec DoTimeSync Sync
|1 |1
|1 |7 83—
"SPowermet "$Powermet
ercomms". erComms" .
Comms. Comms .
Status —IN1 cmd_
ResetCount
5-IN2 §_Acceptec MOVE MOVE
[} EN  ENO EN  ENO-
0-IN "S$Powermet 0-IN
erComms".
Comms .
OUT- Timeouts OUT—
MOVE MOVE
B ENO EN ENO—
0-IN "$Powermet 0-IN
erComms" .
Comms .
MasterTime
QUT-outs OUT—
MOVE MOVE
EN ENQ EN ENO—
0-IN "$Powermet 0-IN
erComms".
Comms .
Count_
BasicReqg_
OUT-Req OUT—
"SPowermet "$Powermet "$Powermet
erComms". erComms". erComms".
Comms . Comms . Comms .
Cmd Config PerformDat
PerformDLF RetrieveD: aLogRetrie
et Accept talog ve
— s
"$Powermet "$Powermet "$Powermet
erComms" . erComms". erComms".
Comms . Comms . Comms .
pPerformDat config ~ PerformDLI
alogRetrie RetrieveDz etrisve_
ve CMP <T talog Now
— | X s
"$Powermet
erComms" .
Comms .
DataLog_
FIE'O_POE—INI
"$Powermet
erComms" .
Comms .
DatalLog
FIFO MAX-—IN2
"$Powermet "$Powermet
erComms". erComms".
Comms . Comms .
PerformDat PerformDLF
alogRetrie etrieve
ve Now
— i s>
"$Powermet
erComms" .
Comms .
Performbat
-
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SIMATIC

mine data\SIMATIC 300(1)\

CPU 315F-2 PN/DP\..

A\FC150 - <offline>

06/17/2008 03:26:45 PM

SIMATIC

aLogRetrie

ve CMP >=I

"SPowermet
erComms" .
Comms -
DataLog_
FIFO PO:S—IN1

"SPowermet
erComms" .
Comms -
DataLog_
FIFO MA¥—IN2

MOVE
EN ENO,
10 —IN
ouT,

"$Powermet
erComms™ .
Comms .

- Status

mine data\SIMATIC 300 (1l)\

CPU 315F—-2 PN/DP\...\FC150 —

<offline>

06/17/2008 03:26:45 PM

"$Powermet
erComms™ .
Comms .

__Errors

"$Powermet
ercomms" .
Comms .
MasterErrc

_irs

MOVE
ENO

"$Powermet

0 —IN

ouT—

"SPowermet
ercComms".
Cormms .
Count_
TimesSync_
Req
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SimMar1C

mine datal\S$iMAric 300 (1)\

cPir

S315T 2 PN/DPA. - ATC150

06/17/2008 03:26:45 PM

<otrtline>

SIMATIC

mine data\SIMATIC 300 (1)\
CPU 315F-2 PN/DP\...\FC150 - <offline>

06/17/2008 03:26:45 PM

Network: 5

Based on function to be performed goto appropriate section of the sequence

CMP

"SPowermet

erComms" .

Comms .
Status —IN1

10 —IN2

-
MOVE
EN ENO|
"SPowermet 60 —IN "SPowermet
erComms" . erComms" .
Comms . Comms .
CurrentFur CurrentFur
ction—IN1 OUT—ction
50 —IN2
"$Powermet
erComms”.
Comms .
Config_
RetrieveDe
mRegs MOVE
|} N ENO—
"SPowermet 50 —IN "SPowermet
erComms". erComms" .
Comms . Comms .
CurrentFur CurrentFur
ction—IN1 OUT—ction
40 —IN2 "$Powermet
erComms"” .
Comms .
Config_
RetrieveDe
mRegs MOVE
| /—EN ENO—
60 —IN "SPowermet
erComms" .
Comms .
CurrentFur
OUT-ction
"SPowsrmet "SPowsrmet
erComms" . erComms" .
Comms . Comms .
Config PerformDLF
RetrieveDz etrieve
taLog Now MOVE
N e Eno
"SPowermet 40 —IN "SPowermet
erComms”. erComms".
Comms . Comms .
CurrentFur CurrentFur
ction—IN1 QUT—ction
30 —IN2 "$Powermet "$Powermet
erComms” . erComms" .
Comms . Comms .
PerformDLF Config
etrieve RetrieveDe
Now mRegs MOVE
— | b——En ENO
"$Powermet S0—IN "$Powermet
erComms™ erComms™.
Comms Comms .
Config CurrentFur
RetrieveDz OUT—ction
[, e
taLog
"$Powermet
erComms"” .
Comms .
PeformTime
Sync MOVE
|} EN ENQ
"SPowsrmet 30 —-IN "SPowermet
erComms" . erComms" .
Comms . Comms .
CurrentFur CurrentFur -
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SIMATIC

mine data\SIMATIC 300(1)\
CPU 315F-2 BN/DP\...\FC150 - <offline>

06/17/2008 03:26:45 PM

"$Powermet
| erComms™ .
Comms .
CurrentFur
—ction

"$Powermet
erComms” .
Comms .
CurrentFur
—ction

ction-IN1 OUT»—ction
20 —IN2 "SPowermst
"SPowermet erComms”.
erComms" . Comms .
Comms . PerformDLE
peformTime etrieve_
sync Now MOVE
——f 2=~ ENO|
40 —IN "S$Powermet
erComms".
Comms .
CurrentFur
OUT—-ction
"$Powermet "$Powermet
"$Powermet erComms". erComms".
erComms” . Comms . Comms .
Comms . PerformDLE Config
PeformTime etrieve  RetrisveDe
Sync Now mRegs MOVE
- A | = oo
50 -IN
OUT—
"$Powermet "$Powermet
"SPowermet erComms”. erComms". 5B
erComms" . Comms . Comms . -
Comms . PexrformDLE Config_
PeformTime etrieve_ RetrisveDe
Sync Now mRegs MOVE ‘
|/ 1 11 EN ENO
601N
OUT-
CMP ==T1
"S$Powermet "SPowermet
erComms" . erComms™.
Comms . Comms .
CurrentFur CurrentFur
ction—IN1 ction
0-IN2
MOVE
—EN ENO—
15-IN "SPowermet
erComms" .
Comms .
OUT—Status
-
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SIMATIC

mine data\SIMATIC 300(1)\
CPU 315F-2 PN/DP\...\FC150 - <offline>

06/17/2008 03:26:45 PM

Network: 6

20 Basic Register
30 Time Sync
40 Datalogs

Based on function to be

performed goto appropriate section of the segquence

"$Powermet
erComms" .
Comms .

— Status

"SPowermet
erComms" .
Comms .

- Status

"$Powermet

erComms" .

Comms .
—Status

"$Powermet

erComms" .

Comms .
—Status

"$Powermet

erComms" .

Comms .
—Status

CMP ==I CMP ==1 MOVE
EN ENO|
"SPowermet "$Powermet 20 —-IN
erComms" . erComms" .
Comms . Conmms .
Status —IN1 CurrentFur OUT;
ction—IN1
15 -IN2
20-IN2
CMP ==1 MOVE
EN ENG
"$Powermet 30 -IN
erComms" .
Comms .
CurrentFur OUT]
ction—IN1
30-IN2
CMP —1 MOVE
EN ENOj
"$Powermet 40 —IN
erComms" .
Comms .
CurrentFur ouT|
ction—IN1
40 —IN2
CMP — MOVE
EN ENO|
"$Powermet 50 —-IN
erComms" .
Comms .
CurrentFur OUT;
ction—IN1
50 —IN2
CMP —, MOVE
EN ENG,
"$Powermet 600—IN
erComms" .
Comms .
CurrentFur ouT|
ction—IN1
60 —IN2

Page 15 of 33
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SIMATIC mine data\SIMATIC 300(1)\

CPU 315F-2 PN/DP\...\FC150 — <gffline>

06/17/2008 03:26:45 PM

Network: 7
Build "basic register request” message
MOVE MOVE
EN ENO EN EN
"SPowermet "$Powermet "$Powermet 3 —IN "SPowermet
erComms" . ercComms” erComms" . erComms™ .
Comms . Comms . Comms . Comms .
Status —IN1 CurrentMet sendDataar SendDataAr
erhddress —IN OUT-ea[0] oUT—eall]
20 —IN2
MOVE MOVE
ENO EN ENC—
256 —IN DB150. 53 -IN DB150.
OUT[- DBW202 OUT|- DBW204
"SCRC™
EN ENO—
"SPowermet DB150.
erComms"—INO OUT3-DBW206
200—IN1
6 —INZ2
MOVE
EN ENO—
8 —IN "$Powermet
erComms”.
Comms .
OUT-P SEND LEN
MOVE
EN ENO—
100 —IN "$Powermet
ercomms” .
Comms .
OUT[- Status
SIMATIC mine data\SIMATIC 300(1)\ 06/17/2008 03:26:45 PM
CPU 315F-2 BN/DP\...\FC150 - <offline>
Network: 8
Build "Set Realtime Clock" Message
P =I MOVE MOVE
EN  ENO EN ENO
"$Eowermet "$Eowermet "§Powermet 16 -IN $Eowermet
erComms”. erComms”. erComms”. erComms™.
Comms. Comms . Comms. Comms.
Status—IN1 CarrentMet SendDataAr SendDatalr
eriddress—IN _ OUT-ea[0] OUTrea[1]
30 -IN2
MOVE MOVE MOVE
EN  ENO EN ENO EN  ENOR
4352—1IN DB150. 6-IN DB150. 12-IN "§Powermet
OUT|-DBW202 OUT-DBW204 erComms".
Comms.
SendDatalr
OUT-ea[6]
MOVE MOVE MOVE
EN  ENO EN ENO EN  ENOS
DB1.DBB21-IN DB150. DB1.DBB19-IN DB150. DB1.DBB17-IN DB150.
OUTH-DBW207 OUT-DBW203 OUT-DBWZ11
MOVE MOVE MOVE
EN  ENO EN ENO EN  ENO-
D51.DBB15—IN DB150. DB1.DBB13-IN DB150. DB1.DBB11-IN DB150.
OUT|-DBW213 OUT - DBW215 OUT-DBWZ17
"$CRC"
EN  ENO-
"5Powermet DB150.
erComms”—INO OUT3-DBW219
INL
MOVE
EN  ENO-
21-IN "$Powermet
erComms”.
Comms.
OUTH? SEND LEK
MOVE
—EN  ENO-
100 —IN "§Powermet
erComms”.
Comms.
OUT-Status
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SIMATIC

mine data\SIMATIC 300(1)\

06/17/2008 03:26:45 PM

CPU 315F-2 PN/DP\...\FC150 - <offline>

Network: 9

Build "Retrieve Data Log" Message

i = MOVE MOVE
EN ENO EN EN
"SPowermet "$Powermet "$Powermet 4 —IN "SPowermet
erComms" . erComms" . erComms" . erComms™.
Comms . Comms . Comms . Comms .
Status—IN1 CurrentMet SendDataAr SendDataAr
eraddress —IN QUT—ea[0] QUT—ea[l]
40 —IN2
MOVE MOVE
EN ENO EN ENO—
29696 —IN DB150. 40 —IN DB150.
OUT-DBWZ202 OUT—DBW204
"SCRC"
EN ENO—
"$Powermet DB150.
erComms"—INO OQUT3-DBW206
200-IN1
6 —IN2
MOVE
EN ENO—
8 —IN "$Powermet
erComms" .
Comms .
OUT—P SEND LEK
MOVE
EN ENO—
100—-IN "$Powermet
erComms”.
Comms .
OUT-Status
Network: 10
Build "Present Demands Register Request" message
MOVE MOVE
EN ENO, EN ENI
"$Powermet "$Powermet "$Powermet 3 -IN "$Powermet
erComms". erComms”. erComms”. erComms".
Comms . Comms . Comms . Comms .
Status —IN1 CurrentMet SendDataAr SendDataAr
erAddress —IN QUT—ea[0] QUT—ea[1l]
50 —IN2
MOVE MOVE
EN ENO EN ENC—
7536 —IN DB150. 30-IN DB150.
OUT-DBW202 OUT-DBW204
"SCRC"
EN ENO—
"$Powermet DB150.
erComms"—INO OUT3-DBW206
200-IN1
6 —IN2
MOVE
EN ENO—
8 —IN "$Powermet
erComms" .
Comms .
OUT—P SEND LEK
MOVE
EN ENO—
100 -IN "$Powermet
erComms”.
Comms .
OUT- Status
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Network: 11

SIMATIC

MOVE
EN ENO,
"SPowarmet 0 —-IN "$Powermet
erComms" . erComms" .
Comms . Comms .
Status —IN1 Retry
OUT-Count
100 —IN2
MOVE
EN ENO—
101-IN "$Powermet
erComms" .
Comms .
OUT- Status

mine data\SIMATIC 300(1)\

CPU 315F-2 PN/DP\...\FC150 - <offline>

06/17/2008 03:26:45 PM

‘Natwurk: 1z

| CMP ==I MOVE
EN ENO
"SPowermet 102 —IN "$Powermet
erComms" . erComms".
Comms . Comms .
Status —IN1 OUT- Status
101 —IN2
Network: 13
"DB P
SEND"
MO.1 "P SEND"
— | EN ENO
CMP == "$Powermet
REQ erComms" .
Comms .
"SPowermet "$Powermet P_SEND_
erComms" . erComms" . DONE- DONE
Comms . Conmms .
Status —IN1 P SEND "$Powermet
RESET R erComms" .
102 —IN2 Comms .
1024 —LADDR P SEND
ERROF— ERROR
150 -DB_NO
"S$Powermet
200-DBB_NO erComms" .
Comms .
"$Powermet P_SEND_
erComms" . STATUS- STATUS
Comms .
P SEND LEN—LEN
Network: 14
"$Powermet
erComms" .
Comms .
P_SEND_
cMP ==T DONE MOVE
| | EN ENG
"SPowermet "$Powermet 105-IN "SPowermet
erComms". ercomms"”. erComms".
Comms . Comms . Comms .
status —IN1 P SEND OUT|- Status
ERROR
102 —IN2
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SIMATIC mine data\SIMATIC 300(1)\ 06/17/2008 03:26:45 PM

CPU 315F-2 PN/DP\...\FC150 - <offline>

Network: 15
Recsive response from the Power meter throught CP 340
"DB P RCV"
MO.1 "D RCV"
| | EN ENO
CMP ==L "$Powermet
EN R erComms" .
Comms .
"$Powermet "$Powermet NDR—P_RCV_NDR
erComms" . erComms" .
Comms. Comms . "SPowermet
Status —IN1 E_RCV_ erComms" .
RESET -R Comms .
105 -INZ P RCV
1024 —LADDR ERROF— ERROR
150 —DB NO "$Powermet
erComms" .
250-DBB NO Comms .
LEN—P RCV LEN
"$Powermet
erComms" .
Comms .
P RCV
STATUS— STATUS
Network: 16
Check of string succesfully received 107
T100
CMP == 5_0DT
5 Q
S5T#500MS —TV BI-
Comms . —-R_ BCDF
Status —IN1
"SPowermet
105 —IN2 erComms".
Comms .
B RCV NDR MOVE MOVE
— EN ENO| EN ENO
"SPGWE:"‘"E': 107 —IN "SPowermet "$Powermet "SPowermet
erComms”. erComms". erComms". exComms".
Comms. Conms. Comms. Comms .
F RCW OUT-Status P RCV LEN-IN Last RCV
ERROR OUT - LEN
T100 MOVE
— ENO
106 —IN "$Powermet
OUT[- Status

Page 21 of 33
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SIMATIC mine data\SIMATIC 300(1)\ 06/17/2008 03:26:45 PM
CPU 315F-2 PN/DP\...\FC150 - <offline>

Network: 17

If request timed out then retry if retry limit not yet reached

ADD_I
EN ENO
"SPowermet "$Powermet "$Powermet
erComms". erComms" . erComms" .
Comms . Comms . Comms .
Status—IN1 Retry Retry
Count —IN1 OUT- Count
106 —IN2
1-1IN2
CMP <T MOVE
EN ENQ
"$Powermet 101 -IN "$Powermet
erComms". erComms".
Comms . Comms .
Retry OUT—sStatus
Count —IN1
"$Powermet
erComms" .
Comms .
Retry_Max—INZ
CMP >=I ADD T
EN ENO—
"$Powermet "SPowermet "SPowermet
erComms" . erComms" . erComms" .
Comms . Comms . Comms .
Retry MasterTime MasterTime
Count —IN1 outs —IN1 OUT—outs
"$Powermet 1-INZ
erComms" .
Comms . ADD T
Retry Max—IN2 ————————EN ENO—
"$Powermet "$Powermet
erComms" . erComms" .
Comms . Comms .
Timeouts —IN1 OUT[- Timeouts
1 —IN2
"$Powermet
erComms” .
Comms .
CommsStatu
s
—4R—]
MOVE
EN ENQ
500 —IN "$Powermet
erComms" .
Comms .
QUT-Status

Page 22 of 33




Appendix F Simatic Step7 programs Page F.62

SIMATIC mine data\SIMATIC 300(1)\ 06/17/2008 03:26:45 EM
CPU 315F-2 PN/DP\...\FC150 - <offline>

Network: 18
Check crc of received string
QP == MOVE
EN ENQ
"tPowermet "4¢Powermet
erComms”. exComms”.
Comms . Comms.
Sratus—IN1 QUT-Status
107 -IN2 SUB_I "§CRC™ MOVE
EN ENOQ| EN ERO, EN ENQ,
"§Powermet "§Powermet "gPowermet “FPowermet
erComms"”. erComms " —INO erComms”™. erComms”™.
Comms . Comms . Comms .
P RCV LEF-IN1 OUT-#tIntl 250-IN1 OUT3-Rec CRC Rec CRC-IN QUT-#tIntl
2-IN2 #tIntl-IN2
CMP <>1 MOVE
EN ENO
"SPoweImet "§PowWermet 108 -IN "sPowermet
erComms™. erComms™. erComms™.
Comms . Conms. Conms .
CurrentFun P RCV LEK-IN1 OUT-Status
ction—IN1
111-IN2
20-IN2
CMP <>I
#tIntl-INL
DB150.
DBW353 - IN2
CHMP ==1 P <1 MOVE
EN ENO|
"§Powermet "§Powermet 108 -IN "§Powermet
erComms” . erComms”. erComms”.
Comms . Comms . Comms .
CurrentFun P RCV LEK-IN1 QUT-Status
ction—IN1
8 —IN2
30-1IK2
QP oI
#tIntl-IN1
DB150.
DBW256 —IN2
CMP <>I MOVE
EN ENO
"sPowermet "§Powermet 108 -IN "sPowermet
erComms” . exComms”. erComms”.
Comms . Conms . Conms .
CurrentFun P RCV LEK-IN1 QUT-Status
ction—IN1
85 —IN2
40 -1IK2
QP oI
#tIntl-IN1
DB150.
DBEW333—IN2
CMP ==1 CMP <>I MOVE
EN ENO
"tPowermet "$Powermet 108 -IN "tPowermet
erComms” . exComms”. erComms”.
Comms . Conms . Conms .
CurrentFun P RCV LEK-IN1 QUT-Status
ction—IN1
85 —IN2
50-1IK2
QP oI
#tIntl-IN1
DB150.
DBEW313 —IN2
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SIMATIC mine data\SIMATIC 300(1)\

CPU 315F-2 PN/DP\...\FC150 - <offline>

06/17/2008 03:26:45 EM

Network: 19

QP =I ADD I D I MOVE
EN ENO EN ENO EN ENO
"§Powermet "§Powermet "§Powermet “§Powermet "§Powermet "§Powermet
erComms” . erComms”. erComms"”. erComms"”. erComms”™. erComms"”.
Comms . Comms . Comms. Comms. Comms. Comms.
Status—IN1 Errors—IN1  OUI-Errors MasterErrc MasterErrc QUT-Status
rs-INl OUT-rs
—IN2 1-IK2
1-IN2
Network: 20
Message successfully received
"$Powermet
erComms" .
Comms .
CommsStatu
CMP == s
(50—
"$Powermet CMP = MOVE
erComms" . EN ENC|
Comms .
Status —IN1 "$Powermet 120 -IN "$Powermet
erComms”. erComms”.
110-IN2 Comms . Comms .
CurrentFur OUT—-Status
ction—IN1
20-IN2
CMP =
"$Powermet
erComms" .
Comms .
CurrentFur
ction—IN1
50 -IN2
CMP ==1 MOVE
EN ENC—
"$Powermet 130-IN "$Powermet
erComms" . erComms" .
Comms . Comms .
CurrentFur OUT—Status
ction—IN1
30-IN2
CMP ==I MOVE
EN ENQ—
"$Powermet 140 -IN "$Powermet
erComms”. erComms”.
Comms . Comms .
CurrentFur OUT- Status
ction—IN1
40 —IN2
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SIMATIC

mine data\SIMATIC 300(1)\

06/17/2008 03:26:45 PM

CPU 315F-2 PN/DP\...\FC150 - <offline>

Network: 21

SIMATIC

OUT —Status

mine data\SIMATIC 300 (1)\
CPU 315F—-2 PN/DP\...\FC150

"$fcPowerM
eterConver
P =1 P =1 ADD_I tData”
N ENO N ENO
"sEowermet "sEowermet "$Fowermet "$Eowermet 1SRC_DB_
erComms" . erComms" . exComms” . erComms” —HO
Comms. Comms . Comms
Status —INL CurrentFun Count iSRC
ction —IN1 BasicReqy 253 —Dffset
120 Req-IN1  OUT-Reg
20 —IN2 "sEowerket
1-IN2 erData” —iData_DB
"$Eowermet
erComms".
Comms .
CurrentMet iData DB
erOffset —Dffset
"$EowerMet
erConversi iCON DB
on” —§O
"§PowerMet iDST_DB_
erData” —NO
"$Eowermet
erComms".
Comms .
CurrentMet iDST
erOffset —Offset
iDST DB
30 —Dffset
48 —1LEN
"$fcEowarM
eterConver
P =1 tData”
N ENO
"sPowermet "$Powermet 1SRC DB
erComms" . exComms” —HO
Comms .
CurrentFun 1SRC
ction —IN1 253 —Offset
~In2 "5Poweret
erData” —iData_DB
"$Powermet
erComms”.
Comms.
CarrentMet iData DB
er0ffsec —Dffset
iCON DB _
DB154 —HO
iDST DB
DB155 —HO
"$PowermeT
erComms".
Comms.
CurrentMet iDST
erOffset2 —Dffset
iDST_DB_
0 —Offset
30 —ilEN
OVE
N ENO
"$Eowermet
erComms".
Comms .

0e/17/2008 03:26:45 PM

<offline>

Network: 22

ADD_T
EN ENO
"S$Powermet "$Powermet "$Powermet
. ercomms"” . ercomms".
Comms . Comms .
Status —IN1 Count Count
TimeSync_ TimeSync
130 —IN2 Reg —IN1 OUT Req
1 —IN2
"$Powermet
ercomms" .
Comms .
PeformTime
sync
(R>—]
MOVE ‘
EN ENO
500 —IN "$Powermet
ercomms"
Comms

OUT—Status
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SIMATIC mine data\SIMATIC 300(1)\ 06/17/2008 03:26:45 PM
CPU 315F-2 PN/DP\...\FC150 - <offline>

Network: 23

Datalog Recelpt Processing

CMP ==I ADD T
EN ENO
"$Powermet "$Powermet "$Powermet
erComms". erComms". erComms”.
Comms . Comms . Comms .
Status —IN1 Count_ Count_
Datalog_ Datalog_
140 —IN2 Reg—IN1 OUT[- Reg
1-IN2
MOVE MOVE
EN ENO EN ENO—
"$Powermet "$Powermet DB150.
erComms" . erComms" . DBW255 —IN
Comms . Comms .
CurrentMet DataLog
erNoc —IN OUT-MeterNo ouT—
MOVE MOVE
EN ENO EN ENG——
DB150. DB150. DB150.
DBW257—IN OUT-DBW126 DBW259—IN ouT—
MOVE MOVE
EN ENO EN ENO——
DB150. DB150. DB150.
DEW265—IN OUT-DEBW130 DBWZ67—IN oUT—
MUL_I
EN ENO—
"$Powermet
erComms" .
Comms .
DataLog
FIFO POE—IN1 OUT—#tIntl
"$Powermet
erComms".
Comms .
DataLog_
FIFO_ELE_
SIZE —IN2
DB150.
DBX254.1 MYBLEMOY ADD T
— EN ENO EN ENG
"$Powermet "SPowermet "$Powermet
erComms" —in SDB erComms" . erComms" .
Comms . Comms .
120—-in_SPTR DataLog_ DataLog_
FIFO_POS—IN1 OUT—FIFO_POS
"$Datalogs
FIFO" —in_DDB 1-IN2
#tIntl-in_DPTR
20—-in LEN

"$Powermet
erComms" .
Comms .
PerformDat
DB150. aLogRetrie
DBX254.1 ve

[ ——(rR—]

MOVE ‘

EN ENO,
500 —IN ("SPDweImet

SIMATIC mine data\SIMATIC 300(1)\ 06/17/2008 03:26:45 EM
CPU 315F-2 BN/DP\...\FC150 - <offline>

erComms".
Comms .

OUT-Status
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"SPowermet
ercomms” .
Comms .
DataLog
__i-SegNumber
o MOVE MOVE
N EN N ENO——
DB150. DB150. "5 Powermet DB150.
__-DBW124 DBD265—IN ercomms" . DBD269 —IN
Comms .
DataLog
OUTI-Valuel oUT—
- MOVE MOVE
N EN N ENO——
DB150. DB150. DB150. DB150.
—~DBW128 DBW269—IN OUT[- DBW134 DBW271 —IN OUT—
D
MOVE
; N ENO—
! "SPowermet DB150. "$Powermet
| ercomms" DBD273—IN erComms" .
| Comms Comms .
! DataLeg DataLog
—vValue2 OUT— Value3
MOVE MOVE
N EN{ N ENO
DB150. DB150. DB150. DB150. DB150.
__—DBW13Z DBW273—IN OUT—- DBW138 DBW275 —IN OUT—DBW136
23.D
[wetwork: 24
CMP ==T MOVE
EN ENO
"SPowermet 10 —IN "SPowermet
ercomms™ . ercomms™ .
Comms . Comms .
Status —IN1 OUT - sStatus

500 —INZ2
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Network: 25

A(
L "SPowermesterComms".Comms . Status
L 600
==I
)
JNB M028
L "SPowermeterComms".Comms.CurrentMeterOffset
L 16
+I
SLD 3
T #tbointer
L DB150.DBW 50
OPN  "$PowerMeterData"
T DBW [#tPointer]
L "SPowermeterComms”.Comms . CurrentMeterOffset
L 18
+I
SLD 3
T #tPointer
L "SPowermeterComms" . Comms . Timeouts
OPN "SPowerMeterData"
T DBW [#tPointer]
L "SPowermeterComms”.Comms . CurrentMeterOffset
L 20
+I
SLD 3
T #tpointer
L "SPowermeterComms™ . Comms . Errors
OPN  "$PowerMeterData"
T DBW [#tPointer]
M028: NOP 0
Network: 26
CMP =I CMP <I ADD I MOVE
EN ERO EN ENO
"$Powermet "sPowermet "sPowermet "sPowermet 5-IN "§Powermet
erComms"”, erComms". erComma”. erComms". erComms".
Comms. Comms. Comms. Comns. Comms.
Status -IN1 CorrentMet CorrentMet CorrentMet OUT - 5Status
eriio ~IN1 ero —IN1  OOT-erlo
"sPowermet 1-IN2
erComms”.
Comms.
MeterMax —IN2
CHP »>=I MOVE
EN ENO-
"sPowermet 0-IN "sPowermet
erComms”. erComms”.
Comms. Comns.
CorrentMet QUT -5tatus
erlo -IN1
"$Powermet "SPowermet
"¢ Powermet erComms”.  erComms”.
erComms”. Comms. Comms.
Comms. Cnd Cnd
MeterMax —INZ ResetCount ResetCount

3 Accepted 3 Rccepted

— &
"sPowermet  "SPowermet
erComms”.  erComms”.
Comms. Comms.
Cmd Cmd

PerformSyn PerformSyn
c Accepted c Accepted

1 ——a—

"$Powermet  "SPowermet
erComms”.  erComms”.
Comms. Comms.
Cmd Cnd
PerformDIR PerformDLR
et_Accept et Accept

]
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F.2.13 FC 151 Converting the raw data retrieved from the power meter into

information

mine data‘\SIMATIC 10/25/2009
300(1)\CEU 315F-2 PN/DP\...\FC151 - <ocffline>

FC151 - <offline>
. serMeterConvertData™
Mame: FCL5] Familwy:
Version: 0.1
Block veraion

2

Time stamp Code: ]
Interface: 1
Lengthe (block/logic/data): 0

IN 0.0

iSRC_DE_NO Block DB 0.0 Source DB No
iSRC_Offset Int 2.0 Scurce Offset (253)
iData DB Block DB 4.0
iData_DE_Offset |Int 6.0
iCON_DB_NO Block DB 8.0 Conversion Data Block
iDST_DE_KO Block DB 10.0 Destination Data Block
iDETﬁOffSE’_ Int 12.0 Destination Address Offset in DB
iDST_DB_Offset  |Int 14.0 Offset in Dest DB at which values begin
iLEN Int 16.0 Length of Address Block to be converted
ouT 0.0
IN oUT 0.0
TEMP 0.0
tBointer Diord 0.0
£SRC_Index Int 4.0 Scurce Index
£CON_Index Int 6.0 Conversion Data Block
£DST_Index Int 8.0 Destination Index
£SRC_Data Real 10.0 Source Data
£CON_Type Byte 14.0 Conversion Type
EUMAX Real 16.0
CIMAX Real 20.0
tPMAX POS Real 24.0
tEMAX NEG Real 28.0
tvalue Real 3z.0
£LEN Int 36.0
tdint DInt 38.0
tValue2 Real 42.0
RETURN 0.0
RET_VAL 0.0

Block: FC151

Network: 1

Convert Data block read from meter and convert to meter specific data block

L #iSRC_Offset // Load Source DB No

T #tSRC_Index // set temp Source DB No

L 0 // Load 0

T #tCON_Index // set temp Conversion DB to 0

L #iDST_Offset // Load Destination Offset address in DB of the current meter read
T #tDST_Index // set Destination Index = Destination offset

L 0 // Load 0

T #LLEN // Set LEN to 0
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SIMATIC mine data\SIMATIC 300(1)\ 06/17/2008 03:27:39 PM
CPU 315F-2 PN/DP\...\FC151 - <offline>

OPN  #iData_DB // Open Destination DB
L #iData DB Offset // Load Destination Index offset address in DB
L 4 // Load 4
+I // BRdd 4 to Destination Index address
SLD 3 // shift Left Double to Create pointer address
T #tPointer // Transfer pointer value to pointer
L DBD [#tPointer] // Load DB Double Word from the pointer address VMAX data
T #LUMAX // Transfer value to temp VMAX
L #iData_DB_Offset // Load Destination Index offset of current meter
L 8 // Load 8
+I // Bdd offset address and 8
SLD 3 // shift Left Double word to create pointer
T #tPointer // Transfer value to pointer
L DBD [#tPointer] // Load pointer address value
T #LIMAY // Transfer value to temp IMAX
L #iData_DB_Offset
L 12
+I
SLD 3
T #tbointer
L DBD [#tPointer]
T #LEMAX POS
L -1.000000e+000
*R
T #LEMAX NEG
L #tDST_Index // Load temp Destination address in open DB
L #iDST_DB_Offsst // Load 30
+I // Bdd 30 to temp Destination address offet in open DB
T #tDST_Index // Transfer value to destination index
Network: 2

Convert Data in Meter Read data block

MO030: NOP o]

OPN  #iSRC_DE_NO // Open Source DB

L #tSRC_Index // Load Source Data address index for current meter
SLD 3 // shift left double to create data pointer

T #tPointer // Transfer value to data pointer

L DBW [#tPointer] // Load data word in source data block at pointer
ITD // Integer to Double 16 bit to 32 bits

DTR // Double to Real (floating point)

T #tSRC_Data // Copy Data toc temp Source Data

OPN  #iCON_DB_NO // Open Conversion Data Block

L #LCON_Index // Load temp Conversion Data Block Index

SLD 3 // shift Left Double Word to create data pointer
T #teointer // Transfer value to data polnter

L DBE [#tPointer] // Load data from data block

T #LCON_Type // Transfer to temp Conversion Type

L 0

T #tvalue // set temp Value to Zero

L #LCON_Type // Load Conversion Type

L 1

==I // Check for Conversion Type 1

Jc M001

#LCON_Type
2

// Check for Conversion Type 2
Jc M002
L #LCON_Type
L 3
== // Check for Conversion Type 3
Jc M003

#LCON_Type
4

// Check for Conversion Type 4

Jc M004
L #LCON_Type
5
// Check for Conversion Type 5
Jc M005

Page 2 of 5
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SIMATIC

mine data\SIMATIC 300(1)\
CPU 315F-2 PN/DP\...\FC151 - <offline>

06/17/2008 03:27:39 EM

M001: NOP

MO002: NOP

MO03: NOP

MO04: NOP

MO05: NOP

M020: NOP

0 // Type 1l: Low = 0, High = Vmax, Conv = LIN3
#tSRC Data

9.999000e+003

#LVMAX

#tvalue
M0Z20

0 // Type 2: Low = 0, High = Imax, Conv = LIN3
#tSRC_Data

$.999000e+003

#LIMAX

#tvalue
MOZ0

0 // Type 3: Low = -Pmax, High = Pmax, Conv = LIN3
#LEMAX POS

#LEMAX NEG

$.999000e+003

#tSRC_Data

#LEMAX NEG

#tvalue
MOZ0

0 // Type 4: Low = -1, High = 1, Conv = LIN3
1.000000e+000

-1.000000e+000

$.999000e+003

#tSRC_Data

-1.000000=+000

#tvalue
MOZ0

0 // Type 5: Low = 453, High = 65, Conv = LIN3
6.500000e+001

4.500000e+001

$.999000e+003

#LSRC_Data

4.500000e+001

#tvalue
M020

Network: 3

#LCON_Type
3

// Check for Conversion Type €
M00&

#LCON_Type
7

// Check for Conversion Type 7
M007

#LCON_Type
8

@

// Check for Conversion Type
M008

#LCON_Type
9

// Check for Conversion Type 9
M009

Page 3 of 5
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SIMATIC mine data\SIMATIC 300(1)\ 06/17/2008 03:27:39 BM
CPU 315F-2 PN/DP\...\FC151 - <offline>

Ju M021
M006: NOP 0 // Type 6: Low = 0, High = 9999, Conv = Nones
L 9.999000e+003
L 0.000000e+000
L #tSRC_Data
T #tvalue
L #tSRC_Index
L 2
+I // Index Source Data by 2 registers
T #tSRC_Index
L #tCON_Index // Skip to next low data word
L 1
+I // Index Conversion Type Data by 1 register
T #LCON_TIndex
OPN  #iSRC_DB_NO // Open Source DB
L #tSRC_TIndex // Load Source Data address index for current meter
SLD 3 // sShift left double to create data pointer
T #tPointer // Transfer wvalue to data pointer
L DBW [#tPointer] // Load data word in source data block at pointer
ITD // Integer to Double 16 bit to 32 bits
DTR // Double to Real (floating point)
T #tSRC_Data // Copy Data to temp Source Data
L #tSRC_Data
L 1.000000e+004 // Multiply by 10000
*R
#tvalue2
L #tvalue
+R // Add high and low values
T #tvalus
Ju M021
MO007: NOP 0 // Type 7: Low = 0, High = 999.9, Conv = LIN3
L $9.999000e+002
L 0.000000e+000
-R
L $.999000e+003
/R
L #tSRC_Data
*R -
L 0.000000e+000
+R
T #tvalus
JU M021
M008: NOP 0 // Type 8: Low = 0, High = 100, Conv = LIN3
L 1.000000e+002
L 0.000000e+000
-R
L 9.999000e+003
/R
L #tSRC_Data
*R -
L 0.000000e+000
+R
T #tvalue
JU M021
M009: NOP O // Type 9: Low = 0, High = Pmax, Conv = LIN3
L #tSRC_Data
L $.999000e+003
/R
L #LPMAX POS
*R -
T #tvalus
JU M021

MO021: NOP o]

Page 4 of 5
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SIMATIC mine data\SIMATIC 300(1)\ 06/17/2008 03:27:39 PM
CPU 315F-2 PN/DP\...\FC151 - <offline>

Network: 4

OPN #iDST_DB NO // Open destination data block

L #tDST_Index // Load destination address in Data Block

SLD 3 // shift left double word to create data pointer

T #tPointer // Transfer to pointer

L #tValue // Load temp converted Value

T DBD [f#tPointer] // Transfer wvalue to destination data block
Network: 5

L #tLEN

L 1

+I

T #tLEN

L #tLEN

L #iLEN

>=1

JC M040

L #tSRC_Index

L 2

+I

T #tSRC_Index

L #tCON_Index

L 1

+I

T #tCON_Index

L #tDST_Index

L 4

+I

T #tDST_Index

JuU M030
Network: €
M040: NOP 0
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